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Abstract 

Despite rapid advances in science and medicine over the past few decades, many 

inherited diseases do not yet have an effective therapy, and when drugs are available 

these generally address particular symptoms, rather than targeting the underlying cause 

of the disease. Patients with inherited rare diseases, in particular, have unmet needs; 

they often lack timely diagnosis, disease pathogenesis may be complex and poorly 

understood, and treatment and management options are limited.   

  

The completion of the human genome project in 2001 revealed that increasing genetic 

complexity is associated with an increase in the relative amount of non-coding DNA, 

rather than an increase in the number of coding genes. We now know that the genome is 

pervasively transcribed, and that non-coding RNA plays a major role in controlling gene 

expression. Non-coding RNA molecules control many processes in the cell, including 

translation and splicing, and can or up- or down-regulate the expression of specific 

isoforms. Genetic therapies targeting these regulatory processes have the potential to 

ameliorate the effects of mutations that are evident at the RNA level.   Importantly, such 

therapies may be designed to act more specifically and effectively than treatments 

directed to the protein products, depending upon the mutation and disease mechanism. 

Interventions aimed at regulatory processes, such as synthetic DNA or RNA molecules 

that manipulate gene expression, offer potential strategies for disease modification. 

 

The aims of this thesis were to develop novel applications of antisense oligonucleotides 

to ameliorate human disease by manipulating specific gene expression. 2’O-methyl 

oligomers on a phosphorothioate backbone and phosphorodiamidate morpholino 

oligomers, which are steric blocking oligomers, were utilised for these studies. These 
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types of oligomers have been successfully used in vitro and in vivo to induce exon 

skipping in the dystrophin gene transcript, restoring the reading frame in mutant 

transcripts and allowing the production of a semi-functional dystrophin protein as a 

treatment for Duchenne muscular dystrophy. A phosphorodiamidate morpholino 

oligomer targeting exon 51 of DMD is currently being evaluated in extended Phase IIIb 

trials.  

 

The first aim of this project was to design exon-skipping strategies to remove a cryptic 

pseudoexon from the DMD transcript: a strategy that, if successful, would result in the 

translation of a normal full-length dystrophin protein, as opposed to a shortened protein 

that is generated when addressing the more common genomic deletions in DMD. The 

pseudoexon was successfully removed from the mRNA using a 25mer AO, but the 

binding site was very specific, with a narrow window of efficacy. In silico analysis of 

the pseudoexon and surrounding sequence provided some insights regarding the 

potential mechanisms of exon skipping in this particular case. In-depth studies such as 

this are required in order to improve the efficiency of AO design, and utilisation of 

bioinformatic tools may enable faster and more efficient development of personalised 

therapies. The other studies described in this thesis aimed to use AOs to induce up-

regulation of a target gene at the transcriptional or translational level, an approach that 

proved more challenging. The transcripts of four genes involved in human 

neuromuscular diseases were targeted, DMD (Duchenne muscular dystrophy), PYG 

(McArdle’s disease), FXN (Friedreich’s ataxia) and HTT (Huntington’s disease). The 

importance of adequate controls and appropriately sensitive analysis techniques, as well 

as current limitations of technology and cell culture techniques for these applications 

were revealed. In addition, some unexpected results following AO targeting of the HTT 

gene demonstrated the complexity of AO interference, proving the usefulness of AOs 
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not only as therapeutics but also as tools for investigating gene regulatory processes and 

splicing. 

 

The studies in this thesis have contributed to knowledge about how AOs can be used in 

novel ways, and the requirements for reliable data analysis and interpretation. The 

current Sarepta Therapeutics-sponsored DMD trials have demonstrated that 

phosphorodiamidate morpholino oligomers have low toxicity, and can induce changes 

in disease-causing transcripts. With the development of new technologies and our 

expanding knowledge regarding genetic mechanisms and inherited diseases, 

personalised medicine is being realised as a viable and attractive approach to treating 

genetic disorders that currently lack effective therapies.  
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1.1 Regulation of eukaryotic gene expression by the untranslated gene regions and 

other non-coding elements – Published review article (Barrett, Fletcher et al. 2012) 

 

Over the last decade it has become increasingly apparent that regulation of gene 

expression in higher eukaryotes is a complex and tightly regulated process involving 

many different factors and levels of control. For a given gene, the untranslated gene 

regions, including the 5’ and 3’ untranslated regions (UTRs), and introns are the major 

regions involved in the regulation of expression (Figure 1.1). Despite being dismissed 

as “junk” DNA for many years, intergenic regions have also been found to contribute to 

control of gene expression, and evidence of pervasive transcription throughout the 

genome (Carninci, Kasukawa et al. 2005, Cheng, Kapranov et al. 2005, Birney, 

Stamatoyannopoulos et al. 2007, Jacquier 2009), both sense and antisense (He, 

Vogelstein et al. 2008), implicates a role for all regions of the genome, which makes 

sense in terms of evolution, as it is expected that non-functional regions would be 

removed over time via natural selection. Accumulated evidence indicates that the 

complexity of higher organisms, which correlates with an increase in the size of non-

coding regions, arises from an increase in the number and complexity of regulatory 

pathways (Levine and Tjian 2003), and that it is variation within these non-coding 

sequences that produces phenotypic variation between both individuals and species 

(Mattick 2001). This introduction will collate current knowledge concerning the role of 

untranslated gene regions, non-coding RNAs and other non-coding elements in the 

control of complex gene expression, with the aim of emphasising the complex 

mechanisms and interactions involved in precise gene control. 



 3 

 
Figure 1.1: Regulatory elements within the noncoding gene regions. The centre image shows a typical gene, 

with exons indicated in grey. The orange rectangles indicate intronic enhancer elements. The black bars indicate (i) 

regions included in the full-length transcript following splicing, and (ii) alternatively spliced transcript. (a) Promoter 

region regulatory elements (adapted from (Smale and Kadonaga 2003)). Upstream and downstream promoter 

elements situated outside of the core promoter region are indicated by the arrows. (b) Regulatory elements in the 

5’UTR. (c) Regulatory elements in the 3’UTR. 
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1.1.1  Promoter 

The eukaryotic promoter is a regulatory region of DNA located upstream of a gene that 

binds Transcription factor II D (TFIID) and allows the subsequent coordination of 

components of the transcription initiation complex, facilitating recruitment of RNA 

polymerase II and initiation of transcription (Smale and Kadonaga 2003, Juven-

Gershon, Hsu et al. 2008). The core promoter generally spans ~80bp around the 

transcription start site (TSS), and in mammals, can be separated into two distinct 

classes: conserved TATA-box enriched promoters that initiate at a single TSS (focused 

promoters), and variable CpG-rich promoters containing multiple TSS (dispersed 

promoters) (Carninci, Sandelin et al. 2006). The latter class is enriched in vertebrates, 

and expression from these promoters involves the combinatorial effects from a 

multitude of binding motifs within the promoter region. Some of the major elements 

involved in regulation by these complex promoters are enhancers, including upstream 

and downstream promoter elements (UPE and DPEs) that contain transcription factor 

binding sites and may act independently or synergistically with the core promoter to 

facilitate transcription initiation. Also commonly found in complex promoters are B-

recognition elements (BRE), which are TFIIB recognition elements 7 nucleotides in 

length that aid RNA polymerase II binding, and Initiator elements (INR), motifs that 

encompass the TSS and can act independently of, and synergistically with, TATA-box 

promoters via binding of TFIID (for a comprehensive review and details of each 

element refer to (Smale and Kadonaga 2003, Juven-Gershon, Hsu et al. 2008). Other 

elements include insulators, activators, repressors, and some rarer, more recently 

discovered elements such as the motif ten element (MTE), downstream core element 

(DCE) and the X-core promoter element 1 (XCPE1), all of which act selectively with 

other elements to contribute to promoter activity (Figure 1.1a) (Juven-Gershon, Hsu et 

al. 2008). Notably, none of the core promoter elements identified thus far is ubiquitous 
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or universally required for transcription (Yang, Bolotin et al. 2007), which is indicative 

of the complex and variable nature of promoters in eukaryotic genomes. The 

combination of multiple elements increases the potential for differential expression, and 

is influenced by the relative concentrations of interacting factors. In addition to core 

elements within the ~80bp promoter region, identification of general functional regions 

using deletion analyses in multiple genes implicated the sequence lying -300 to -50 

nucleotides upstream of the TSS as generally having a positive effect on promoter 

activity, while elements that negatively affected promoter activity were located -1000 to 

-500 nucleotides upstream of the TSS for 55% of the genes tested (Cooper, Trinklein et 

al. 2006). Evidently it is not just the sequence in the immediate vicinity of the TSS that 

can influence promoter activity. 

 

Types of promoter 

Focused promoters 

The TATA box is a well-characterised promoter motif with the consensus sequence 

TATAA. It is ancient, has been highly conserved throughout the evolution of 

eukaryotes, and was the first eukaryotic promoter element to be identified (Lifton, 

Goldberg et al. 1978). Located ~30bases upstream of the TSS, the TATA box is bound 

by the TATA-box binding protein (TPB) (Burley and Roeder 1996) that induces a bend 

in the DNA, facilitating assembly of RNA polymerase II (PolII) and the general 

transcription factors TFIIB and TFIIA to initiate transcription (Patikoglou et al., 1999). 

The INR, located at +1 in all mammalian species, with the consensus YYANWYY also 

plays an important role in transcriptional control from TATA box promoters, through 

the binding of TFIID at the TSS (Yang, Bolotin et al. 2007). In addition to promoters 

controlled synergistically by both a TATA box and an INR, some lack an INR, and 

other promoters lack a TATA-box but are INR-dependent (Martinez et al., 1994, 1995). 
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TATA-box type promoters are less common in vertebrates (Carninci, Sandelin et al. 

2006, Cooper, Trinklein et al. 2006), and more than three-quarters of human core 

promoters lack a TATA box or TATA-like sequence (Yang, Bolotin et al. 2007). Of 

these TATA-independent promoters, 30% are estimated to contain an INR sequence, 

but ~46% of human promoters lack both motifs. In addition, some promoters containing 

INR motifs are of the dispersed type, so the percentage of dispersed promoters is likely 

to be higher than this estimation. Evolution has clearly favoured dispersed promoters 

that produce greater variation of expression due to a larger number of interacting factors 

and possibilities. Dispersed promoters are also more malleable than focused promoters, 

as new elements can be incorporated easily without disturbing the general functions of 

the promoter.  

 

The low prevalence of TATA-box containing genes in higher eukaryotes indicates that 

CpG promoters have been evolutionarily selected for to facilitate large-scale complex 

gene expression. However, what about the TATA-box promoters that remain? 

Promoters containing a TATA box and INR are over-represented in genes involved in 

nucleosome assembly and cell adhesion, while those containing a TATA-box only are 

over-represented in genes involved in cellular responses and organogenesis (Yang, 

Bolotin et al. 2007). This selectivity suggests that the TATA-box containing promoters 

are often associated with cell-type specific genes, and in correlation with this, 

housekeeping genes usually contain the more complex CpG promoters (Yang, Bolotin 

et al. 2007). This can be explained by the need for housekeeping genes to be 

ubiquitously expressed in all cell types. Different cell types have varying populations of 

transcription factors, microRNAs, protein factors and other regulatory elements that 

interact with DNA and mRNA to alter gene expression. If a housekeeping gene is to be 

constitutively expressed, it is important that variations in regulatory elements do not 
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result in insufficient or over-expression of these genes. Therefore it makes sense that 

housekeeping gene promoters would be of the dispersed kind, where multiple factors 

work together to maintain the correct balance. For cell-type specific genes, where the 

factor population is expected to remain largely the same, a focused promoter could 

ensure swift and consistent gene expression within the specific cell type. Interestingly, 

TATA-box containing promoters generally have significantly lower GC content (45-

50% GC) than those without a TATA-box (60% GC), and the base composition is 

similar to the AT-rich promoters found in Drosophila. AT-rich sequences are expected 

to unwind more easily due to stronger base-stacking interactions in GC-rich sequences, 

but it is not known whether this is the reason for the higher AT concentration seen in 

TATA-box containing promoters. The sequence composition of focused promoters and 

the similarity with drosophila promoters provides further evidence that TATA-boxes are 

ancient conserved motifs and that focused and dispersed promoters fulfil different 

requirements of the regulatory network. 

 

Dispersed promoters 

Although the mechanism of TATA-box and INR initiated transcription are well 

characterised, the more common type of promoter in humans are dispersed promoters 

that are more complex and consequently less well characterised. Dispersed promoters 

are generally GC-rich, and often contain multiple Sp1 transcription factor binding sites 

(GC boxes with the consensus GGGCGG, aka M6) (Smale and Kadonaga, 2003). The 

presence of multiple binding sites is important and is a good example of the way 

dispersed promoters function in a complex manner. Multiple Sp1 proteins can bind in 

various places within the promoter at the same time. Three different isoforms of Sp1 

have been identified, and post-translational modifications such as phosphorylation can 

have a significant impact on Sp1 activity, which can act to enhance or repress 
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transcription. Other potential motifs involved in transcription initiation identified are 

M3 (ELK-1) and M22, although little is known about these sites and the elements that 

bind to them (Yang, Bolotin et al. 2007).  

 

Due to the characteristics of Sp1 and its importance in transcription initiation, it is not 

surprising that GC-rich promoters are the more prevalent type in humans. In silico 

analysis of the average GC content of 15,685 human promoter regions in the UCSC 

GoldenPath database found that the region -250 to +250 ranged from 55 to 60% GC 

(Yang, Bolotin et al. 2007). A significant contribution to the GC content is from CpG 

islands. CpG sites occur when a G follows a C on the same strand of DNA or RNA, 

joined by a phosphodiester bond. CpG islands consist of multiple CpG sites and range 

in size from 200 – 3000 nucleotides (reviewed in (Deaton and Bird 2011). CpG sites not 

contained within CpG islands are normally sites for DNA methylation. Catalysed by 

DNA methyltransferase, methylation generally represses transcriptional activity. 

However, it seems that methylation does not usually occur at CpG sites located within 

islands.   

 

While CpG islands are a well-characterised feature of dispersed promoters, about 50% 

of the CpG islands in the genome are not associated with an annotated promoter (termed 

“orphan” CpG islands) (Illingworth, Gruenewald-Schneider et al. 2010). However, there 

is evidence of transcription initiation at many orphan islands, so they are likely to 

represent either uncharacterised promoters of genes or promoters driving transcription 

of noncoding RNA. Importantly, methylation often does occur at these orphan CpG 

islands, causing repression of transcription. This could mean that these are real 

promoters but encode genes in a cell-type or developmentally specific manner, such that 

in many contexts the gene is not expressed (Illingworth, Gruenewald-Schneider et al. 
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2010). It appears the scope of promoters is less well characterised than previously 

thought, and more research is required to elucidate the function of these orphan CpG 

islands. 

 

Complex factor interactions 

Genes with complex promoters are likely to selectively make use of regulatory 

elements, such as enhancers and silencers, allowing varying levels of expression as 

required. The IFN-beta enhancer element has been demonstrated to “loop out” the 

intervening DNA to access the promoter (Nolis, McKay et al. 2009). This allows 

specific control of gene activation (i.e. via a gene specific enhancer) using general 

factors. The conformation of the TFIID complex also appears to differ when it is bound 

to different core promoters, allowing interaction with a large range of subsets of 

transcriptional activators (Smale and Kadonaga 2003). A recent study of non-

prototypical core promoter recognition factors identified a number of cell-type-specific 

factors that act in potentiating developmental gene regulation and cellular 

differentiation (Goodrich and Tjian 2010). In addition, promoter-selective homologues 

of basal transcription factors and considerable diversity in the sequence structure and 

composition of core promoter elements allows complex programs of tissue-specific and 

promoter-selective transcription, potentially producing a number of specifically 

expressed gene isoforms (Davuluri, Suzuki et al. 2008). These studies show that 

promoters in higher organisms are complex regulatory regions consisting of multiple 

binding elements that can recruit a variety of cis-acting regulatory factors as required by 

the cell. This also has implications for interactions between unrelated genes that are 

regulated by the same factors, as factor binding to one gene could restrict the 

availability to other genes. It is clear that eukaryotic gene expression exists in a fluid 

system in which balance between factors is important.  
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Alternative promoters 

Promoter usage can have a major impact on gene expression and many mammalian 

genes contain multiple promoters (Cooper, Trinklein et al. 2006, Batut, Dobin et al. 

2013). Alternative promoter use is a widespread phenomenon in humans (Cooper, 

Trinklein et al. 2006) that can alter expression of the associated gene at both the mRNA 

and protein level. It is also an important mechanism involved in the cell-specific or 

developmental-specific expression of many genes (Levine and Tjian 2003). For 

example, TATA-box-deficient and TATA-box-containing alternative promoters of the 

hemoglobin γ A gene (HBG1) are used during and after embryonic development, 

respectively (Duan, Fang et al. 2002), showing that the basal transcription apparatus can 

be recruited to different types of core promoters in a developmental stage-specific 

manner (Davuluri, Suzuki et al. 2008). Another example demonstrates the complexity 

and variation that can arise through the use of alternative promoters for regulation of the 

MITF transcription factor during vertebrate eye development. Each of the nine 

alternative promoters associated with expression of this gene produce isoforms 

containing different first exons and protein binding sites, allowing variable spatial and 

temporal expression of different protein isoforms during the complex process of eye 

development (Bharti, Liu et al. 2008). A global analysis of mammalian promoters 

concluded that alternative promoters are over-represented among genes involved in 

transcriptional regulation and development, which makes sense because alternative 

promoters are likely to be utilised to alter the expression of a gene in different contexts, 

while single-promoter genes are active in a broad range of tissues and are more likely to 

be involved in general cellular processes, such as RNA processing, DNA repair, and 

protein biosynthesis (Baek, Davis et al. 2007, Batut, Dobin et al. 2013).  
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Alternative promoter usage has also been implicated in the production of biologically 

distinct protein isoforms (Davuluri, Suzuki et al. 2008). Lymphoid enhancer factor 

(LEF1) is transcribed from two alternative promoters; promoter 1 produces a full length 

isoform that activates target genes Wnt/β-catenin, while promoter 2, situated in the first 

intron, produces a shorter isoform that represses target genes (Arce, Yokoyama et al. 

2006). The use of alternative promoters will also affect the 5’UTR, which can alter the 

stability or translation efficiency of the mRNA variants while encoding identical 

proteins. SHOX (short stature homeobox), a cell-type specific transcription factor 

involved in cell cycle and growth regulation uses two alternative promoters producing 

two distinct 5’UTRs (one is longer and highly structured), resulting in identical proteins 

that are regulated differently by a combination of transcriptional and translational 

control mechanisms (Blaschke, Topfer et al. 2003). The regulatory effect of the 5’UTR 

will be discussed in more detail in the next section. These examples confirm that 

alternative promoter usage can play a major role in the spatial and temporal control of 

gene expression and that use of alternative promoters is an effective way of increasing 

the complexity of gene expression pathways. 

 

Bidirectional promoters 

How promoter selection is determined is not fully understood, but possible mechanisms 

of promoter switching include diverse core-promoter structure at alternative promoters, 

variable concentration of cis-regulatory elements in the upstream promoter region and 

regional epigenetic modifications, such as DNA methylation, histone modifications and 

chromatin remodelling (Davuluri, Suzuki et al. 2008). In addition to multiple promoters 

and promoter-like elements, it is now clear that bidirectionality is a common feature of 

promoters, with extensive analyses performed in yeast (Lin, Collins et al. 2007, Xu, 

Wei et al. 2009) and human (Lin, Collins et al. 2007), with an estimated ~11% of 
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human genes expressed via bidirectional promoters. To date, the impact of this is not 

known, but it is suggested that bidirectional transcription has a role in maintaining an 

open chromatin structure at promoters, and may also provide a mechanism to spread the 

transcriptional regulatory signals locally in the genome or play a role in the coordinated 

expression of gene networks (Xu, Wei et al. 2009). This relatively new finding has 

implications for the complexity of the transcriptional network, and future research is 

likely to uncover more evidence of bidirectionality or interacting promoter regions. 

 

Co-regulation is a consequence of bidirectional promoters, and how these promoters act 

to ensure both genes are efficiently and stably transcribed is only now being discovered. 

In mammals, two genes encoding mitoribosomal protein S12 (Mrps12) and the 

mitochondrially localized isoform of seryl-tRNA ligase (Sarsm or Sars2) share a 

conserved bidirectional promoter region of < 500bp (Yokogawa, Shimada et al. 2000, 

Shah, Toompuu et al. 2001). A study by Zanotto et al. (2007) identified four adjacent 

CCAAT box elements within this promoter region that interact with the transcription 

factor NF-Y, which is capable of recognizing the core binding sequence in either 

orientation, and will thus also recognize ATTGG on the opposite strand (Mantovani 

1998). ChIP analysis, in vivo footprinting, electrophoretic mobility shift assay and 

reporter analysis revealed that NF-Y binding at all four CCAAT sites confers varying 

transcriptional selectivity (Zanotto, Shah et al. 2007). CCAAT box 1 (closest to 

Mrps12) and box 4 (closest to Sarsm) show a good match for NF-Y consensus binding 

and each confers transcriptional bias for the adjacent gene. CCAAT boxes 2 and 3 have 

weaker binding capacities and are likely to function as accessory elements (Zanotto, 

Shah et al. 2007). Reporter assays using contructs lacking the coding region and 3’UTR 

indicated a transcriptional bias in the Mrps12 direction resulting in 4-fold higher 

expression. However, steady state mRNA levels in cultured 3T3 cells were similar for 



 13 

Sarsm and Mrps12. This is indicative of post-transcriptional regulation, and 

demonstrates the limitations of reporter assays in studying gene expression. Although 

reporter assays are useful for studying promoter activity, there are numerous other 

factors regulating gene expression, and this assay only gives an insight into part of the 

process. Nevertheless, this study has confirmed the bidirectional capabilities of NF-Y, 

and it is likely that varying levels of binding to each CCAAT site allows directional bias 

according to the requirements of the cell. Other promoter elements were identified, 

NRF-2 and AP-1, that enhance transcription but do not confer directional bias.  

 

Bidirectional promoters may also be employed to allow coregulation of genes that have 

similar functions. The sirtuin 2 gene family (SIR2) are important genes involved in 

metabolism and aging. In humans, a homologue of SIR2, SIRT3, sits adjacent, but in the 

opposite orientation, to the proteasome 26S subunit non-ATPase 13 gene (PSMD13) 

that encodes the p40.5 regulator subunit of the 26S proteasome (Bellizzi, Dato et al. 

2007). The proteasome functions to degrade abnormal proteins, and thus also plays a 

role in aging. Investigation into the promoters revealed that both genes are regulated by 

a bi-directional promoter, consisting of common core Sp1 sites (Bellizzi, Dato et al. 

2007). Linkage disequilibrium studies revealed that variability in the expression of 

PSMD13-SIRT3 was different in very old people compared to younger people. 

Interestingly, the distance between the two genes, and thus the length of the promoter 

region, was found to have increased throughout evolution, (eg. From 86bp in mouse to 

788bp in humans), which is indicative of an increase in the complexity of the human 

promoter (Bellizzi, Dato et al. 2007).  
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Conclusion 

It is evident that eukaryotic promoters have evolved from the relatively simple 

‘switches’ found in bacteria, to the complex multi-factor regulatory regions found in 

mammals today. Complex promoters induce a range of responses to varying 

environmental conditions and cellular signals, facilitating controlled expression of the 

required gene variant according to developmental stage and cell type. Control of this 

kind is the basic requirement for producing the complex expression patterns necessary 

for cellular differentiation, and thus for the development of complex organisms. 

 

1.1.2   5’ untranslated region 

The 5’ untranslated region (Anastasi, Cutroneo et al.) is a regulatory region of DNA 

situated at the 5’ end of all protein-coding genes that is transcribed into mRNA but not 

translated into protein. 5’UTRs contain various regulatory elements (Figure 1.1b) and 

play a major role in the control of translation initiation. Here, we discuss the regulatory 

roles of the 5’UTR, highlighting how the number and nature of regulatory elements 

present, as well as the secondary structure of the mRNA and factor accessibility, impact 

upon the expression of the downstream open reading frame (Bradnam and Korf 2008). 

 

Structure 

5’cap structure 

The 5’ cap is a modification added to the 5’ end of precursor mRNA that consists of 7-

methylguanosine attached through a 5’-5’-triphosphate linkage, reviewed in (Banerjee 

1980). This structure is essential for efficient translation of the mRNA, serving as a 

binding site for various eukaryotic initiation factors (eIFs) and promoting binding of 

40S ribosomal subunits and other proteins that together make up the 43S pre-initiation 

complex (PIC) (Jackson, Hellen et al. 2010). In addition to promoting translation, a 
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recent study showed that the triphosphate linkage of the 5’ cap inhibits mRNA 

recruitment to the PIC in the absence of the full set of eIF factors (Mitchell, Walker et 

al. 2010). The authors suggest that this mechanism allows inhibition of non-productive 

recruitment pathways, preventing the assembly of aberrant PICs that lack the factors 

required for efficient scanning and translation initiation (Mitchell, Walker et al. 2010). 

The 5’ cap structure also functions in stabilisation of the mRNA, with the initiation of 

mRNA decay reliant on the removal of the cap by various de-capping enzymes (Meyer, 

Temme et al. 2004). Although the major role of the 5’ cap seems to be the facilitation of 

mRNA translation, recent investigations of non-coding RNAs revealed that some types 

of non-coding RNAs, such as promoter-associated-RNAs are also capped (Fejes-Toth K 

2009). The role of the cap in the regulation of these transcripts is currently unknown, 

and further studies are likely to reveal additional regulatory roles for this structure. 

 

Secondary structure 

The structure and nucleotide content of the 5’UTR appears to play an important role in 

regulating gene expression, with genome-wide studies revealing marked differences in 

structure and nucleotide content between housekeeping and developmental genes 

(Ganapathi, Srivastava et al. 2005).  In general, 5’ UTRs that enable efficient translation 

are short, have a low GC content, are relatively unstructured and do not contain 

upstream AUG codons (uAUGs), as revealed by in silico comparisons of genes with 

low and high levels of protein output (Kochetov, Ischenko et al. 1998). In comparison, 

5’UTRs of genes with low protein output are, on average, longer, more GC rich, and 

possess a higher degree of predicted secondary structure (Pickering and Willis 2005). 

These highly structured 5’UTRs are often associated with genes involved in 

developmental processes, and the corresponding mRNAs are usually expressed in a 

developmental or tissue-specific manner. This variation in expression is likely to be 
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mediated by interactions with different RNA binding proteins and structural motifs 

within the 5’UTR region. For example, the peroxisome proliferator-activated receptor γ 

(PPAR-γ) gene expresses a number of splice variants that differ in the 5’UTR rather 

than the protein-coding domain. Analysis of the translational activity of the various 

5’UTRs found three that enhanced translation and two that had a repressive effect 

(McClelland, Shrivastava et al. 2009). MFOLD modelling of mRNA folding in the 

5’UTR revealed the presence of compact structures around the start codon in the 

repressive 5’UTRs. Although the exact mechanism of repression is unknown, it is likely 

that the differences in the structure and nucleotide content of the 5’UTRs facilitate 

binding of different proteins that act to either enhance or repress translation.  

 

Although there are some general trends regarding 5’UTR, it is important to remember 

that assumptions cannot be made purely by looking at the sequence characteristics. 

While longer 5’UTRs are often associated with genes of low or selective expression, the 

huge number of parameters influencing transcription and translation requires 

experimental validation before any conclusions can be made. 

 

G-quadruplexes 

A well-characterised secondary structure that has a major impact on translation is the G-

quadruplex structure (G4). These structures are guanine-rich nucleic acid sequences that 

can fold into a non-canonical tetrahelical structure that is very stable and has the ability 

to strongly repress translation (Beaudoin and Perreault 2010). Bioinformatic studies 

have shown that these structures are often highly conserved, can be found in regulatory 

elements other than the 5’UTR, such as promoters, telomeres and 3’UTRs, and are 

enriched in mRNAs encoding proteins involved in translational regulation and 

developmental processes, indicating that they are an integral part of various important 
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biological processes (Beaudoin and Perreault 2010). Many G4 structures have also been 

found in oncogenes. The TRF2 gene, which is involved in control of telomere function, 

has a G-rich sequence within its 5’UTR that can fold into a G4 structure and repress 

translation of a reporter gene by 2.8 fold (Gomez, Guedin et al. 2010). This gene is 

overexpressed in a number of cancers, indicating that the G4 is in place to tightly 

regulate the expression of this gene. Gomez and colleagues also demonstrated that a 

number of ligands that bind to G4 structures were able to modulate the translation 

efficiency of TRF2 in vitro (Gomez, Guedin et al. 2010). In conclusion, G4s appear to 

have a major impact on the translational regulation of the genes in which they reside 

(Beaudoin and Perreault 2010) and may repress translation by secondary structure alone 

or by modulating interactions with proteins and other factors. 

 

The expression of the NRAS proto-oncogene is another example of a gene controlled by 

a G4 element, which is an 18nt element situated close to the 5’cap within the 5’UTR 

(Kumari, Bugaut et al. 2007). A reporter plasmid was used to investigate the effect of 

the G4 and its position in the 5’UTR on translation (Kumari, Bugaut et al. 2008). The 

study found that when the G4 was situated close to the 5’UTR (positions +2, +14 and 

+47), the translation efficiency was reduced by more than 50%. However, insertion of 

the G4 at positions +120 and +233 seemed to have no effect on translation (Kumari, 

Bugaut et al. 2008). The NRAS G4 contains three G-tetrad structures. Constructs were 

designed containing either 2 or 4 tetrads to compare the effect on translation. In vitro 

experiments demonstrated that reducing the number of tetrads to 2 increased the 

translation efficiency 2-fold. The construct containing 4 tetrads did not have a 

significant impact on translation, but UV-melting analysis indicated this structure was 

not significantly more stable than the 3-tetrad G4.  This data shows that the stability of 

the G4 can have   a modulating effect on translation (Kumari, Bugaut et al. 2008). The 



 18 

position of this G4 in the KRAS 5’UTR is a good example of a G4 acting to tightly 

control gene expression of an important regulatory gene. 

 

The scanning model of translation initiation proposes that upon binding to the 5’ cap, 

the 43S ribosome complex scans the 5’UTR until it locates the optimal AUG codon and 

initiates translation (Kozak 1989). This model led to an assumption that all mRNAs 

with highly structured 5’UTRs have low translation rates due to inability of the 

ribosome to scan through tight secondary structures such as stem-loops. However, some 

recent studies have shown that this is not the case. Firstly, a report (Dmitriev, Andreev 

et al. 2009) highlighted the limitations of the previously preferred analysis method used 

by many groups, the rabbit reticulocyte lysate (RRL) system (Pelham and Jackson 

1976). In a comparison of methods for studying translation, they found the RRL system 

possessed a number of flaws, the most important of which was that capping did not 

seem to significantly affect translation when using this cell-free system. As it is well 

established that the 5’ cap is essential for efficient translation and that the effect of the 

5’ cap is much more pronounced for some mRNAs compared to others, the RRL system 

seems not to reflect in vivo conditions (Shatsky, Dmitriev et al. 2010). In addition, 

correlating evidence from experiments using a different cell-free system (wheat germ 

S30 system) and cultured cells demonstrated that capping increased the translational 

efficiency for most RNAs by several orders of magnitude (Dmitriev, Andreev et al. 

2009). Importantly, using these two systems, Dmitriev and colleagues found no 

dramatic difference in the translational efficiency between several short, unstructured 

and longer, highly structured 5’UTRs that they examined in their study. This data 

indicates that the natural stem-loop structures in these 5’UTRs do not seem to inhibit 

initiation. Despite this, large-scale in silico studies have shown there is a significant 

correlation between 5’UTR folding free energy and protein abundance (Ringner and 
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Krogh 2005). This does not mean that the structure itself is the inhibitory factor, 

although it does suggest that 5’UTR secondary structure is involved in post-

transcriptional regulation.  

 

It has been emphasised that interactions with RNA-binding proteins prior to scanning 

and initiation are likely to affect the mechanism of searching for the initiator codon 

(Dmitriev, Andreev et al. 2009). For example, the eIF4F complex assembles on the 5’ 

cap prior to translation and unwinds secondary structures in the 5’UTR in order to 

promote loading of the 43S ribosomal complex onto the mRNA (Kapp and Lorsch 

2004). This correlates with the results obtained by Dmitriev and also helps explain why 

direct inhibition via secondary structures is observed in the RRL system, as this system 

has a highly reduced content of mRNA-binding proteins (Svitkin, Ovchinnikov et al. 

1996). The human L1 bi-cistronic mRNA contains a 900-nt long 5’UTR with high GC 

content (~60%) and two short upstream open reading frames (uORFs). Predicted 

folding reveals a number of potential stem-loop structures, however the L1 mRNA is 

still translated very efficiently via cap-dependent initiation (Dmitriev, Andreev et al. 

2007). The above examples provide strong evidence that the unwinding of stem-loops 

occurs sequentially and indicates that the current practice of using in silico predictions 

of folding energies of 5’UTRs to forecast translatability is likely to result in incorrect 

assumptions. Stem-loop structures may have the ability to inhibit translation but this is 

more likely to occur via protein binding, rather than inhibition by the mRNA structure 

itself, except in the case of very stable structures such as G4s. The collagen α1(I) 

mRNA contains a 5’ stem-loop structure that inhibits translation in vitro (Stefanovic 

and Brenner 2003). This study demonstrated that when the stem-loop structure is 

mutated in vivo, the collagen that is translated is pepsin sensitive, compared to wild type 

translation that results in the production of pepsin resistant collagen. In addition, the 
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wild-type transcript produces disulfide bonded high molecular weight collagen, 

production of which is almost abolished following mutation of the stem-loop. These 

data indicate that the 5’ stem-loop in collagen α1(I) is required for stabilisation of the 

collagen triple helix structure, a process most likely mediated by stem-loop interacting 

proteins (Stefanovic and Brenner 2003). 

 

Alternative 5’UTRs 

In addition to those UTRs generated via the use of alternative promoters, alternative 

5’UTRs may be produced by alternative splicing or through usage of alternative 

transcription start sites from a single promoter (Smith 2008). Diversity within the 

5’UTR of a gene enables variation in expression, depending upon the nature of the 

regulatory elements contained within each alternative 5’UTR. Slight changes in the 

arrangement of translational control elements between isoforms can lead to major 

changes in the regulatory effects on translation (Resch, Ogurtsov et al. 2009). A large-

scale analysis of the mammalian transcriptome indicates that expression of alternative 

5’UTRs is a widespread phenomenon, with most genes having the potential for 

differential expression (Hughes 2006). Genes that are known to consistently express 

multiple 5’UTRs are typically involved in core functional activities such as transcription 

and signalling pathways (Resch, Ogurtsov et al. 2009). The oestrogen receptor β gene 

(ERβ) plays an important role in oestrogen function and the expression of the multiple 

isoforms is frequently mis-regulated in cancers. Smith and colleagues have recently 

identified three alternative 5’UTRs (termed UTR a, c and E1) that contribute to the 

expression of the different isoforms (Smith, Brannan et al. 2009, Smith, Coleman et al. 

2010). They found that UTRs a and c inhibited translation, with UTRa having a very 

potent inhibitory effect, while E1 had a less pronounced, but still inhibitory effect, 

despite being only 90nt long and having low predicted secondary structure.  
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The growth hormone (GH) receptor is produced by a gene that also generates a GH-

binding protein by proteolytic cleavage of the GHR (Sotiropoulos, Goujon et al. 1993). 

The gene is encoded by exons 2-10.  Exon 1 has nine alternative exons, coding for 

alternative 5’UTRs (Goodyer, Zogopoulos et al. 2001) that regulate the expression of 

GHR, facilitating differential expression among tissues and throughout development, to 

modulate the response to GH (Southard, Barrett et al. 1995). Interestingly, two primate-

specific first exons were identified that contain Alu-elements (Goodyer, Zheng et al. 

2001). The alternative first exons of the GHR gene have been mapped to two main 

clusters, (38kb and 18kb upstream of exon 2), although one has been identified between 

the two clusters and another close to exon 2. This means that the GHR gene is also 

under the control of multiple promoters. This highly complex transcriptional unit and its 

evolution from rodents to primates is a fine example illustrating the nature of regulatory 

systems often required for expression of essential genes in higher eukaryotes. The 

expression of alternative 5’UTRs represents an evolutionary gain of transcriptional and 

translational control pathways, allowing tissue-specific expression patterns and 

expanding the repertoire of expression from a single gene locus. 

 

Regulatory motifs 

The lack of correlation between the rate of translation and the length or structure of the 

5’UTR in both capped and uncapped mRNAs, as well as the ability of certain genes to 

be expressed under conditions of stress indicates that there must be other elements 

within eukaryotic mRNAs that contribute to translation initiation and control of gene 

expression via the 5’UTR.  
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IRES and cap-independent translation initiation 

Internal ribosome entry sites (Birney, Stamatoyannopoulos et al. 2007) are mRNA 

regulatory motifs that facilitate a cap-independent mechanism of translation initiation, 

in which the ribosome binds to an internal site close to the translation initiation site 

(Meijer and Thomas 2002). IRES allow recruitment of ribosomes to capped or 

uncapped mRNAs under conditions when cap-dependent translation is inhibited by 

stress, cell-cycle stage or apoptosis, ensuring the continued expression of essential 

proteins required for cell function. A number of IRES-containing genes such as c-Myc, 

Apaf-1, and Bcl-2 are required at low levels during normal cellular growth, but are 

induced via the IRES pathway under conditions of stress (Komar and Hatzoglou 2005). 

It is thought the IRES pathway may also contribute to maintaining the low expression 

levels required under normal cellular conditions by sequestering ribosomes and 

reducing their binding at the main translation initiation site. The mechanism of internal 

initiation is still poorly understood, although it is clear that efficiency of IRES is heavily 

reliant upon trans-acting protein factors, allowing cell-specific IRES-mediated 

translation of mRNAs (Pickering and Willis 2005).  

 

Structures in the 5’UTR have been shown to influence IRES activity, which may occur 

via interactions with various trans-acting factors, or by direct interactions with 

ribosomes. An example of genes in which IRES activity is regulated by trans-acting 

factors is the Myc family of proto-oncogenes that are involved in cell proliferation. 

Recruitment of ribosomes to the IRES is dependent upon at least four proteins that bind 

and alter the conformation of the mRNAs to allow interaction with the 40S subunit 

(Cobbold, Spriggs et al. 2008). Another example is the Hepatitis C virus (HCV), 

containing a highly structured IRES that initiates cap-independent translation via two 

major structural domains, consisting of conserved stem-loop structures that interact with 
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the 40S ribosomal subunit to form a complex and recruit eIF3 (Lukavsky 2009). The 

structures of eukaryotic IRES are very diverse and no universally conserved sequences 

or structural motifs have yet been identified. For some genes, specific and stable RNA 

structures are required for efficient IRES activity, while in other genes, stable structure 

is inhibitory to IRES-mediated translation (Filbin and Kieft 2009). It has been suggested 

that IRES are not rigid structures but can undergo transitions that substantially influence 

their activity (Komar and Hatzoglou 2005). IRES elements may also result in the 

production of different protein isoforms, thus further expanding the repertoire of 

expression from a single gene (Komar and Hatzoglou 2005).  

 

The presence of IRES between different AUG and non-AUG initiation codons suggests 

a role for IRES in promoting translation initiation from weak alternative start codons 

(Touriol, Bornes et al. 2003). IRES may also interact with uORFs, another class of 

regulatory elements discussed in the next section. Gilbert (2010) discusses recent 

findings on IRES and draws attention to flaws in the methods for defining IRES 

(bicistronic test) that may result in false positive predictions (Gilbert 2010). Although 

IRES are an important mechanism for some genes, Gilbert suggests that it is wrong to 

assume the presence or activity of an IRES by prediction alone, emphasizing the 

importance of experimental validation. IRES are a poorly understood but important 

regulatory mechanism, and further investigation will be needed to discern the 

mechanisms and context of initiation via IRES. 

 

The X chromosome-linked inhibitor of apoptosis, (XIAP) is an important regulator of 

apoptosis and therefore its expression must be tightly controlled. The XIAP 5’UTR is 

1.7kb in length and contains an IRES that facilitates synthesis of XIAP protein under 

conditions of cellular stress (Holcik, Lefebvre et al. 1999). In conjunction with IRES-
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mediated regulation, a recent study revealed the presence of an XIAP mRNA species 

with a smaller 5’UTR generated by alternative splicing (Riley, Jordan et al. 2010). This 

323nt 5’UTR does not contain the IRES and was found to be present at a much higher 

level (10x) than the longer 5’UTR. Vector studies indicate that the majority of 

expression from the longer 5’UTR is mediated by the IRES. In addition, translational 

studies demonstrated that the shorter 5’UTR has a much lower translation efficiency 

compared to the longer 5’UTR (Riley, Jordan et al. 2010). The shorter 3’UTR is 

responsible for high expression of XIAP under normal growth conditions, in a cap-

dependent manner. On the other hand, the longer 3’UTR contains an IRES that allows 

cap-independent translation under conditions of stress, as demonstrated by serum 

starvation (Riley, Jordan et al. 2010). The combination of alternative 5’UTRs and IRES-

mediated translation ensures protein expression at all times. 

 

Another example of control of gene expression via a complex 5’UTR region is the 

human fibroblast growth factor 2 gene (FGF-2). FGF-2 is expressed as five different 

isoforms resulting from alternative initiation codons within the 5’UTR, and translation 

can also occur from an IRES (Bonnal, Schaeffer et al. 2003). Interestingly, translation 

from four of the five initiation codons is mediated by the IRES. The authors suggest that 

the IRES facilitates translation at each of the four codons via modulation of the RNA 

structure by trans-acting factors (Bonnal, Schaeffer et al. 2003).  

 

uORFs 

Upstream open reading frames occur in 5’UTRs when an in-frame stop codon follows 

an upstream AUG (uAUG) codon, prior to the main start codon (reviewed in (Morris 

and Geballe 2000, Mignone, Gissi et al. 2002, Wethmar, Smink et al. 2010). uORFs are 

present in approximately 50% of human 5’UTRs and their presence correlates with 
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reduced protein expression and with mutation studies indicating that on average, uORFs 

reduce mRNA levels by 30% and reduce protein expression by 30-80% (Calvo, 

Pagliarini et al. 2009). Ribosomes binding to the uAUG may translate an uORF, which 

can impact on downstream expression by altering the efficiency of translation or 

initiation at the main ORF. If efficient ribosome binding does not occur, the result will 

be a reduction of protein expression from the gene. Alternatively, synthesis may 

continue from the uORF and produce an extended protein that may be detrimental. 

Decreased translational efficiency is a well characterised effect of uORFs within a 

5’UTR (Morris and Geballe 2000), illustrated by the Poly(A)polymerase-α (PAPOLA) 

gene that contains two highly conserved uORFs in the 5’UTR. Mutation of the 5’ 

proximal uAUG codon resulted in increased translation efficiency, indicating that the 

uORF has a significant inhibitory effect on the expression of this gene (Rapti, Trangas 

et al.). Another example is the thyroid hormone receptor that represses and activates 

transcription of a number of target genes, in the absence or presence of thryoid 

hormone, and is strongly repressed by a 15nt uORF in its own 5’UTR (Okada, 

Nakajima et al. 2012). It is commonly thought that uORFs decrease translational 

efficiency by rendering the ribosome unable to reinitiate translation following 

termination from the uORF (Meijer and Thomas 2002). However, a recent study of over 

500 uORF-containing gene loci found no significant correlation between the impact of 

the uORF on the expression of the downstream gene and the distance between the 

uORF and the coding sequence (CDS) (Calvo, Pagliarini et al. 2009). The authors 

suggest it is likely that in genes containing a single uORF, CDS translation occurs from 

ribosomes that scan through the uORF, rather than via re-initiation. This is in contrast to 

the work of Kozak, 1987, and the general consensus on uORFs. To further complicate 

matters, experiments using cells depleted of Rent1, a factor involved in nonsense 

mediated decay (NMD), revealed that in the absence of NMD, transcripts containing 
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uORFs were generally upregulated (Mendell, Sharifi et al. 2004). This implies that 

NMD also plays an important role in the regulation of these transcripts. It seems that 

uORFs present a number of options for the ribosome, and whether translation occurs, 

scanning continues or reinitiation at the main ORF occurs, depends on a number of 

factors. The yeast GCN4 transcriptional activator contains four uORFs in the 5’UTR, 

only one of which allows reinitiation of the ribosome at the main ORF. Cis-enhancers 

on either side of the uORF allow efficient reinitiation. Investigation showed that the 5’ 

cis-acting sequences interact with the N-terminal domain of the eIF3a/TIF32 subunit of 

the initiation factor eIF3 to stabilize post-termination 40S subunits on uORF1 so the 

ribosome remains attached to the transcript and contrinues scanning downstream 

(Munzarova, Panek et al. 2011). A combination of in silico and experimental data 

suggest that reinitiation is facilitated by specific mRNA folding during ribosome 

scanning that allows a sequence of interactions to occur (Munzarova, Panek et al. 2011). 

This is just one example but it is clear that the mechanism of uORF gene knockdown is 

more complex than the scanning model proposes. Further experimentation will be 

required to elucidate this mechanism or mechanisms. 

 

AUG codon recognition is influenced by a number of factors, including proximity of the 

AUG to the 5’ cap, the flanking sequence and secondary structure (Krummheuer, 

Johnson et al. 2007). uORFs appear to exist as regulatory elements that act to control 

the translation of the downstream ORF. Protein kinase C (PKC) represents a family of 

serine/threonine kinases that play a major role in the regulation of cell growth and 

differentiation (Raveh-Amit, Maissel et al. 2009). The novel PKCη isoform has a 

specific tissue distribution and is primarily expressed in cells undergoing high turnover, 

such as epithelial cells. Recent studies found that this isoform has a special role in the 

response to stress and its expression has been found to correlate with drug resistance in 
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various cancer types (Rotem-Dai, Oberkovitz et al. 2009). The 5’UTR of human PKCη 

is long (659nt), GC rich, and contains two small conserved uORFs (Raveh-Amit, 

Maissel et al. 2009). Mutations introduced into each of the uORFs resulted in modest 

increases in expression (1.5- and 2.2-fold increases) and a double mutation resulted in a 

3-fold increase in gene expression from the main AUG. This mechanism of translational 

repression is likely to be in place to control the expression of PKCη under normal 

cellular conditions (Raveh-Amit, Maissel et al. 2009). Under conditions of stress (eg. 

Glucose deprivation or hypoxia), the two uORFs also play a role in expression, as they 

facilitate leaky scanning to enhance the translation of the main ORF. Varying levels of 

ribosome binding and translation of each of the uORFs may also contribute to cell-

specific ‘tweaking’ of gene expression.  

 

In addition to the AUG consensus, studies have shown that all codons differing from 

AUG by a single nucleotide can be involved for translation initiation (Peabody 1989), 

the efficiency of which depends on the sequence context. Orthinine decarboxylase 

(ODC) is involved in the biosynthesis of polyamines and its expression is modulated 

through an uORF with an AUU codon (Ivanov, Loughran et al. 2008). Initiation at the 

AUU uORF varies, depending on the cellular concentration of polyamines, with 

initiation at the AUU significantly reduced in polyamine-depleted cells, where initiation 

is only 18% as efficient as at the main ORF, compared to 54% in polyamine-

supplemented cells. This is consistent with reduced expression of ODC when 

polyamines are present, and is a very logical way of controlling gene expression: 

modulating expression relative to the concentration of interacting or environmental 

factors. This example demonstrates that there are likely to be greater numbers of uORFs 

than previously predicted. 
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Despite the majority of uORFs having a negative impact on gene expression, there are 

some cases in which the presence of a uORF actually enhances translation. Bicistronic 

vpu-env mRNAs are involved in HIV-1 virus expression and they contain a conserved 

minimal uORF (Krummheuer, Johnson et al. 2007). This uORF is only 5nt upstream of 

the vpu AUG and is immediately followed by a termination codon that overlaps the 

main AUG. Krummheuer and colleagues showed that this uORF has a significant 

positive impact on the translation of Env, while not interfering with translation of Vpu 

(Krummheuer, Johnson et al. 2007). Mutants in which the distance between the uORF 

and the main AUG was increased by 5 codons indicated that the uORF is not involved 

in the initiation of Vpu, and the authors suggested that the minimal uORF may act as a 

site for ribosome pausing, allowing it to interact with an RNA structure that supports a 

ribosome shunt, a process during which the ribosome physically bypasses part of the 

5’UTR to reach the initiation codon. 

 

The role of uORFs as regulatory elements acting on the process of ribosome binding 

and translation is well studied, but the function or fate of the encoded peptides is often 

unknown, perhaps due to the difficulty in analysing the expression levels and 

localisation of the peptides. Evidence that peptides translated from uORFs are present in 

cells was first shown by Oyama and colleagues (2004), who identified 54 proteins of 

<100 amino acids expressed in human chronic myelogenous leukemic cells that were all 

mapped back to uORFs (Oyama, Itagaki et al. 2004). Although proteins were identified, 

thousands of uORFs did not seem to produce a detectable protein product in these cells, 

which indicates that either (i) proteins derived from uORFs may be selectively 

proteolyzed in the cells, (ii) some of the uORFs are expressed but not in this cell type, 

or (iii) many do not produce proteins. Despite this, it is clear that some uORFs do 

produce peptides that are retained in the cell and thus are likely to be functional, 
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although to date there are no comprehensive studies on the function of proteins 

translated from an uORF. 

 

The past decade has revealed that regulation via uORFs is a complex process that acts to 

tightly regulate the expression of the genes they control, and a comprehensive database 

is now available online and has found that more than half of all human transcripts 

contain at least one uORF (Wethmar, Barbosa-Silva et al. 2014). A good example of 

complex control of gene expression via uORFs was outlined recently by (Suzuki, 

Holmes et al. 2010). RNase H1 is present in the nuclei and mitochondria of mammalian 

cells and is differentially expressed among cell types. Two different in-frame AUGs 

control the expression of these isoforms and an uORF is also present in the 5’UTR of 

this gene. Translation of the mitochondrial RNase H1 was found to be initiated at the 

first AUG, which is restricted by an uORF, resulting in the mitochondrial isoform being 

about 10% of the abundance of the nuclear form (Suzuki, Holmes et al. 2010). 

Translation of the nuclear isoform proceeds from the second AUG and is unaffected by 

the presence of the uORF, as the ribosome either efficiently reinitiates or skips both the 

first AUG and the uORF. This regulation allows control of RNase H1 expression in 

mitochondria, where its excess or absence can lead to cell death, without affecting the 

normal expression levels of the nuclear isoform. Suzuki and colleagues also found that 

altering the context of the AUG altered transcript accumulation, meaning there must be 

other factors involved. This example illustrates the combinatorial use of multiple 

uORFs and other factors to produce a highly specific system of translational regulation. 

In addition, alternative promoters or splicing, as well as the finding that out-of-frame 

and sub-optimal initiation codons can, in certain contexts be available to ribosomes, and 

are all factors that can affect uORF expression, further increasing the diversity of 

regulation and translation emerging from these regions (Oyama, Kozuka-Hata et al. 
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2007). A recent study that treated a human monocytic cell line  with puromycin, to 

prematurely stop translation, before utilising ribosomal footprinting to identify 

translation initiation sites indicated that uORFs are more prevalent than predicted by in 

silico data (Fritsch, Herrmann et al. 2012). Their experiments predicted 2994 novel 

uORFs in 5’UTRs alone, with more predicted overlapping the coding regions and 

3’UTRs. This emphasizes the importance of using in vitro and in vivo techniques to 

investigate the presence of active uORFs. 

 

Mutations involving uORFs are likely to be detrimental, as they can disrupt the control 

of gene expression, resulting in aberrant gene expression levels that may subsequently 

lead to disease (Chatterjee and Pal 2009). Mutations disrupting the uORF in the 5’ UTR 

of the gene encoding the human hairless homolog (HR) and resulting in increased 

translation of the gene, have been associated with Marie Unna hereditary hypotrichosis, 

an autosomal dominant form of genetic hair loss (Wen, Liu et al. 2009). Mutations that 

create novel uORFs may also have a detrimental effect by interfering with normal 

expression. It has been speculated that a mutation in a tumour suppressor gene may 

result in decreased production of protective proteins and contribute to the onset of 

cancer (Wethmar, Smink et al. 2010). Mutations in CDKN2A that encodes a kinase 

inhibitor have been associated with predisposition to inherited melanoma. A G>T in the 

5’UTR gives rise to an uORF that decreases translation from the main initiation codon 

was associated with inherited melanoma cases (Liu, Dilworth et al. 1999). These 

examples illustrate the importance of uORFs in the control of specific gene expression 

and in maintaining homeostasis, and variability within uORFs is thought to contribute 

to individual phenotype and disease susceptibility (Wethmar, Smink et al. 2010). 
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Conclusions 

Disease-causing mutations situated within 5’UTRs confirm the importance of motifs in 

these domains in gene expression and regulation. The ferritin 5’UTR contains a stem-

loop structure termed the iron response element, and mutations in this region have been 

associated with hereditary hyperferritinemia cataract syndrome. It is likely that 

mutations within the stem-loop alter the structure, resulting in abnormal processing of 

iron and manifestation of disease (Chatterjee and Pal 2009). Regulation mediated by 

5’UTRs involves the combinatorial effects of a multitude of factors and relies heavily 

on the secondary structure and accessibility of protein binding sites. In addition to the 

regulatory elements outlined above, it is likely that future investigation will reveal novel 

factors that interact with the 5’UTR, prior to translation, and influence gene expression. 

 

1.1.3  Intronic regions 

Introns are regions of DNA that are transcribed into pre-messenger RNA but are 

removed during splicing to generate a mature mRNA. Spliceosomal introns are present 

in all studied eukaryotic organisms. The exact origin of introns is debated, but it is 

widely accepted that introns evolved soon after the divergence of prokaryotic and 

eukaryotic organisms and that the current intron content of any particular genome is the 

result of both intron loss and gain over time (for thoughts and reviews on the topic of 

intron evolution see (Mattick 1994, Rodriguez-Trelles, Tarrio et al. 2006). Regardless of 

when and how introns arose, it is clear that the appearance of introns was an important 

catalyst for evolution, facilitating rapid evolution at the protein level through increased 

rates of meiotic crossing over within coding regions, as well as rapid evolution of 

regulatory elements, due to relaxed sequence constraints within non-coding introns 

(Fedorova and Fedorov 2003). Introns would also have allowed evolution of RNA 

regulatory pathways without interfering with protein expression, an important 



 32 

distinction that was only made possible by the separation of transcription and translation 

(Mattick 1994).  

 

Organization and length 

Intron organization, position and length may influence the ability of the intron to affect 

gene expression. Intron content varies between different species and some eukaryotic 

lineages maintain numerous large introns while others seem to have undergone intron 

loss throughout evolution (Rodriguez-Trelles, Tarrio et al. 2006). The average human 

gene contains 5-6 introns with an average length of 2100 nucleotides (Fedorova and 

Fedorov 2003), although extremes at either end of the spectrum exist. In humans and 

other animals, intron length is, in general, inversely correlated with transcript levels. A 

cross-species comparison between yeast, arabidopsis and mouse found that genes 

involved in stress-response, cell proliferation, differentiation or development generally 

showed significantly lower intron densities than genes with other functions (Jeffares, 

Penkett et al. 2008). Genes in these categories require rapid regulation in response to 

changing conditions, suggesting that introns may be detrimental to this process. 

Organisms with short generation times were also found to have a significantly lower 

genome-wide intron density. Through comparison between the three model organisms, 

Jeffares and colleagues observed that mouse genes seem to be comparatively less 

optimised for rapid regulation (i.e. they have higher intron densities), which is logical as 

mammals are less exposed to rapid environmental changes than plants and 

microorganisms (Jeffares, Penkett et al. 2008). 

 

Introns of very different lengths are often found within a gene, although to date, there is 

no data indicating a global trend concerning length and position, except for the first 

intron. A large-scale comparison of intron lengths relative to their position in the gene 
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found that the first intron of the CDS tends to be ~40% longer than later introns 

(Bradnam and Korf 2008). Significantly longer first introns were found in species from 

diverse phylogenetic groups, including vertebrates, insects, plants and fungi, suggesting 

that this increased length is a common feature of genes in all eukaryotic species. This 

study also revealed that the first intron was longer again in genes that did not contain an 

intron within the 5’UTR. In addition to the length of the first intron, a large-scale 

bioinformatic study that examined 18,217 human ref-sequence genes found these 

introns, particularly in the first 100bp, to be enriched for G-rich regions that have the 

potential to form G4s (Eddy and Maizels 2008). G4 structures have significant negative 

effects on translation when located within the 5’UTR of a gene. G-rich elements in the 

first intron may provide structural targets for regulatory proteins and have an effect on 

transcription or RNA processing. The position of the first intron relative to the promoter 

and translation start site means it is a region in which regulatory elements are likely to 

evolve, as elements within this region are more likely to have a significant effect on 

promoter activity than elements situated further downstream. In addition, evolution of 

regulatory elements can occur without disrupting the coding sequence. It is thus likely 

that the increased relative length of the first intron in many genes is the result of the 

evolution of regulatory elements (including G4s) within this region.  

 

Introns in the UTRs 

A genome-wide functional analysis of the 5’UTRs of human genes found that 

approximately 35% of human genes contain introns in the 5’UTR (Cenik, Derti et al. 

2010). 5’UTR introns were found to differ from introns within coding regions with 

respect to nucleotide composition, length and density, with 5’UTR introns found to be 

on average twice as long as those in coding regions and generally lower in density. 

Interestingly, the results from this comprehensive study indicated that the most highly 
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expressed genes tended to have short rather than long 5’UTR introns or lacked them 

entirely (Cenik, Derti et al. 2010). Genes with regulatory roles were also enriched for 

5’UTR introns, providing further evidence that the presence of at least one intron within 

the 5’UTR enhances gene expression either by enhancing transcription or stabilising the 

mature mRNAs. An intron in the 5’UTR may enhance gene expression through the 

presence of transcriptional regulatory elements, or through structural modulation and 

splicing. For example, expression of the ubiquitin C (UbC) gene is dependent on the 

presence of an intron in the 5’UTR. Deletion analyses showed that promoter activity is 

significantly reduced when the intron is removed, and electrophoretic mobility shift and 

supershift assays demonstrated that both Sp1 and Sp3 transcription factors bind this 

region at multiple sites (Bianchi, Crinelli et al. 2009). These experiments indicate that 

elements within the intron play a major role in the transcriptional regulation of this 

gene. 

 

In contrast to 5’UTRs, 3’UTRs were found to have relatively few introns (5%) (Cenik, 

Derti et al. 2010). A study looking at rare cases of intron acquisition in retroposed 

mammalian genes found that the presence of an intron in the 3’UTR of these genes 

resulted in down-regulation of gene expression by nonsense-mediated decay (Fablet, 

Bueno et al. 2009). This negative effect on expression offers an explanation for the low 

prevalence of 3’UTR introns. In addition, an in silico study analysing the effect of 

retained 3’UTR introns upon microRNA (miRNA) target sites indicated that some 

transcripts only contain miRNA binding sites if the intron in the 3’UTR is retained 

(Tan, Guo et al. 2007). This suggests that variations in intronic splicing in the 3’UTR 

could result in isoform-specific regulation via miRNAs that may be utilised in a tissue-

specific manner (regulation by miRNAs is discussed in detail in Section 1.1.4). 
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Intron function 

Introns could have deleterious effects on gene expression, such as a delay in mature 

transcript production due to splicing or increased pre-mRNA length, and the energy 

required to produce a transcript containing introns is also substantially higher. However, 

the high prevalence of introns in eukaryotic genomes indicates that the benefit must 

outweigh the potential negative effects. Introns function in a number of different ways 

and are  

• sources of non-coding RNA;  

• carriers of transcriptional regulatory elements;  

  • contributors to alternative splicing;  

 • enhancers of meiotic crossing over within coding sequences and thus drivers 

of evolution;  

• signals for mRNA export from the nucleus and nonsense-mediated decay  

(Fedorova and Fedorov 2003).  

The effect of introns on genome evolution has already been discussed, but introns also 

have an important role in the regulation of gene expression, as demonstrated by 

experiments in which introns are removed or in which introns were inserted into 

transgenes, resulting in enhanced expression (for an example see (Chatterjee, Min et al. 

2010). Indeed, many genes with an intact promoter are essentially not expressed at all in 

the absence of an intron, demonstrating the relative importance of the intronic and 

promoter regions in some genes (Rose 2008). Introns can enhance gene expression 

through the presence of transcriptional enhancers or alternative promoters, or by a less 

well-understood mechanism termed intron-mediated enhancement that arises from 

introns and increases the processivity of the transcription machinery at the elongation 

stage. By this mechanism, introns ensure efficient completion of transcription of the 

gene and could also reduce transcription from sequences that are not genuine promoters 
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(Rose 2008). As well as containing regulatory elements, introns are characterised by a 

significantly lower nucleosome density in comparison to exons (Nahkuri, Taft et al. 

2009), and different histone modifications define exons, alternatively spliced exons, and 

introns (Dhami, Saffrey et al. 2010).  

 

Premature stop codons generally induce degradation of the mRNA via the NMD 

pathway. Introns seem to act as a signal to differentiate between real and premature stop 

codons. A study found that splicing of an intron was required to trigger the NMD 

pathway in premature termination codon (PTC)-containing T-cell receptor-beta mRNA; 

deletion of the intron abolished NMD (Carter, Li et al. 1996). Further research 

demonstrated that a large protein complex called the exon-junction complex is 

deposited just upstream of the junction following splicing, acting as a signal for NMD 

(reviewed in (Chang, Imam et al. 2007).  

 

RNA arising from intronic regions may have the ability to regulate the expression of 

other genes. Polycomb proteins are a group of proteins that act antagonistically to 

facilitate changes in epigenetic regulation via chromatin remodelling, so coordinated 

gene expression is required. A recent study demonstrated that an intronic RNA 

originating from the H3K4 methyltransferase gene, SMYD3, binds to EZH2, the core 

component of the repressive polycomb complex PRC2, and regulates transcription of 

the corresponding gene. However, overexpression resulted in a decrease in EZH2 

transcription and protein levels (Guil, Soler et al. 2012). This example shows that an 

intronic RNA can contribute to complex and coordinated gene expression at the 

transcriptional level, and importantly can regulate the expression of genes other than the 

‘parent’ transcript.  Current thinking is that intronic RNA results from transcription 

events that are independent from the transcription of the full gene, but it is possible that 
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some may be remnants from mRNA splicing and requires further investigation. 

Antisense non-coding RNA originating from intronic regions has also been reported and 

is thought to play a role in regulating isoform expression and alternative splicing 

(Nakaya, Amaral et al. 2007).  

 

Regulatory elements 

Enhancers 

Enhancers are segments of DNA that enhance transcription of genes by interactions 

with trans-acting factors. Enhancers generally interact in a specific manner with the 

corresponding promoter through chromatin looping of the intervening DNA, to 

associate enhancer-bound transcription factors with the promoter (Nolis, McKay et al. 

2009), and recent data have indicated that enhancers may also affect downstream 

processes, such as decompaction of the chromatin fibre and the release of RNAPII (Ong 

and Corces 2011). Although these elements interact specifically with the promoter, 

enhancers are variable, and upstream, downstream and distal elements have been 

identified that can activate transcription, independent of their location or orientation 

with respect to the promoter (Ong and Corces 2011). Enhancers are now recognised as 

the main regulatory elements involved in transcription and many enhancer elements are 

critical in defining the expression patterns of genes. An enhancer element situated 

within an AT-rich regulatory region in the first intron of Imp2 is critical for the 

expression of this gene. This enhancer serves as a binding site for HMGA2 that acts to 

recruit and stabilise a complex of transcription factors, resulting in Imp2 transcription 

(Cleynen, Brants et al. 2007). Mutations that disrupt enhancer activity may also have a 

profound effect on the expression of the downstream gene. Enhancer activity in the 

OCA2 gene is strongly associated with variation in human eye colour (Duffy, 

Montgomery et al. 2007). SNPs disrupting a conserved enhancer that binds helicase-like 
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transcription factor (HLTF) upstream of this gene reduce the expression and result in 

blue eye colour, with a frequency of 78% (Sturm, Duffy et al. 2008). This emphasizes 

the importance of many enhancers in regulating gene expression and provides evidence 

that variations within enhancers are likely to contribute to individual phenotype and 

disease susceptibility. 

 

Recent studies using genome-wide tools have indicated that many enhancers are 

associated with specific histone modifications, that allow them to be recognised and 

utilised in a specific manner (Ong and Corces 2011). Promoters can generally be 

influenced by distinct enhancer elements under varying conditions (Maston, Evans et al. 

2006), while binding of factors that do not associate strongly with the promoter may 

“switch off” the enhancer as required. An enhancer region that is critical for specific 

gene expression during development is the human-accelerated conserved non-coding 

sequence 1 (HACNS1). This element is the most rapidly evolving human non-coding 

element identified to date and experiments using a transgenic mouse model showed that 

this element drove strong and specific reporter gene expression in the anterior limb bud, 

pharyngeal arches, and developing ear and eye, indicating that HACNS1 acts as a robust 

enhancer during development (Prabhakar, Visel et al. 2008). In contrast, the chimpanzee 

orthologue failed to drive reproducible reporter gene expression in a similar manner, 

suggesting that this region is vital for development of human-specific digit and limb 

patterning that distinguishes humans from other primates, specifically bipedalism and 

dexterity of the human hand. 

 

The complexity arising from enhancers is increased by the fact that often multiple 

enhancers and other elements interact and have a combinatorial effect on gene 

expression. The cystic fibrosis transmembrane conductance regulator (CFTR) gene is 
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activated by coordinated regulation from several intronic enhancers that bind both 

tissue-specific and general transcription factors (Ott, Blackledge et al. 2009). 

Differential interactions between the various enhancers and the promoter were found to 

result in variable expression levels in epithelial cells of intestinal lineage (high 

expression) and of the respiratory system (lower expression) and chromatin 

conformation capture was used to identify distal regulatory sites that also contributed to 

gene expression. This illustrates how complex interactions between enhancers and distal 

elements can contribute to the tissue-specific expression of a gene. In addition to 

controlling the differential expression of a single gene, conserved enhancers contribute 

to the regulation of whole gene pathways. Transcription factor Ronin and the 

transcriptional coregulator Hcf-1 are essential factors involved in the self-renewal of 

embryonic stem (ES) cells. They bind to a highly conserved enhancer element in a 

subset of genes that function in transcription initiation, mRNA splicing and cell 

metabolism (Dejosez, Levine et al.). The enhancers that bind Ronin/Hcf-1 are thus key 

elements required for ES cell pluripotency. 

 

In vivo analyses of evolutionarily conserved non-coding sequences revealed an 

enrichment of developmentally specific cis-regulatory transcriptional enhancers 

(Prabhakar, Visel et al. 2008). Indeed, the high proportion of non-coding to coding 

regions in the human genome compared to other species provides strong evidence that 

the complexity of humans arises from evolution of these non-coding regions, with 

enhancers likely to play a major role in this process.  

 

1.1.4    3’ untranslated region 

The 3’ untranslated region (3’UTR), situated downstream of the protein coding 

sequence, is involved in numerous regulatory processes, including transcript cleavage, 
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stability and polyadenylation, translation and mRNA localisation. They are thus critical 

in determining the fate of an mRNA. In comparison to the 5’UTR, which contains 

sequences responsible for translation initiation, sequence constraints within the 3’UTR 

are more relaxed resulting in a greater potential for evolution of regulatory elements. 

Despite this, regions of high conservation are also prevalent, with 3’UTRs containing 

some of the most conserved elements within the mammalian genome (Siepel, Bejerano 

et al. 2005). A genome-wide in silico analysis revealed that contrary to the promoter 

region, motifs in the 3’UTR are primarily conserved on one strand, which is consistent 

with the 3’UTR acting to regulate gene expression at the post-transcriptional level (Xie, 

Lu et al. 2005). The 3’UTR serves as a binding site for numerous regulatory proteins as 

well as microRNAs (Figure 1c) and in order to understand the properties of this region 

it is necessary to first discuss the research history of these interactions. 

 

MicroRNAs and the 3’UTR 

MicroRNAs (miRNAs) are endogenous, single-stranded non-coding RNA molecules of 

approximately 22nt in length that interact with mRNA targets post-transcriptionally to 

regulate expression. In animals, miRNAs generally exert an effect by partial base 

pairing to a miRNA response element (MRE) on a target mRNA via a ‘seed sequence’ 

at the 5’ end of the miRNA, which then recruits Argonaut and inhibits translation of the 

mRNA (see (Song, Wang et al. 2008, Gerin, Clerbaux et al. 2010, Paik, Jang et al. 

2011). Another mechanism by which miRNAs can down-regulate genes is through 

perfect base pairing with a target sequence, promoting RNA cleavage as a result of 

incorporation into the RNA-induced silencing complex (MacDonald, Ambrose et al.), 

although only a few examples of this have been described and it is most common in  

plants (Yekta, Shih et al. 2004). In addition to down-regulating gene expression, some 

miRNAs have been found to induce translational up-regulation; validated targets of this 
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type of regulation include the tumour necrosis factor-alpha and the cytoplasmic beta-

actin gene (Vasudevan, Tong et al. 2007, Ghosh, Soni et al. 2008). Data indicates that 

miRNA repression occurs in proliferating cells, while activation is mediated by some 

miRNAs during cell cycle arrest (Vasudevan, Tong et al. 2007, Mortensen, Serra et al. 

2011). miRNAs are the most extensively studied group of non-coding RNAs and 

interested readers are referred to current reviews on miRNA functions and mechanisms 

(Jeffries, Fried et al. 2009, Fabian, Sonenberg et al. 2010, Huang, Shen et al. 2011), 

miRNA response element prediction (Saito and Saetrom 2010), miRNA-mediated 

regulation of developmental processes (Zhao and Srivastava 2007, Williams, Liu et al. 

2009), regulation of miRNA expression (Krol, Loedige et al. 2010) and the impact of 

miRNAs on evolution of 3’UTRs (Zhang and Su 2009). 

 

A wealth of information regarding miRNA expression and function is now available 

and it is evident that miRNAs are a vital component of gene control. miRNAs have 

been found to be involved in most important biological events, including cell 

proliferation and differentiation, development, nervous system regulation and 

tumourigenesis (reviewed in (Huang, Shen et al. 2011), and common miRNA targets 

include transcription factors and signalling proteins (Zhang and Su 2009).  An 

individual miRNA has the ability to regulate a large number of target genes because 

complementarity is only required in the seed region, and miRNAs may be involved in 

the regulation of a process or system. For example, muscle growth and differentiation is 

modulated by a set of miRNAs that are themselves controlled by myogenic transcription 

factors (Williams, Liu et al. 2009). The cardiovascular system is also controlled by a 

specific set of miRNAs, which influence processes such as cell cycle progression, 

cardiomyocyte differentiation, and vessel formation (Cordes and Srivastava 2009). In 

accordance with this, dysregulation of miRNAs can have major impacts on these 
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processes and has been associated with cardiac rhythm abnormalities and hyperplasia 

(Zhao, Ransom et al. 2007), coronary artery disease (Fichtlscherer, De Rosa et al. 

2010), myocardial infarction (Bostjancic, Zidar et al. 2010, Fichtlscherer, De Rosa et al. 

2010), and numerous muscular diseases including Huntington’s disease and muscular 

dystrophy (Eisenberg, Alexander et al. 2009). These are just two examples of systems in 

which a group of miRNAs act as a regulatory layer to fine-tune gene expression, 

enabling the system to operate efficiently through the coordinated expression of the 

associated genes. 

 

An mRNA may be regulated by multiple different miRNAs, expanding the repertoire of 

expression of an mRNA at a given time, in a particular cell type. Studies on MRE 

prediction and validation have shown that the presence of multiple seed sequences 

within an mRNA is common (~50% of targets) and targets are frequently expressed in a 

mutually exclusive manner to the miRNA, further indicating a role for miRNAs in fine-

tuning of gene expression and developmental processes (Stark, Brennecke et al. 2005). 

As miRNAs often have a subtle effect on gene expression (eg. 2-fold down-regulation), 

the combination of multiple miRNAs acting at once could invoke a much stronger 

repression. The chain of events following miRNA interaction with a target can influence 

additional miRNA binding, so the presence of multiple seed sequences could also be a 

safeguard to ensure expression of the target is tightly controlled, even if levels of the 

various miRNAs fluctuate. miRNAs may also interact with various RNA binding 

proteins. The dead end 1 RBP binds a target sequence and counteracts the function of a 

number of miRNAs (Kedde, Strasser et al. 2007). These types of interactions, whereby 

gene expression is modulated according to the concentrations of various RNAs and 

factors through a cascade of interacting events, seems to be the overriding theme of the 

eukaryotic regulatory system. It is no surprise then that mutations that change the 



 43 

expression of miRNAs can have dire effects in the organism. Trisomy 21, the cause of 

Down syndrome, has a severe and complex phenotype. In silico analysis has shown that 

five miRNA genes are duplicated in this event, and overexpression of these genes has 

been proposed to reduce the expression of target genes, contributing to the severe 

phenotype of this syndrome (Elton, Sansom et al. 2010). 

 

Many miRNAs are evolutionarily conserved (Bartel 2004, Zhao and Srivastava 2007) 

and the lack of requirement for long regions of complementarity means that novel 

miRNAs and MREs can easily arise, implicating them as powerful tools for evolution 

(Stark, Brennecke et al. 2005). miRNAs bind preferentially in the 3’UTRs of protein-

coding genes, although some target sites have been identified in the 5’UTR and intronic 

gene regions. An inter-species genome-wide comparison found that motifs in the 

3’UTR are an average of 8bp in length and that around half of all the motifs identified 

are likely to be related to miRNAs (Xie, Lu et al. 2005). miRNAs are often expressed in 

a tissue-specific or developmental stage-specific manner and genes involved in 

processes common to all cells have evolved to selectively avoid sequences 

complementary to miRNA seed regions (Stark, Brennecke et al. 2005). This mechanism 

of selective avoidance has a significant impact on the evolution of the 3’UTR. A recent 

study found that modification of the stop codon to extend the coding region of a 

transgene reporter changed the mechanism from miRNA-induced translational 

repression to RNA-induced silencing complex (RISC)-mediated degradation by small 

interfering RNAs (Gu, Jin et al. 2009). These results indicate that active translation 

impedes miRNA-RISC interaction with target mRNAs and provides an explanation as 

to why MREs are contained in the non-coding regions. Data obtained in vitro and in 

vivo supported the conclusion that while siRNA can work efficiently in non-coding and 

coding regions, miRNA activity is significantly inhibited when targeting the coding 
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region, indicating that miRNA-programmed RISC is required to remain attached to the 

target mRNA to effectively silence translation in cis (Gu, Jin et al. 2009). Data also 

provided a possible explanation for the low prevalence of MREs situated in the 5’UTR, 

as scanning of the 5’UTR by the translation initiation complex may impair formation of 

miRNA-RISC complexes.  

 

miRNAs, like most other regulatory molecules, are part of a larger system in which 

numerous factors impact on the ultimate expression of the target gene. miRNA 

expression can also be altered by environmental factors, in a study on miRNA 

expression in primary murine macrophages, following inflammatory response, one 

miRNA (miR-155) that was significantly upregulated was identified (O'Connell, 

Taganov et al. 2007). The inflammatory response involves the upregulation of a large 

number of genes, and miR-155 is a common target that acts to control the expression of 

many of the genes during the process, preventing overexpression and reducing the risk 

of cancer. Other environmental factors including diet, alcohol intake, stress and 

exposure to infectious agents and carcinogens also impact miRNA expression (as well 

as other epigenetic modifications) (Mathers, Strathdee et al. 2010). It is likely that 

miRNAs and other regulatory mechanisms that involve the coordinated expression of 

many genes and interacting factors are responsible for the phenotypic variations we see 

within eukaryotic species.  

 

Stabilisation and AU-rich elements 

Modification of transcript stability allows expression to be rapidly controlled without 

altering translation rates. This mechanism has been found to be critically involved in 

vital processes such as cell growth and differentiation, as well as adaptation to external 

stimuli (Eberhardt, Doller et al. 2007, Elkon, Zlotorynski et al. 2010). The most well 
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characterised stabilisation elements are the AU-rich elements (Jeffares, Penkett et al. 

2008) situated in the 3’UTR of some genes. These elements range in size from 50bp – 

150bp and generally contain multiple copies of the pentanucleotide AUUUA (Chen and 

Shyu 1995). AREs play a critical role in the stability of particular genes. Early studies 

indicated that AREs are variable in sequence and three main classes have been defined 

that differ in the number and arrangement of motifs. Class I AREs contain one to three 

scattered AUUUA motifs within a U-rich region, while class II AREs are characterized 

by multiple overlapping AUUUA motifs. The third class of AREs lack the AUUUA 

motif but contain U-rich stretches (Chen and Shyu 1995). AREs bind proteins (ARE-

BPs) that generally promote the decay of the mRNA in response to a variety of intra- 

and extra-cellular signals (for some recent examples see (LaJevic, Koduvayur et al. 

2010, Chamboredon, Ciais et al. 2011, Knapinska, Gratacos et al. 2011), although 

binding proteins that act to regulate translation have also been described (Lopez de 

Silanes, Quesada et al. 2007). Genes regulated by AREs include cytokines, growth 

factors, tumour suppressors and proto-oncogenes, as well as genes involved in the 

regulation of the cell cycle, such as cyclins, enzymes, transcription factors, receptors 

and membrane proteins (Eberhardt, Doller et al. 2007). This plethora of vital gene 

families carrying these elements affirms the significance of transcript stability in the 

process of gene regulation.  

 

Many ARE-BPs are expressed in a tissue- or cell-type specific manner (Reznik and 

Lykke-Andersen 2010), with ARE secondary structure being an important factor in 

ARE-BP activity (Meisner, Hackermuller et al. 2004). Different ARE-BPs can compete 

for the same binding site and depending on the cellular localisation, environment and 

timing, regulation from an ARE can result in different outcomes for a transcript. A class 

III ARE in the c-jun 3’UTR has been shown to decrease steady-state mRNA levels but 
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also be involved in increasing protein production (Barreau, Watrin et al. 2006). This 

seems counterintuitive, but it is likely that each mechanism is used at different times for 

different needs, such as in developmentally or tissue-specific circumstances. 

Environmental factors can also impact ARE protein binding, with stability playing a 

major role in response to stresses such as heat shock and nutrient deprivation. These 

stimuli trigger a signalling cascade that alters the abundance of various ARE binding 

proteins, while simultaneously manipulating RNA binding properties (reviewed in 

(Eberhardt, Doller et al. 2007). Expression of the anti-apoptotic protein Bcl-XL is 

increased by stabilisation following UVA irradiation, a process implicated in skin and 

other cancers. Examination of the ARE-BPs associated with an ARE in the Bcl-XL 

3’UTR identified nucleolin as a key stabilising protein and the authors suggest that 

UVA irradiation increases the binding capacity of nucleolin to the ARE and facilitates 

protection of the Bcl-XL mRNA from degradation (Zhang, Tsaprailis et al. 2008). 

 

In addition to affecting stability, AREs have also been found to activate translation, 

although this pathway is less common and is poorly understood. The 3’UTR of cytokine 

tumour necrosis factor α (TNFα) mRNA contains a highly conserved 34nt ARE 

(Vasudevan and Steitz 2007). This gene is expressed in stimulated lymphocytes and is 

critical for inflammatory response so must be rapidly regulated when required. During 

inflammation, cell growth is arrested and up-regulation of TNFα occurs at the protein 

level. Studies found that Argonaut 2 (AGO2) and fragile-X mental retardation 

syndrome-related protein 1 (FXR1) associate with the ARE of TNFα and function to 

activate translation in response to serum starvation (Vasudevan and Steitz 2007). It was 

also found that human miR369-3 binds through the seed sequence to the ARE and 

directs association of these factors with the ARE to activate translation, providing 

evidence for a secondary role of miRNAs in translation, alongside their well-studied 
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destabilising roles (Vasudevan, Tong et al. 2007). An earlier study examining the 

structure of the TNFα ARE showed that hairpin folding modulates binding of proteins 

to that motif and mediates different outcomes for the mRNA (Fialcowitz, Brewer et al. 

2005). These experiments demonstrate the versatility of AREs, RNA-binding proteins 

and miRNAs in modulating gene expression in a positive or negative manner, as 

required. The ability of AREs to influence both mRNA stability and translation is likely 

to result from different signals. The GU-rich element (GRE) is another recently 

discovered stability element that interacts with CUGBP1, an RNA binding protein that 

promotes decay of the associated mRNA (Vlasova, Tahoe et al. 2008, Lee, Lee et al. 

2010). Alongside microRNAs, AREs and GREs have impacted upon the evolution of 

the 3’UTR, and thus shaped the regulation of gene expression from this region.  

 

Structure 

Poly(A) tail 

The poly(A) tail results from the addition of a series of adenosine bases to the 3’ end of 

an RNA transcript. This provides the mRNA with a binding site for a class of regulatory 

factors called the poly(A) binding proteins (PABP) that have roles in the regulation of 

gene expression, including mRNA export, stability and decay, and translation (reviewed 

in (Mangus, Evans et al. 2003, Gorgoni and Gray 2004, Goss and Kleiman 2013), 

playing vital roles during vertebrate development (Gorgoni, Richardson et al. 2011). 

Five different PABPs have been identified in humans, one nuclear and four 

cytoplasmic, all of which have distinct functional roles (Gorgoni, Richardson et al. 

2011). Further research will undoubtedly characterize each PABP but it seems that 

while there are some common functions for all the PABPs, subtle differences exist and 

are evident through interactions with proteins and RNA (reviewed in (Goss and 

Kleiman 2013). PABPs seem to function as scaffolds for the binding of numerous other 
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factors, thus they indirectly regulate gene expression. Aside from their global effects on 

translation, PABPs can also regulate the translation of individual mRNAs, although this 

is less well documented (eg. Cyclin B, (Cao and Richter 2002)). A recent study 

demonstrated that PABPC1 binding in the 3’UTR of the YB-1 mRNA stimulates 

translation in a specific manner (Lyabin, Eliseeva et al. 2011). However, YB-1 also 

binds in the same region and inhibits translation, so competitive binding with PABPC1 

determines whether expression is up- or down-regulated. PABP mRNAs can also bind 

poly(A) tracts in their own 5’UTRs, repressing their own translation and maintaining 

balance and controlled regulation. The poly(A) tail is synthesised at a defined length 

(~250bp in mammalian cells), which may then be shortened in the cytoplasm to 

promote translational repression as required (Kuhn, Gundel et al. 2009).  

 

5’-3’ interactions 

Early experiments investigating the roles of the 5’cap structure and the poly-A tail 

found that they function synergistically to control mRNA translation (Gallie 1991). The 

addition of a poly(A) tail to a luciferase reporter gene increased protein expression 97-

fold when the length of the 3’UTR was 19 bases (Tanguay and Gallie 1996), 

demonstrating the essential role of the poly(A) tail in efficient translation. The 

association of PABPs with the poly (A) tail facilitates an interaction with eIF4F bound 

to the 5’cap structure, resulting in circularisation of the mRNA that promotes translation 

initiation and ensures ribosome recycling and efficient translation (For reviews on 

translation initiation and the 5’-3’ interaction pathway see (Mazumder, Seshadri et al. 

2003, Chen and Kastan 2010, Jackson, Hellen et al. 2010). This interaction also allows 

inhibition of translation by inhibitor proteins bound to the 3’UTR, which is important 

because the relative lack of constraint in RNA secondary structure in the 3’UTR 

compared to the 5’UTR indicates that response to changing conditions can occur with 
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fewer consequences while feeding back information to the initiation site (Mazumder, 

Seshadri et al. 2003). In addition to binding through protein interactions at the 5’cap 

structure, sequence specific interactions between the 5’ and 3’ ends of an mRNA have 

also been observed. The human p53 gene contains a region of complementarity between 

the 5’ and 3’UTRs that have been shown to interact and bind translation factor RPL26 

that mediates translational up-regulation as a response to DNA damage (Chen and 

Kastan 2010). Because of the importance of the 5’-3’ interaction pathway, mutations 

affecting the termination codon, poly-adenylation signal and secondary structure of a 

3’UTR can cause translation de-regulation and disease (Chatterjee and Pal 2009).  

 

A genome-wide analysis of UTRs identified numerous motifs within human 5’UTRs 

that were specific to the 3’ ends of miRNAs, with many of these found to 

simultaneously contain 5’ end interaction sites in the 3’UTRs (Lee, Ajay et al. 2009). 

Further investigation demonstrated that interactions between the 5’ and 3’ ends of many 

genes are facilitated by an interaction with a single miRNA, and that genes highly 

influenced by miRNA overexpression or deletion contained predicted binding sites in 

both UTRs. The authors termed this class of miRNA targets miBridge, and reporter 

gene assays revealed that deletion of either binding site reduced repression from the 

miRNAs, indicating that the interaction is essential for potent down-regulation of the 

transcript (Lee, Ajay et al. 2009). It is clear that interactions between the 5’ and 3’UTR 

contribute to the precise control of expression pathways and responses, and mRNA 

circularisation provides an explanation as to how translation can be so efficiently 

repressed via protein or miRNA binding in the 3’UTR. 
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Length 

The requirement of 5’-3’ interactions for efficient translation has implications for both 

the length and secondary structure of the 3’UTR, with studies demonstrating the 

significant impact of some longer 3’UTRs on expression. Using a luciferase reporter 

gene, Tanguay & Gallie (1996) observed that increasing the length of the 3’UTR from 

19nt to 156 nt decreased expression ~45 fold, independently of the orientation, gene or 

sequence (Tanguay and Gallie 1996). This early example indicates 3’UTR length is a 

major determinant in mRNA expression. Aside from the importance of interaction with 

the 5’UTR, the prevalence of miRNA binding sites also has an impact on the length, as 

longer 3’UTRs are more likely to possess miRNA binding sites that have the potential 

to inhibit translation. A study comparing the length and miRNA-binding site content of 

ribosomal and neurogenesis genes found that ribosomal genes had shorter 3’UTRs and 

specifically devoid of miRNA-binding sites, when compared to random controls (Stark, 

Brennecke et al. 2005). In contrast, 3’UTRs of genes involved in neurogenesis were 

longer and specifically enriched for potential binding sites. The Hip2 gene uses 

alternative 3’UTRs to control expression as required. The longer 3’UTR of this gene 

contains conserved seed matches to two miRNAs that are expressed in activated T-cells 

(Sandberg, Neilson et al. 2008). Upon activation, relative expression of the transcript 

with the longer 3’UTR decreased and protein expression significantly increased. This is 

consistent with a model in which use of alternative 3’UTRs prevents down-regulation 

by miRNAs, allowing up-regulation of protein production.  

 

In general, longer 3’UTRs correlate with a relatively lower expression level, as 

indicated by experiments comparing the expression of isoforms differing only in their 

3’UTR (Sandberg, Neilson et al. 2008). The SLC7A1 gene is expressed with two variant 

3’UTRs, the longer of which contains an additional potential miRNA binding site. A 
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functional polymorphism in this gene has been associated with endothelial dysfunction 

and genetic predisposition to essential hypertension. However, this allele was found to 

be preferentially associated with the longer 3’UTR, resulting in decreased expression 

compared to the wild-type allele (Yang and Kaye 2009). Notably, the average length of 

the 3’ UTR in humans is more than twice that of other mammals (Pesole, Mignone et al. 

2001), which is indicative of an increase in regulatory elements in human genes. 

Although it is clear that miRNAs impact on 3’UTR length, other factors are also likely 

to contribute, potentially in a developmentally or tissue-specific manner. The relative 

position of motifs such as AREs within the 3’UTR can affect protein binding and 

regulation. The β2-adrenergic receptor (β2-AR) 3’UTR contains a number of AREs, 

although translational suppression seems to be primarily mediated by a 20nt ARE and a 

poly(U) region situated at the distal end of the 3’UTR. These motifs have been shown to 

bind T-cell-restricted intercellular antigen-related protein (TIAR) that acts to repress 

translation, and HuR, an ARE-BP that can stabilise transcripts (Kandasamy, Joseph et 

al. 2005). Recent experiments using reporter constructs demonstrated that the length of 

the 3’UTR is critical for these interactions, as TIAR binding was reduced in constructs 

with a shorter 3’UTR (~100nt) in comparison to constructs with longer 3’UTRs (300 

and 500nt) (Subramaniam, Kandasamy et al. 2011). HuR binding was not affected, 

indicating the two factors bind at non-overlapping sites and exert different controls on 

expression, increasing the complexity of regulation of this gene.  

 

Secondary structure 

Secondary structures within the 3’UTR are emerging as more important than previously 

envisioned. While the length of the 3’UTR is important, the secondary structure folding 

is also a vital determinant of translation efficiency and mutations that change the 

secondary structure may result in disruption of expression. A study by Chen et al (2006) 



 52 

on 83 disease-associated variants in the 3’UTR of various human mRNAs found a 

correlation between the functionality of the variants and changes in the predicted 

secondary structure (Chen, Ferec et al. 2006). NMD is a quality control mechanism to 

remove mutated non-functional transcripts. Most commonly, the location of the 

nonsense mutation relative to the exon-exon junction complex determines the efficiency 

of NMD (Chang, Imam et al. 2007), but the 3’UTR may also play a role. The 

mechanisms of translation termination at premature termination codons (PTCs) has 

been shown to rely on the physical distance between the termination codon and the 

poly-A binding protein, PABPC1 (Eberle, Stalder et al. 2008). This study found that 

extending the region between the normal termination codon and the poly-A tail resulted 

in NMD and that spatial rearrangements of the 3’UTR can modulate the NMD pathway 

(Eberle, Stalder et al. 2008).  

 

Secondary structure of the 3’UTR is difficult to predict because of the multitude of 

factors binding the region, many of which are likely to induce structural changes. 

Factors can changes the spatial configuration of the region by disrupting mRNA 

folding, or by interacting with other factors resulting in the looping out of the mRNA in 

between (Eberle, Stalder et al. 2008). The stem-loop RNA structure is the most common 

example of a secondary structure that can modify gene expression, and in the 3’UTR 

this generally occurs through RNA-binding proteins. Brain-derived neurotrophic factor 

transcript (BDNF) contains an extended stem-loop structure that is responsible for the 

stability of the mRNA in neurons in response to Ca+2 signals (Fukuchi and Tsuda 2010). 

The authors suggest that the stem-loop structure provides a scaffold for the interaction 

of a number of RNA binding proteins, non-coding RNAs and poly-adenylation factors 

in response to Ca+2. In TNFα, an ARE in the 3’UTR adopts a stem-loop structure that 

has been shown to modulate its affinity for various ARE-BPs (Fialcowitz, Brewer et al. 
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2005). These examples demonstrate that modulation of 3’UTR secondary structure by 

protein binding or other means can modulate trans-factor binding specificity and thus 

contributes to gene regulation at the post-transcriptional level. 

 

Alternative 3’UTRs 

Alternative poly-adenylation (APA) and alternative splicing are two mechanisms that 

can result in the production of mRNA isoforms differing in their 3’UTR. APA can 

occur because of the presence of multiple poly-adenylation sites, or by mutually 

exclusive terminal exons, and it is estimated that APA is utilised by ~50% of human 

genes (Dickson and Wilusz 2010). These mechanisms are very useful for complex 

organisms, as they provide a way in which transcripts can express the same protein but 

with varying expression levels and/or spatial localisation arising from variation in 

regulation from the 3’UTR (Sandberg, Neilson et al. 2008). Alternative 3’UTR use is an 

important aspect of developmental- and tissue-specific gene expression (Hughes 2006, 

Wang, Sandberg et al. 2008, Ji, Lee et al. 2009, Ji and Tian 2009, Spies, Burge et al. 

2013) (for an example see (Winter, Kunath et al. 2007)) and large-scale changes in APA 

patterns have been associated with a number of different cancers (Mayr and Bartel 

2009, Fu, Sun et al. 2011). APA also plays an important role in isoform localisation 

(Andreassi and Riccio 2009). The HuR gene is an ARE-BP that is involved in the 

stabilisation of many ARE-containing mRNAs. APA produces a number of HuR 

variants that differ in expression levels, and while the predominant transcript lacks 

AREs, a rare variant has been identified that contains functional AREs in the 3’UTR 

(Al-Ahmadi, Al-Ghamdi et al. 2009). These AREs were found to bind HuR, thus 

inducing a self-upregulation loop. Use of alternative 3’UTRs allows versatility of 

expression from a single gene.  
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Conclusions 

The 3’UTR is a versatile region that is enriched for regulatory elements and is vital for 

correct spatial and temporal gene expression. The 3’UTR is also emerging as a major 

hotspot for interactions with non-coding RNAs, with recent studies showing that a large 

number of 3’UTRs are also expressed independently from the primary gene transcript 

and are likely to function in trans as non-coding RNAs of various lengths (Mercer, 

Wilhelm et al. 2010). Further investigation into the regulatory functions of 3’UTRs has 

the potential to reveal even more complex pathways and interactions. 

 

1.1.5  Non-coding RNAs 

Over the past decade, a wealth of evidence has revealed the pervasiveness and 

complexity of transcription throughout the human genome, with the majority of bases 

associated with at least one primary transcript (Birney, Stamatoyannopoulos et al. 

2007). As less than 1.5% of the human genome codes for protein, this process results in 

widespread production of non-coding RNAs, of which there are many different types 

(interested readers are referred to reviews for each category), including miRNAs 

(Jeffries, Fried et al. 2009, Williams, Liu et al. 2009, Zhang and Su 2009, Saito and 

Saetrom 2010), promoter-associated RNAs (Preker, Nielsen et al. 2008, Fejes-Toth K 

2009), short interfering RNAs (Okamura and Lai 2008, Watanabe, Totoki et al. 2008), 

piwi-interacting RNAs (Lin 2007, Klattenhoff and Theurkauf 2008), small nuclear 

RNAs (Dieci, Preti et al. 2009), natural antisense transcripts (Faghihi and Wahlestedt 

2009, Su, Xiong et al. 2010) and long non-coding RNAs (Mercer, Dinger et al. 2009, 

Ponting, Oliver et al. 2009, Wilusz, Sunwoo et al. 2009, Clark and Mattick 2011), long 

intronic non-coding RNAs (Louro, Smirnova et al. 2009), and RNAs as extracellular 

signalling molecules (Dinger, Mercer et al. 2008). Non-coding RNAs can be sense or 

antisense in orientation, transcribed in either direction and can originate from intergenic 
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and intronic regions. Although there are some examples of non-coding RNAs conserved 

between distant species (Wahlestedt 2006), the majority of non-coding RNAs seem to 

be species-specific, at least at the sequence level (Hawkins and Morris 2008). However, 

recent studies have shown that thousands of sequences within the mammalian genome 

possess conserved RNA secondary structures, while lacking any significant sequence 

conservation (Torarinsson, Sawera et al. 2006, Torarinsson, Yao et al. 2008). Some 

non-coding RNAs are likely to function primarily through their secondary structures, 

which would result in relaxed sequence constraints and an underestimation of 

conservation between species. In any case, it is apparent that contrary to previous 

assumptions, a lack of conservation is not necessarily indicative of a non-functional 

sequence and genome-wide evidence indicates that a significant proportion of non-

coding RNAs perform functional roles (Mercer, Dinger et al. 2009). 

 

Non-coding RNAs are key regulators of gene expression, acting at the individual gene 

level, regulating cis and trans interactions and contributing to control of transcription 

and translation, and on a genome wide-scale, regulating accessibility of chromatin and 

controlling gene pathways. Non-coding RNAs associate with each of the untranslated 

gene regions discussed in this chapter, contributing to the fine control of gene 

expression and increasing the complexity of the regulatory system (Clark, Choudhary et 

al. 2013). Transcribed regions including the 5’ and 3’ UTRs and intronic regions are 

also likely origins of non-coding RNA, following splicing and translation of the 

associated gene (Mercer, Wilhelm et al. 2010). The use of RNA as a regulatory element 

has advantages because it can rapidly be synthesised and degraded (Djupedal and 

Ekwall 2009), has structural plasticity and can modulate gene expression in response to 

external factors (Ansari 2009) and can act combinatorially to control complex 

interactions and regulatory pathways (Mattick 2004). The discovery of non-coding 
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RNAs, which were largely unnoticed previously, has come about due to advances in 

detection methods and technologies. Non-coding RNAs have now been identified to 

originate from all regions of the genome, although they are more frequently derived 

from regions surrounding gene promoters, enhancers and 3’UTRs (He, Vogelstein et al. 

2008). This is indicative of a key role in the control of translation and stability. An in 

vitro study examining five different human cell types showed that the distribution of 

non-coding RNAs was non-random across the genome, differed among cell types, and 

that the distribution of sense and antisense transcripts were distinct (He, Vogelstein et 

al. 2008). In particular, antisense transcripts were concentrated around gene promoters 

and 3’UTRs, while sense transcripts were more prevalent around exons. Non-coding 

RNAs have now been found to control all aspects of gene expression. The following 

discussion will explore each type of non-coding RNA and illustrate the versatile nature 

of non-coding RNA control of gene expression, with the exception of miRNAs that 

have already been covered. See Figure 1.2 for a visual summary of the different types of 

non-coding RNA. 

 

 

 

 

 

 

Figure 1.2: Pervasive expression of non-coding RNAs in the eukaryotic genome. (a) Non-coding RNA 

expression relative to a typical gene. Exons are represented by the grey boxes, the light-grey boxes represent the 

untranslated regions. Non-coding RNAs are expressed from all regions of the genome, in varying sizes and 

transcribed from either direction (see Table for ncRNA identities). Long non-coding RNAs and natural antisense 

transcripts can target RNA, pre-mRNA, or (b) mRNA. Non-coding RNAs may themselves be spliced; this is the case 

for many natural antisense transcripts that are complementary to their target gene. Smaller regulatory RNAs such as 

miRNAs and siRNAs target mRNA to regulate gene expression post-transcriptionally. Long ncRNAs are the most 

widespread category, as the other types of ncRNA are defined by a specific origin, localisation, or direction.  
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represent the untranslated regions. Non-coding RNAs are expressed from all regions of the genome, in varying sizes 

and transcribed in either direction (see Table). Long non-coding RNAs and natural antisense transcripts can target DNA, 

pre-mRNA or 

b) mRNA. Non-coding RNAs may themselves be spliced; this is the case for many natural antisense transcripts that are 

complementary to their target gene. Smaller regulatory RNAs such as miRNAs and siRNAs target mRNA to regulate 

gene expression post-transcriptionally. Long ncRNAs are the most widespread category, as the other types are defined 

by a specific origin, localisation, or direction.
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Promoter associated RNAs (PROMPTs) 

PROMPTs (Promoter upstream transcripts) are non-coding RNAs originating from 500-

2500nt upstream of active gene promoters. It is thought that most actively transcribed 

RNAPII genes have associated PROMPTs and that they are especially prevalent at 

dispersed CpG promoters (Preker, Nielsen et al. 2008). PROMTs possess a 5’cap as 

well as a poly-A tail, but are rapidly degraded in the nucleus following transcription 

(Preker, Almvig et al. 2011), a characteristic that is indicative of a regulatory role. 5’ 

RACE analysis and evidence that PROMPTs are transcribed in both directions suggests 

that they rely on the promoter of the associated gene for transcription rather than a 

promoter of their own. The function of PROMPTs currently remains unknown, 

although it has been suggested that they may act as transcription enhancers, because the 

occupation of RNAPII upstream of the promoter may alter the chromatin landscape to 

ensure transcription of the downstream gene (Preker, Almvig et al. 2011). These 

transcripts are also likely to play a regulatory role, especially considering they are 

generally hundreds of bases in length and are capped and polyadenylated. It will be 

interesting to see what transpires in this field, as the role(s) of these articular non-coding 

are further elucidated.   

 

Short interfering RNA (siRNA) 

siRNAs are short, double stranded non-coding RNAs of 20-25bp that were first 

discovered in plants (Hamilton and Baulcombe 1999). siRNAs bind complementary 

sequences in mRNAs and induce degradation by the RNA interference pathway, in 

which the targeting strand is incorporated into RISC and results in cleavage by 

Argonaute and post-transcriptional gene silencing. Gene regulation by siRNA seemed to 

only occur in organisms with RNA-dependent RNA polymerase, a polymerase not 

found in mammals, but more recent studies have shown siRNAs are present in 
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mammals, albeit in low abundance (Watanabe, Totoki et al. 2008). This study showed 

that siRNAs are present in mouse oocytes and that they regulate complementary genes 

via the RNAi pathway (Watanabe, Totoki et al. 2008). When present, it seems that 

siRNAs play a small role in the non-coding regulatory system of higher eukaryotes 

(although with the advent of deep sequencing this could change). However, soon after 

their discovery it was demonstrated that synthetic siRNAs could be used to selectively 

knockdown gene expression in mammalian cells (Elbashir, Harborth et al. 2001), and 

they have since been widely used to investigate gene function and are being exploited to 

develop disease therapeutics.  

 

Piwi-interacting RNAs (piRNAs) 

piRNAs are a class of non-coding RNAs, 29-30nt in length, that specifically interact 

with Piwi proteins (Girard, Sachidanandam et al. 2006). Piwi proteins are a class of 

Argonaute proteins expressed in germline cells and are involved in cell division and 

stem cell maintenance, but their exact biological mechanism remains to be elucidated 

(Carmell, Xuan et al. 2002). Because of this, the function of piRNAs also remains to be 

determined, but the abundance of piRNAs in germline cells and the demonstration of 

male sterility in mice with targeted mutations to the Piwi proteins suggests they play a 

role in gametogenesis (Girard, Sachidanandam et al. 2006). 

 

Small nuclear RNA (snRNA) 

This class of noncoding RNAs are found in the nucleus of eukaryotic cells and are 

around 150nt in length. These were one of the first types of non-coding RNA to be 

identified, and the reason for this is because they are involved in splicing. snRNAs are a 

component of the small nuclear ribonuclear protein complexes (snRNPs) that make up 

the spliceosome, binding to complementary regions in precursor RNA and facilitating 
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assembly of the spliceosome (Wassarman and Steitz 1992). Five different snRNPs are 

involved in splicing, U1, U2, U4, U5 and U6. During splicing they interact with 

different parts of the pre-mRNA; U1 binds the conserved 5’ splice site, U2 binds the 

conserved branch point consensus sequence, and U4-6 bind together to form a complex 

before completing the spliceosome through interaction with the other snRNAs 

(Wassarman and Steitz 1992). snRNAs evidently play a vital role in the eukaryotic 

genome, acting in a very specific manner to control the global processing of RNA. 

Some other examples of “housekeeping” non-coding RNAs are ribosomal RNA, which 

is the RNA component of the ribosome, and transfer RNAs, which mediate peptide 

synthesis. Housekeeping non-coding RNAs play an essential role in gene processing by 

actively interacting with proteins and enabling correct localisation and function. 

 

Cis-natural antisense transcripts 

These are transcripts that are complementary to expressed genes and function to 

regulate their expression (Faghihi and Wahlestedt 2009, Wight and Werner 2013). In 

general, natural antisense transcripts (NATs) appear to have a repressive effect on the 

expression of the corresponding gene, acting to ensure expression is maintained at the 

required level. For example, BDNF expression is repressed by a conserved NAT that 

overlaps with 225nt of BDNF at the 3’end (Modarresi, Faghihi et al. 2012). This NAT 

initiates ~200kb downstream of the BDNF promoter and undergoes splicing. Knockout 

of this transcript resulted in a 2 to 7 fold up-regulation of BDNF protein over RNA 

(Modarresi, Faghihi et al. 2012). There are a number of proposed mechanisms for NAT-

directed regulation of sense mRNA (Faghihi and Wahlestedt 2009). One suggestion 

involves “transcriptional collision”, in which the transcriptional machinery collides 

during transcription of each strand, due to the opposing orientation of the mRNA and 

NAT transcription. However, transcription can occur at different times and this unlikely 
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to be the major mechanism of regulation. The observation that NATs are often 

associated with imprinted genes also suggests some NATs may interact with DNA and 

induce epigenetic changes to completely repress transcription. In addition, the formation 

of an RNA-RNA duplex, either in the nucleus or cytoplasm, can affect the sense 

transcript by altering localisation, stability, or translational efficiency. NATs are 

apparently common non-coding RNAs associated with genes, and future research is 

likely to reveal additional details on the function of such transcripts. 

 

Long non-coding RNAs 

A large and varied class of transcripts, termed long non-coding RNAs, are defined as 

transcripts greater than 200nt in length. As such, they have many different functions and 

characteristics, many of which were discussed earlier in this review. Long non-coding 

RNAs can originate in the coding and intergenic regions, and are widely transcribed 

throughout the genome (Rinn and Chang 2012, Hangauer, Vaughn et al. 2013). An 

example of a long non-coding RNA is HOTAIR, the expression of which is increased in 

breast cancer (Gupta, Shah et al. 2010). HOTAIR is localised at the HOX locus, which 

contains HOX genes that code for transcription factors involved in segmental 

differentiation during embryo development. Elevated expression of HOTAIR induced 

chromatin remodelling and other changes in the epigenome with consequent increased 

metastasis and invasiveness of the cancer (Gupta, Shah et al. 2010). The impact of 

HOTAIR on cancer development illustrates the importance of the non-coding network 

and the implications of dysregulation in disease, especially in cancer.  

 

RNAs as extracellular signalling molecules 

Recent studies provide evidence for a role for RNAs in communication between cells 

(reviewed in (Dinger, Mercer et al. 2008). RNA has been shown to increase the 
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permeability of endothelial cells in the blood-brain barrier through an interaction with 

vascular endothelial growth factor (Fischer, Gerriets et al. 2007). The roles of RNA as 

extracellular signaling molecules are less well understood than some of the other 

functions of non-coding RNAs but additional research is expected to uncover new 

pathways and mechanisms. 

 

Pseudogenes and non-coding RNA 

A pseudogene is an imperfect copy of a functional gene, thought to arise during 

evolution as a result of retrotransposition or duplication. Previously dismissed as non-

functional DNA, evidence shows that some pseudogenes are fully transcribed, resulting 

in the production of NATs. NATs are involved in numerous vital cellular processes, 

including regulation of translation and stability, RNA export, alternative splicing, 

genomic imprinting, X inactivation, DNA methylation and modification of histones, 

and have also been shown to play roles in stress response and developmental processes 

(Su, Xiong et al.). NATs transcribed from pseudogenes have the potential to regulate 

sense transcripts arising from the functional parental gene through complementary 

binding, which has been shown in some cases to induce cleavage of the sense transcript 

(Wilusz, Sunwoo et al. 2009). Studies have shown that pseudo-genes can also regulate 

their parental gene by interacting with enhancers, and that pseudogene transcripts can 

act as decoys for miRNAs targeting the parental gene (Poliseno, Salmena et al. 2010) 

(reviewed in (Muro, Mah et al. 2011). It is estimated that up to 20% of human 

pseudogenes are fully transcribed (Zheng, Frankish et al. 2007). However, it is likely 

that pseudogenes also produce smaller non-coding RNAs that may regulate gene 

expression in cis or in trans. Transcription of pseudogenes often occurs in a tissue-

specific manner, and the discovery that pseudogenes are capable of regulating tumour 

suppressors and oncogenes and are often deregulated during cancer progression, 
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indicates they are important components of the non-coding RNA regulatory system 

(reviewed in (Pink, Wicks et al. 2011). The discovery that pseudogenes may function in 

the form of non-coding RNAs shows that previous assumptions about “non-functional” 

regions of the human genome should be challenged. 

 

Non-coding capacity in primates 

Non-coding capacity is increased in primates in comparison to other animals. A 

comparison of pseudogenes across 28 vertebrate genomes showed that ~80% of 

processed pseudogenes are primate-specific, indicating that the rate of retrotransposition 

is increased in primates (Zheng, Frankish et al. 2007). Non-coding capacity is especially 

increased in the brain, with non-coding RNA a major contributor to evolution of gene 

expression pathways (Babbitt, Fedrigo et al. 2010, Qureshi and Mehler 2012). RNA 

editing, a process by which bases are modified post-transcriptionally, is also 

predominantly active in the brain and is enriched in humans (Mattick and Mehler 2008), 

increasing diversity of the transcriptome (Paz-Yaacov, Levanon et al. 2010). RNA 

editing is important as it allows adaptation to environmental stressors and may provide 

the basis for long-term memory and evolution of cognition throughout an individual’s 

lifetime (Mattick and Mehler 2008). RNA editing also occurs extensively in non-coding 

RNAs, again highlighting the importance of these transcripts in the brain. A 

comparative genomics study on differences in humans that are highly conserved among 

other vertebrates, identified 202 elements of significance, mostly in non-coding regions 

(Pollard, Salama et al. 2006). It is clear that non-coding RNAs are key players in 

regulation and genome control and increasing organism complexity.  

 

In the past decade research on non-coding RNAs has rapidly progressed, with hundreds 

of publications covering all known aspects of non-coding RNA function and regulation. 
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For further information readers are referred to reviews on various subtopics: intron 

evolution and function (Mattick 1994); the significance of non-coding RNAs in 

organism complexity and evolution (Mattick 2001, Mattick 2003, Prasanth and Spector 

2007, Mattick 2011); functions of non-coding RNAs (Amaral, Dinger et al. 2008, 

Mattick, Taft et al. 2009), including regulation of transcription (Hawkins and Morris 

2008, Morris 2009), epigenetic processes (Mattick, Amaral et al. 2009, Morris 2009), 

structural roles (Wilusz, Sunwoo et al. 2009); and response to environmental stimuli 

(Varki, Geschwind et al. 2008); small regulatory RNAs in mammals (Mattick and 

Makunin 2005); non-coding RNAs in the human brain and development (Mehler and 

Mattick 2006, Mattick 2011) and in the nervous system (Mehler and Mattick 2006); and 

the involvement of non-coding RNAs in disease (Taft, Pang et al. 2009). 

 

1.1.6  Competing endogenous RNAs 

Competing endogenous RNA (ceRNA) is a newly discovered mechanism by which 

RNA molecules can regulate expression of one another by competing for miRNAs. As 

mentioned previously, transcripts originating from pseudogenes have been found to 

regulate the expression of the corresponding gene (Poliseno, Salmena et al. 2010). 

Salmena (2011) proposed that this idea is not limited to pseudogene transcripts, but that 

all types of RNA transcripts can communicate with one another via matching miRNA 

response elements (MREs) (Salmena, Poliseno et al. 2011, Tay, Rinn et al. 2014). This 

mechanism of communication between mRNAs adds a new level of complexity in 

which the expression of miRNAs is affected by the targets as well as vice versa, 

creating elaborate regulatory networks. The more shared MREs between mRNAs, the 

greater chance of communication and co-regulation (Salmena, Poliseno et al. 2011). 

ceRNA activity is influenced by the relative concentrations of the ceRNAs and their 

miRNAs in a given cell at a particular time, and also the binding capacity of the MREs.  
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The most well studied example of ceRNA regulation involves the PTEN tumour 

suppressor gene. The PTEN-associated pseudogene has been shown to act as a ceRNA 

to regulate PTEN, with multiple conserved MREs allowing effective cross-talk between 

the two transcripts (Poliseno et al., 2010). This was experimentally demonstrated by 

overexpression of the pseudogene 3’UTR that resulted in a significant increase in the 

levels of PTEN. Pseudogene transcripts are particularly suited as competing RNAs with 

the associated gene, because the high-sequence conservation implies that they contain 

the same MREs. In addition, a number of other protein-coding transcripts that regulate 

PTEN in a miRNA-dependent manner have been identified, such as SERINC1, VAPA, 

and CNOT6L (Tay, Kats et al. 2011). Studying ceRNA pathways is likely to be a useful 

tool for gaining insight into the changes that come about during tumour growth. 

Research using an in vivo mouse model of melanoma confirmed the ceRNA 

relationships discovered by Tay (2011) and validated the contribution of the ceRNAs in 

tumour growth and development (Karreth, Tay et al. 2011). 

 

Although mRNAs from protein-coding genes can act as ceRNAs, it has been suggested 

that non-coding RNAs are likely to be overrepresented as highly effective regulators as 

they may be specifically synthesized for the purpose of regulation and there is no 

interference from active translation (Salmena, Poliseno et al. 2011, Tay, Rinn et al. 

2014). A recent study identified a muscle-specific long non-coding RNA, linc-MD1, 

that plays an important role in muscle differentiation by acting as a ceRNA in mouse 

and human myoblasts (Cesana, Cacchiarelli et al. 2011). It was found that linc-MD1 

functions as a decoy for a number of miRNAs prevalent in muscle that are known to 

regulate the expression of multiple mRNAs. Targets of particular interest were MAML1 

and MEF2C that are muscle-specific transcription factors involved in myogenesis. Data 

demonstrated that linc-MD1 communicates with these transcription factors as a ceRNA 
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to regulate their expression (Cesana, Cacchiarelli et al. 2011). Interestingly, the levels of 

linc-MD1 were significantly reduced in Duchenne muscular dystrophy cells, and the 

accumulation of muscle-specific markers MYOG and MHC were delayed, and it is 

possible that the disruption of this ceRNA pathway contributes to Duchenne muscular 

dystrophy pathology. The study also found that the activation of the linc-MD1 promoter 

correlates with the formation of a DNA loop at the beginning of myogenesis (Cesana, 

Cacchiarelli et al. 2011). This shows how a ceRNA pathway can be activated when 

required and provide specific and sensitive control of mRNA levels in the cell.  

 

ceRNA reveals a potential non-coding function of mRNAs that is separate to the protein 

function, adding yet another layer of complexity to the genome. This also has 

implications for research in which a specific transcript is targeted for knockout or 

upregulation, as such an approach would disrupt any ceRNA pathways involving that 

mRNA.  

 

1.1.7  Chimeric RNAs 

It is clear that the discovery of the non-coding regulatory network blurs the definition of 

a gene and suggests a more fluid concept in which a gene locus can produce multiple 

transcripts that interact to produce different protein isoforms at the required expression 

level. The discovery of chimeric RNAs, which are mRNAs consisting of exons from 2 

or more different annotated genes, further distorts the concept of a gene and has the 

potential to exponentially increase the complexity of the genome. Although some of 

these transcripts arise because of DNA rearrangements such as retrotransposition, there 

are numerous transcripts composed of sequences originating from non-contiguous and 

non-linear parts of the genome, meaning they must have arisen via RNA-mediated 

events (Gingeras 2009). Characterisation of gene boundaries for 492 protein-coding 
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genes on human chromosomes 21 and 22 using 5’ and 3’ RACE found that 42% of 

genes produced detectable transcripts containing exons mapping to other annotated 

genes (Djebali, Lagarde et al. 2012). This study also found that connections are non-

random and that connected genes had similar expression and close proximity in the 

nucleus. Chimeric RNAs are generally expressed in a tissue specific manner, and 

protein expression from some chimeras has been detected, although it is unlikely that 

this is the main function of these transcripts (Frenkel-Morgenstern, Lacroix et al. 2012). 

Chimeric RNAs have also been shown to be overexpressed in various tumours (Zhou, 

Liao et al. 2012).  These features indicate that chimeric RNAs are likely to be 

biologically significant, although their roles remain to be determined. The discovery and 

potentially common occurrence of chimeric RNAs has implications for the complexity 

of the genome, and further research into the function of these transcripts and the types 

of genes that form them is essential.  

 

1.1.8  Conclusion 

The non-coding regions of the genome, including the 5’ and 3’ UTRs, introns and 

intergenic regions, are vital for the precise regulation of gene expression and have 

evidently expanded during the evolution of complex organisms. In addition, the recently 

discovered ceRNA pathway also implicates a non-coding function for protein coding 

mRNAs, and evidence of pervasive transcription throughout the genome suggests that 

RNA is the most prevalent and versatile component of the gene regulatory network. 

This aim of this review was to discuss all the different mechanisms by which non-

coding DNA and RNA contribute to the local and global expression profiles, with the 

numerous mechanisms of control outlined here demonstrating that this regulatory 

system is highly complex and sensitive. Adding to this complexity, regulation often 

occurs in a tissue- and developmental-specific manner, exponentially increasing the 
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variation of expression from the genome. A typical gene is mostly non-coding 

sequence, and accumulated evidence shows that these regions facilitate specific 

expression of gene isoforms, in specific quantities, and enable rapid response to 

changing conditions.  

 

The clear correlation between the relative amount of non-coding sequence and the 

complexity of an organism demonstrates that it is the control networks that are the most 

important for evolution. This is logical when one considers the enormous variation that 

can result from a single gene, mediated by layers of regulatory components acting 

combinatorially to modulate gene expression. Complexity is increased by alternative 

mechanisms of gene processing, rather than the addition of more genes, as this allows 

an exponential rather than a linear increase in gene products. Humans have over 400 

different cell types, including 145 types of neurons (Vickaryous and Hall 2006), all of 

which share the same DNA, with the exception of mature red blood cells and gametes. 

The differentiation of cell types has thus occurred through variation in the regulation of 

genes at all levels: from turning genes on or off, to subtle regulation arising from 

variation in non-coding RNA interactions. That the most significant changes in primates 

and humans in comparison to other organisms are found in the non-coding regions 

(King and Wilson 1975, Pollard, Salama et al. 2006) and the brain (Babbitt, Fedrigo et 

al. 2010) is not surprising. A study exploring the nature of deletions of sequences in 

humans, that are otherwise highly conserved between chimpanzee and other mammals, 

found that the human-specific deletions fell almost exclusively in the non-coding 

regions, and were enriched near genes involved in neural function and steroid hormone 

signalling (McLean, Reno et al. 2011).  
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Non-coding RNAs are emerging as the most important, under-researched area of gene 

regulation and organism evolution. The ability of RNA to compactly store information 

and efficiently transmit that information within and between cells makes it an ideal 

medium of communication and regulation. Previously thought of as just an intermediate 

step for getting to the more “important” layer of protein expression, the RNA 

component of the genome is the largest and most versatile, involved in every level of 

gene expression. In order to appreciate and understand the complexity of regulation in 

the genome it will be essential to utilise new technologies to detect and characterise 

non-coding RNAs, investigate how these interact with other elements, and elucidate 

their function.  

 

1.2 Muscle 

 

Muscle is the contractile tissue of the body, generating force and allowing movement. 

There are three distinct types of muscle: skeletal, cardiac, and smooth muscle. Smooth 

muscle is involuntary muscle responsible for the contractility of hollow organs, such as 

blood vessels and veins, the bladder, and the reproductive tracts (Kao and Carsten 

1997). Cardiac muscle is involuntary muscle that contracts to circulate blood from the 

heart through the body. Skeletal muscle is the most prevalent muscle type and the focus 

of this thesis.  

 

1.2.1  Skeletal muscle 

Skeletal muscle is under voluntary control, and the primary function is to generate the 

mechanical forces required for movement, stabilisation, respiration, and heat generation 

(Anastasi, Cutroneo et al. 2008). Comprising 40-50% of bodyweight in a human adult, 

skeletal muscles consist of elongated, multinucleated myofibres embedded within a 
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connective tissue network. Myofibrils within each muscle fibre are arranged 

longitudinally to facilitate directional force generation that is facilitated by multi-protein 

complexes called sarcomeres (Figure 1.3). Sarcomeres, composed of thick filament 

(myosin) proteins and thin filament (actin) proteins as well as some other structural 

proteins, release calcium upon stimulation by the action potential, facilitating muscle 

contraction (reviewed in (Ironside 1993). Arranged at the ends of each muscle fibre, 

forces generated in the sarcomeres are transmitted longitudinally to myotendinous 

junctions and laterally to the extracellular matrix (Anastasi, Cutroneo et al. 2008). 

Lateral forces are transmitted by multiple protein complexes, one of which consists of 

F-actin and dystrophin under the sarcolemma, another which consists of β-dystroglycan 

and associated proteins in the sarcolemma, and a third that consists of α-dystroglycan 

and laminin-2 within and outside the sarcolemma (Ervasti and Campbell 1993). In 

addition to the correct assembly of these protein complexes, skeletal muscle function 

relies on the ability of myofibres to be repeatedly excited, to be malleable in terms of 

shape and pressure during and after contraction, and to be strongly anchored so as to 

avoid damage (Berthier and Blaineau 1997).  

 

1.2.2  Neuromuscular disease 

The term neuromuscular disease applies to a wide range of pathologies that affect 

muscle function, either directly (eg. muscular dystrophies) or indirectly through the 

nervous system (eg. Huntington’s disease and Parkinson’s disease). The neuromuscular 

junction is a specialised synaptic region where the motor neuron axon connects to the 

muscle and initiates contraction (Berthier and Blaineau 1997), and thus there are 

numerous diseases and conditions that compromise both brain/nerve and muscle 

function. There are a number of different types of genetic mutations that can result in 

neuromuscular disease. Mutations that result in a loss of protein expression can 
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significantly disrupt downstream processes that are required for neurological signalling 

or muscle function. An example of this is McArdle’s disease, a condition caused by 

mutations that disrupt the glycogen phosphorylase muscle gene, which in turn prevents 

the use of muscle glycogen for the energy required for muscle contractions 

(Mommaerts, Illingworth et al. 1959). Some disease-causing mutation result in the 

production of a toxic protein which has a dominant effect, for example Huntington’s 

disease, where the expansion of a CAG (polyglutamine) repeat produces an aberrant 

protein that interacts with numerous other proteins, leading to many unwanted 

downstream effects. Finally, disease-causing mutations can produce toxic RNA 

transcripts (a secondary feature of Huntington’s disease) and may even inhibit 

transcription, which is the case in Friedreich’s ataxia, a recessive condition that is the 

result of a GAA expansion that locks up the DNA, preventing it from being transcribed 

(Sakamoto, Ohshima et al. 2001). Our laboratory studies a number of different inherited 

neuromuscular diseases, the main focus being to develop therapies for Duchenne 

muscular dystrophy (DMD) and spinal muscular atrophy (SMA). This study aims to 

extend antisense therapies to other neuromuscular diseases, including Huntington’s 

disease, McArdle’s disease and Friedreich’s ataxia. 
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Figure 1.3: Skeletal muscle structure. (a) Myoblasts differentiate and fuse to form multi-nucleated myotubes that 

then assemble to form muscle fibres. (b) Muscle fibres are made up of myofibrils that consist of repeating 

sarcomeres. Sarcomeres mainly consist of myosin (grey bars) and actin (white bars). (c) Skeletal muscle 

organisation, attached to the bone by a tendon. 

 

1.3 Splicing 

1.3.1  Pre-mRNA splicing 

Pre-mRNA splicing is a nuclear process that coordinates removal of non-coding introns 

and the assembly and joining together of exons to produce a mature message, in 

preparation for protein production. This process involves a large number of splicing 

factors that bind and interact with an array of sequence motifs (Beyer and Osheim 

1988). A large multi-protein complex called the spliceosome coordinates the splicing 

reaction; a process that consists of two sequential transesterification reactions that join 

adjacent exons, following recognition of splicing sequence motifs (Kramer 1996). The 

following sections will discuss the elements involved in splicing, highlighting the 

complexity and specificity of this process. 
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Major splice motifs 

Initial recognition of exons is thought to involve multiple weak interactions at spatially 

constrained binding sites (Reed 1996). Numerous sequence motifs are involved in 

splicing, but three main motifs are required to distinguish an exon from the surrounding 

intronic sequence; the 5’ and 3’ splice sites, and the branch point. Splice motifs at either 

end of the introns indicate exon-intron boundaries to the splicing machinery. The 5’ 

splice site (or donor site) in higher eukaryotes has the consensus AG|guragu 

(exon|intron, where R=purine, Y=pyrimidine, N=any nucleotide), and the 3’ splice site 

(or acceptor site) is ncag|G (intron|exon). The branch point, which is a sequence motif 

located 18 to 40 nt upstream of the 3’ splice site, is recognised by the degenerate 

sequence yncuray (the site of branch formation is underlined) (Kramer 1996). The 

region between the branch point and the 3’ splice site in higher eukaryotes generally 

contains a polypyrimidine tract.  

 

It seems that while sequence specificity is important in regards to splice-site 

recognition, there are some instances of non-consensus splice sites being used. Hall and 

Padgett identified a rare class of eukaryotic introns with a 5’ splice site consensus of 

|auauccuu (exon|intron), a 3’ splice site consensus of yccac| (intron|exon), and a branch 

point sequence of uccuuaac (Hall and Padgett 1994). The authors suggest that these 

non-consensus introns may be spliced by a similar mechanism to normal splicing (from 

consensus splice sites), but with distinct factors involved. In silico analysis indicated a 

strong match with the branch point sequence and U12 snRNA, but the details of the 

splicing process involved in excising these introns is still not fully understood (Hall and 

Padgett 1994). A more recent study investigating the prevalence of non-consensus 

splice motifs used in silico techniques to analyse a large number of splice junction pairs 

and correlate these with expressed sequence tag data (Burset, Seledtsov et al. 2000). 
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They found that 98.17% of introns they examined contained canonical GT-AG splice 

site pairs, 0.56% contained GC-AG splice-site pairs, and 0.73% were various other 

sequences. It is clear that while non-consensus sequences do occur, the splice site 

consensus sequences are vital for the correct splicing of most introns. 

 

The Spliceosome 

The spliceosome is a multi-protein complex composed of 5 small nuclear 

ribonucleoproteins (snRNPs); U1, U2, U4, U5 and U6; and approximately 150 other 

proteins at last estimate (for review see (Singh and Cooper 2012). The major splice 

motifs are recognised by key components of the spliceosome that act as a scaffold for 

factor binding and spliceosome assembly (Figure 1.4). U1 snRNP binds to the 5’ splice 

site during early spliceosome assembly, while U2 interacts with the branch point and 

polypyrimidine tract (reviewed in (Busch and Hertel 2012)). The polypyrimidine tract 

plays an essential role in 3’ splice site definition by interacting with the U2AF65 

splicing factor during the early stages of spliceosome formation (Singh, Valcarcel et al. 

1995). However, this region can also interact with a protein aptly named the 

polypyrimidine tract binding protein (PTB). PTB binding, which is rarer due to a 

stronger match with the consensus sequence for U2AF65 binding in most 

polypyrimidine tracts, seems to repress exon recognition, playing a role in alternative 

splicing (Singh, Valcarcel et al. 1995). The branch point itself is recognised by a 

number of different proteins at each step of spliceosome assembly (Kramer 1996). 

 

While some of the components of the spliceosome directly interact with the consensus 

splicing sequences on the pre-mRNA, many of them are trans-acting factors, and 

conformational changes occurring during spliceosome formation means that assembly 

occurs in an ordered fashion (Kramer 1996). The spliceosome also catalyses RNA 
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rearrangements such that the transesterification reactions can occur, and these 

rearrangements require a number of other factors (Staley and Guthrie 1998). 

Spliceosome assembly is thus highly dynamic, with complex rearrangements and 

recognition of splice sites by different factors occurring throughout the splicing process 

(Faustino and Cooper 2003).  

 

snRNPs 

snRNPs consist of a small nuclear RNA (snRNA) and multiple proteins. The RNA 

components act to align the pre-mRNA sites with the centre of the spliceosome. The 

snRNPs involved in splicing interact in a sequential manner, with U6 thought to be the 

catalytic component for 5’ splice site cleavage, following binding to U2 at the branch 

point (Mefford and Staley 2009). 

 

Figure 1.4: Key factors involved in splicing. Exons are represented by the cream boxes, with introns intervening. 

Key binding sites include the 3’ and 5’ splice sites, branch point, and intronic and exonic enhancers and silencers 

(blue and orange respectively). Typical binding of spliceosome components (U1, U2 etc.) and SR proteins and 

hnRNPs are shown. Depending on the combination of proteins binding, an exon may be (a) omitted from the mature 

mRNA, or (b) recognised by the spliceosome and included in the mature mRNA. 

 

Splice silencers and enhancers 

In addition to the major splice motifs, other sequences are required for efficient exon 

definition and splicing (Singh and Cooper 2012). Splicing enhancers or silencers are 
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located within exons (ESE & ESS) or within introns (ISE & ISS) (Figure 1.4). Splicing 

enhancers are generally recognized by one of the serine/arginine-rich protein family (SR 

proteins), while splicing silencers are generally recognized by hnRNPs (Busch and 

Hertel 2012). These two protein families are the main contributors to the regulation of 

splice site recognition, although there are other RNA-binding proteins that mediate this 

process. 

 

SR proteins 

SR proteins are a family of splicing factors characterized by the presence of a 

serine/arginine dipeptide region of at least 50aa, and an RNA binding domain that 

facilitates interaction with pre-mRNAs (Busch and Hertel 2012). Twelve SR proteins 

have been identified in humans, all of which are involved in recruiting the splicing 

machinery to splice sites. SR proteins generally bind to ESEs and interact with other 

splicing factors, facilitating spliceosome assembly (Busch and Hertel 2012). The effect 

an enhancer element has on splicing of the adjacent exons is determined by the number 

of SR proteins interacting at the site, but also heavily relies on the distance between the 

ESE and the intron (Graveley, Hertel et al. 1998). The enhancer complex interacts with 

the 3’ splice site, so the sites must be a suitable distance away from each other to allow 

RNA looping and efficient interaction. Different SR proteins seem to have different 

activities according to the specificity of RNA binding. 

 

hnRNPs 

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a set of abundant nuclear 

proteins that assemble on pre-mRNA during transcription, forming hnHNP complexes 

(Bennett, Pinol-Roma et al. 1992). This is the first step required for spliceosome 

assembly. Different combinations of hnRNPs assemble in varying quantities, depending 
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on the pre-mRNA sequence (Bennett, Pinol-Roma et al. 1992). Individual-nucleotide 

resolution UV cross-linking and immunoprecipitation experiments demonstrated that 

hnRNP particles assemble on introns and exons but not at splice sites (Konig, Zarnack 

et al. 2010). 

 

Evolutionary expansion of the SR and hnRNP protein families is observed in parallel 

with increasing organism complexity (Busch and Hertel 2012). This makes sense, 

because the involvement of these proteins in splicing has reduced the need for highly 

conserved splice sites and, most importantly, allows alternative splicing. 

 

1.3.2  Pseudo-exons 

The low number and sometimes degenerate nature of sequence-specific splicing 

elements means there are many potential splice sites in the human genome that are not 

recognized and form pseudo-exons, which are exons that are generally not transcribed 

or are transcribed at much lower levels (Busch and Hertel 2012). Pseudo-exons occur 

more frequently than true exons, further demonstrating the importance of the trans-

acting factors in the splicing process such as the splicing enhancers and silencers 

discussed above. A pseudo-exon can be activated when a mutation such as a base 

change induces a novel splice site that is recognized by the spliceosome, causing the 

exon to be included in the mRNA. Such mutations are relatively rare because the mutant 

splice site must occur in the context of other sites, such as a branch point, and sites for 

binding of other splicing factors that facilitate efficient recognition of the pseudoexon. 

 

1.3.3  Alternative splicing 

Alternative splicing results in a number of different transcripts produced from the same 

pre-mRNA, generally by the exclusion or inclusion of one or more exons or alternative 
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splice site usage. As outlined in the review article, alternative splicing is a means of 

expanding the complexity of gene expression, without expanding the genome. 

Enhancers and silencers play a critical role in alternative splicing, as they can determine 

whether an exon will be included or not depending on which factors are available to 

interact with a transcript at a given time.  

 

Alternative splicing has also been shown to act as a regulatory mechanism by including 

alternative exons that contain PTCs, inducing NMD (Ni, Grate et al. 2007). Importantly, 

these exons were found to be over-represented in genes encoding splicing factors. 

Investigation into this process demonstrated an elegant regulatory mechanism, by which 

events involving the inclusion of a NMD-inducing alternative exon were associated 

with splicing activators (eg. SR proteins), while events in which NMD was triggered 

following the exclusion of an exon were associated with splicing repressors (eg. 

hnRNP) (Ni, Grate et al. 2007). These alternatively-spliced regulatory exons are highly 

conserved and contain stop codons in all three reading frames. 

 

1.3.4  Splicing and disease 

A large number of diseases are caused by, or contributed to, by mutations that alter 

splicing (reviewed in (Singh and Cooper 2012)). These mutations can be in cis 

elements, core spliceosomal factors, or any of the trans regulatory factors that are 

involved in the splicing process.  Splicing mutations could lead to exon or intron 

inclusion or exclusion, or changes in alternative splicing patterns. As reviewed earlier, 

splicing is a highly complex process that is tightly regulated, so it is reasonable that any 

mutations that disrupt the regulatory elements may impact an splicing. 
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1.4 Antisense Oligonucleotides and modification of gene expression 

Therapeutic oligonucleotides are short, chemically synthesised, single-stranded nucleic 

acid analogues of around 15-40 bases, designed to bind specifically to a DNA or RNA 

target site in order to modulate the transfer of genetic information to protein. Although 

they can be designed to be either sense or antisense to the target, most applications use 

antisense oligonucleotides (AOs) to modify gene expression at the RNA level. The first 

application of AOs to modify gene expression used a 13nt AO to inhibit RNA 

translation from the Rous sarcoma virus in a cell-free wheat embryo system 

(Stephenson and Zamecnik 1978). Today the use of AOs in research is widespread and 

applications include up or down-regulating gene expression, altering transcription, 

translation or splicing. The mechanisms by which AOs can induce a biological effect 

are subtle and complex, influenced by delivery, distribution, and non-specific effects 

(Dias and Stein 2002, Wilton and Fletcher 2005).  

 

1.4.1  Chemistry  

The effectiveness of an AO at inducing the desired effect depends on the chemical 

make-up of the AO. There are numerous AO chemistries and modifications that have 

been developed over the years in order to fine-tune their effect on the target and tailor 

oligos for different applications. The structures of the various oligo chemistries are 

shown in Figure 1.5. First generation AOs contain a phosphorothioate-modified 

backbone, in which one of the non-bridging oxygen atoms in the phosphodiester bond is 

replaced by a sulphur atom, that helps protect against nuclease degradation (Eckstein 

2000). Oligodeoxynucleotides (ODN) of this type induce RNase H- mediated 

degradation of the target RNA, and are used for gene knockdown studies. 2’-alkyl 

modifications of the ribose characterize the second generation AOs, which were 

developed to further improve nuclease resistance and enhance binding affinity 
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(reviewed in (Chan, Lim et al. 2006)). Because they contain modified nucleotides, these 

compounds do not activate RNase H, and include 2’-O-Methyl (2’-OMe) and 2’-

OMethoxyethyl (2’-MOE) AOs. Subsequent generations of AOs involve modification 

of the furanose ring of the nucleotide, which confers greater stability and target affinity. 

This group includes peptide nucleic acids (PNA), locked nucleic acids (LNA) and 

phosphoroamidate morpholino oligomers (PMO), all of which are tailored for different 

uses.  

 

Efficient delivery into cells, and to the relevant organs and tissues, is a vital factor in 

AO development and biological application. Delivery into the nucleus of target cells 

requires uptake via active transport, which is dependent on temperature, AO 

concentration, and cell type (Dias and Stein 2002). The use of charged lipid vectors 

such as Lipofectin and Lipofectamine 2000 enhances AO transportation into the cell by 

encapsulating the AO so it can pass through the membrane (Dias and Stein 2002, 

Kurreck 2003, Dass 2004). However, toxicity and cellular changes associated with 

lipoplexes (Lappalainen, Jaaskelainen et al. 1994) as well as a relatively low 

transfection efficiency in vivo (Ma, Zhang et al. 2007) indicates that more efficient 

delivery reagents are desirable for in vivo work. The addition of a cell-penetrating 

peptide (CPP) to the AO chemistry is an alternate method of enhancing cellular uptake 

and delivery to the nucleus (Abes, Arzumanov et al. 2007), and many different CPPs 

have been developed in attempt to improve delivery (Jarver, Coursindel et al. 2012). 

Delivery of oligonucleotides is imperfect and the method is dependent on the AO 

chemistry, intended application and target cells/tissue.  
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Figure 1.5: Depictions of AO chemistries. (a) First generation AOs consisting of a modified phosphorothioate 

backbone can be synthesized as DNA or RNA. (b) Second generation AOs, which includes 2’MOE and 2’O-methyl 

chemistries, do not induce RNase H activity due to 2’alkyl modification of the ribose. (c) Third generation AOs are 

characterized by modifications of the furanose ring of the nucleotide and have strengthened stability and target 

affinity; this group includes PNA, LNA and PMO chemistry.  

1.4.2  Applications 

AOs are currently being studied for their efficacy in a number of therapeutic 

applications, including manipulation of splicing, mRNA repair, and transcript specific 

silencing (reviewed in (Wood, Yin et al. 2007)). The following sections will discuss the 
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various applications of AOs and how the chemistries have been modified to achieve 

efficacy in these applications. A visual summary of these applications is shown in 

Figure 1.6. 

 

Gene silencing 

AOs can be used to selectively silence gene expression through repression of translation 

or transcript degradation. Which pathway is targeted depends on the AO chemistry and 

the degree of similarity between the AO and the target transcript. 

 

First generation phosphorothioate AOs have been used to knock down gene expression 

by inducing RNaseH degradation of the target RNA. RNase H is a non-sequence-

specific enzyme that recognises DNA-RNA heteroduplexes and selectively cleaves the 

RNA strand involved in the interaction. ODNs can thus be designed to interact with 

target RNA sequences, resulting in the degradation of the target by RNase H (Walder 

and Walder 1988). A recent study used this mechanism to knockdown toxic RNA in 

myotonic dystrophy type 1 (DM1) patient cells and mouse model of myotonic 

dystrophy. DM1 is a dominant RNA disease caused by an expanded CUG repeat region 

in the 3’UTR of the DMPK gene (Lee, Bennett et al. 2012). The expansion results in 

RNA aggregation in the nucleus and disrupts the balance of proteins that normally 

interact with the DMPK transcript, causing misregulation of splicing and neuromuscular 

abnormalities. Chimeric AOs called gapmers, consisting of phosphorothioate bases with 

3-4 LNA or MOE nucleotides flanking the ends (to improve binding ability), were used 

to target the DMPK mutant repeat region (Lee, Bennett et al. 2012). These AOs 

efficiently and selectively knocked down expression of DMPK through an RNase H-

mediated mechanism.   
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Changing the AO chemistry can preclude RNaseH activation. For example, the 

morpholino AO chemistry does not induce RNaseH activity but can directly block 

ribosome binding, resulting in translational repression (Eckstein 2007). An early study 

demonstrating translational repression in this manner used AOs to inhibit gene 

expression from the hepatitis C virus (HCV) (Hanecak, Brown-Driver et al. 1996). An 

IRES is responsible for HCV translation, and phosphorothioate AOs targeted to a stem-

loop structure in the HCV 5’UTR was able to inhibit gene expression by inducing 

transcript cleavage by RNase H. In contrast, a 2’-methoxyethoxy phosphodiester AO 

targeting the initiation codon was also able to inhibit HCV gene expression, but 

knockdown was achieved through direct inhibition of translation and mRNA levels 

remained unchanged (Hanecak, Brown-Driver et al. 1996). These two mechanisms by 

which AOs can suppress gene expression have potential for the development of genetic 

therapies for diseases, and are also useful for studying gene function. 

 

Upregulation 

As discussed in section 1.1.5, synthetic siRNAs can also be utilised to knockdown 

genes via the RNAi pathway. While gene knockdown using AOs and siRNAs is well 

documented, recent studies have found that double stranded AOs can also be used to 

activate gene expression. Although siRNAs are double-stranded (and therefore in a 

different category to antisense oligonucleotides), they are relevant to this discussion 

because of their ability to upregulate gene expression rather than knockdown as is 

usually associated with siRNA. These synthetic RNAs, termed antigeneRNAs 

(agRNAs) are designed to AT-rich regions of gene promoters and act with Argonaute-2 

to activate transcription (Li, Okino et al. 2006). For example, the progesterone receptor 

(PR) gene has reduced expression in breast cancer cells and was thus identified as a 

target for upregulation. Cells were transfected with single-stranded PNA 
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oligonucleotides (sense and antisense) and identical double-stranded agRNA (Janowski, 

Younger et al. 2007). The single stranded oligonucleotides had no effect, but the 

agRNAs were able to activate PR 1.5-2 fold in T47D breast cancer cells and 18 fold in 

MCF7 breast cancer cells (Janowski, Younger et al. 2007).  

 

Investigation into the mechanisms behind gene activation by agRNAs revealed that (a) 

agRNAs promote the association of Argonaut proteins with the promoter (Schwartz 

2008), and (b) the target is actually antisense transcripts spanning the promoter region 

(discussed in section 1.1.5), rather than the gene transcript itself (Watts, Yu et al. 2010). 

The general role of these antisense transcripts is to regulate gene expression, and more 

often than not they have a repressive role on gene expression. By suppressing these 

transcripts, agRNAs are suggested to facilitate changes in protein interactions and 

epigenetic marks to facilitate increased gene expression. For example, in both p21 and 

E-Cadherin, the antisense transcript was found to direct silent state epigenetic marks to 

the promoter (Morris, Santoso et al. 2008). Suppression of these transcripts using 

agRNAs induced gene upregulation. Although agRNAs alter expression of a target 

gene, the basal expression levels were found to influence the outcome. In T47D cancer 

cells, agRNAs repressed PR expression in growth conditions where PR expression is 

high, but increased PR expression when basal expression levels were low (Schwartz 

2008). Some genes targeted with agRNAs were not activated (Li, Okino et al. 2006), 

and it clear that further studies are required to better understand and utilise this 

technology. 

 

Splice switching 

The concept of AO-mediated splicing manipulation is that specifically designed AOs 

anneal to the single-stranded motifs involved in splicing and prevent correct assembly 
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of the spliceosome in that region (Wilton and Fletcher 2005). AOs may be used to mask 

cryptic splice sites, induce exon skipping to bypass nonsense or frameshift mutations, 

redirect alternative splicing patterns, or reinforce splicing to promote intron inclusion. 

The first documented use of AOs to redirect splicing demonstrated that AOs targeting 

cryptic splice sites in the human β-globin gene could restore normal expression of the 

gene, eliminating abnormal splicing patterns and ameliorating the phenotype of β-

thalassemia (Dominski and Kole 1993). 2’-O-methyl PS oligonucleotides were used for 

this application as they do not activate RNase H degradation of the target mRNA. The 

efficacy of these compounds demonstrated that 2’-O-methyl AOs can efficiently 

hybridise to target RNA sequences and redirect splicing factors to the normal splice site.  

 

In addition to altering splicing of mutant gene transcripts, splice-switching AOs may 

also be used for other means, including to change the ratios of alternatively expressed 

isoforms, or knockdown gene expression by inducing a frameshift or removing 

important domains in such a way that the transcript is rendered non-functional and no 

protein is produced. For example, targeted removal of exon 7 from TNFR2 pre-mRNA 

removes a transmembrane domain in the membrane-bound receptor protein. This caused 

secretion of the receptor, which then binds TNF and removes it from the bloodstream, 

and the level of full-length, functional TNFR2 is reduced at the membrane (Graziewicz, 

Tarrant et al. 2008). This treatment has potential for treating inflammatory diseases and 

other conditions characterized by increased levels of TNF, such as rheumatoid arthritis. 

 

1.4.3  Benefits of AOs 

The use of AOs in research and medicine has many advantages over other types of 

therapies. An estimated one third of human diseases involve defects in splicing (Lim, 

Ferraris et al. 2011), and using AOs to treat these diseases specifically at the level of the 
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transcript is an attractive prospect. AOs have great potential because they are able to 

interact directly and specifically with a target, thus reducing the chance of off-target 

effects, and their mode of action reflects a naturally occurring process, i.e. Alternative 

splicing. Table 1.1 outlines some of the main advantages and disadvantages in regards 

to AO therapy. 

Table 1.1: Advantages and disadvantages of AO therapy.  

 

Figure 1.6: Common applications of antisense oligonucleotides. RNaseH-inducing AOs targeted to (1) the 5’ 

UTR, (3) exonic regions or the 3’UTR can be used to degrade target pre-mRNA or (5) mature mRNA. Inhibition of 

processes such as 5’ cap formation (1) or ribosome binding (4) are alternative ways to inhibit gene expression. (2) 

exon skipping has most commonly been utilised to overcome frame-shifting mutations, and (6) prevention of miRNA 

binding can be utilised to increase protein production from an mRNA. 

 

Advantages of AO therapy Disadvantages of AO therapy 
Personalised therapy – can be tailored 
to the individual. 

Some regions may be inaccessible due to secondary 
structure. 

Reflects a natural process (alternative 
splicing) 

Off-target effects may occur due to non-specific binding 
(eg. Partial complementarity as seen in miRNAs). 

Low toxicity Delivery into cells can be an issue. 
Low chance of immune response Crossing the blood-brain barrier is a challenge. 
Specifically targets the gene of interest.  
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1.4.4  Aims of this thesis 

Our laboratory is focused on development of antisense therapies for Duchenne muscular 

dystrophy (DMD), which is caused by frame-shifting mutations in the dystrophin gene, 

the largest human gene. DMD mutations result in a truncated dystrophin that is non-

functional. However, by using AOs to induce targeted exon skipping, the transcript can 

be put back in frame, allowing the production of a semi-functional protein (Wilton, 

Lloyd et al. 1999, Mann, Yuschak et al. 2000). AO therapy for DMD will be discussed 

further in Chapter 3.  

 

The aim of this thesis was to investigate the potential to use AOs, in particular 2’-O-

methyl AOs that do not induce RNase H activity, to modulate the expression of a 

number of genes associated with disease. The characteristics of the dystrophin gene 

make it particularly amenable to exon skipping (see section 3.1.4), but not all genes will 

retain function at the protein level if exons containing the mutation are removed. 

However, it has been hypothesised that non-RNase H inducing AOs could be used to 

modulate gene expression in other ways, for example by blocking factors involved in 

transcription and translation, or interfering with the normal maintenance of gene 

expression to increase or decrease transcript levels. As discussed earlier, gene 

expression is a tightly regulated process that involves multiple factors as well as non-

coding RNAs. There are numerous diseases in which modulation of gene expression 

could provide therapeutic benefit, and the large body of research demonstrating the 

complexity of gene expression point to AOs as an effective way of modulating this 

regulatory network. The diseases studied here are: Becker Muscular Dystrophy, 

McArdle’s disease, Huntington’s disease, and Friedreich’s ataxia. The characteristics of 

each gene, the types of mutations causing the disease, the disease mechanism, and any 

previous work using AOs was reviewed prior to designing a potential therapeutic 
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strategy. Once a suitable strategy to restore expression of the target gene was conceived, 

AOs were designed and tested in vitro. The following chapters are arranged according 

to the particular disease of interest. The strategies employed and the rational behind 

them are discussed in detail at the beginning of each results chapter. Potential treatment 

strategies are summarised in Figure 1.7. 

 
Figure 1.7: Mechanisms of AO action pursued in this project. AOs may be targeted to (1) the 5’UTR or (3) the 

3’UTR of pre-mRNA to enhance transcription or stability of the transcript, and (4) AOs targeting miRNA binding sites 

could be used to increase protein production of the target gene. 
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Chapter 2 
 

Materials and methods 
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2.1 Materials 

2.1.1 Reagents and chemicals 

Reagent/chemical Supplier 

100bp molecular size marker Geneworks 

Acetic acid, glacial (CH3COOH) BDH Laboratories 

Acrylamide/Bis solution (29:1) Bio-Rad Laboratories 

Agarose powder Scientifix 

Ammonium persulphate (APS: (NH2)2S3O8) Sigma Chemicals 

Amphotericin B (fungizone, 250µg/ml) Sigma Chemicals 

AmpliTaq Gold DNA polymerase and reaction buffer Applied biosystems 

Analar glycerol Sigma Chemicals 

Anti-beta Tubulin Polyclonal Antibody Thermo Scientific 

Baxter sterile water Baxter Healthcare 

Beta-tubulin polyclonal antibody, (TUBB) Thermo Scientific 

Bromophenol blue (BPB) Sigma Chemicals 

Chick embryo extract (CEE) Jomar Diagnostics 

Chloroform (CHCl3) Sigma Chemicals 

Coomassie blue BioRad 

Denhardt’s solution Life Technologies 

Deoxynucleotide triphosphates (dNTPs) Life Technologies 

Dimethyl sulfoxide (DMSO; C2H6OS) Sigma Chemicals 

Dithiothreitol (DTT, 100mM) Roche Diagnostics 

Dulbecco’s modified Eagle’s Medium (DMEM) Life Technologies 

Dysferlin antibody, NCL-Hamlet  Novocastra 

Dystrophin antibody, NCL-DYS2 Novocastra 

Ethanol (C2H5OH)  Merck 

Ethidium bromide (C12H20H3Br; 10mg/ml) Sigma Chemicals 

Fetal calf serum (FCS) Life Technologies 

Gel loading buffer ANRI 

Glycerol (C3H8O3) Sigma Chemicals 

Glycogen phosphorylase brain isoform antibody (PYGB) Generous gift from Prof. 

Nigel Laing (WAIMR) 
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Hoechst 33342 Life Technologies 

Horse serum (HS) Life Technologies 

Hydrochloric acid (HCl) BDH Laboratory Supplies 

Hyperfilm ECL high performance chemiluminescent 

film  

Amersham Biosciences 

Imidazole Sigma Chemicals 

Isopropanol (C3H8O) Sigma Chemicals 

Laminin Life Technologies 

Lipofectamine 2000 Life Technologies 

Lipofectin Life Technologies 

MagicMark XP Western protein standard Life Technologies 

Matrigel Becton Dickinson 

Biosciences 

MOPS buffer Life Technologies 

MyoD recombinant adenovirus  

NCL-DYS2 monoclonal antibody Novocastra 

Opti-MEM Life Technologies 

Penicillin-Streptomycin Life Technologies 

pGEM-T Easy Vector kit Promega 

Phenylmethylsulphonyl fluoride (PMSF) Aldrich 

Phosphate Buffered Saline (PBS) Prepared in house 

Poly-D-lysine Sigma Chemicals 

Precision Plus Protein Kaleidoscope Standards Bio-Rad Laboratories 

Protease inhibitor cocktail P8340 Sigma Chemicals 

Polyvinylidene Fluoride (PVDF) Transfer Membrane Pall 

Skim milk powder Supermarket 

Sodium dodecyl sulphate (SDS; C12H25O4SNa) Sigma Chemicals 

Sodium fluoride (NaF) Sigma Chemicals 

Superscript III One-step RT-PCR System and reaction 

mix 

Life Technologies 

TEMED (N,N,N’,N’-tetramethylethylenediamene; 

C6H16N2) 

Sigma Chemicals 
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Tris-acetate-EDTA (TAE) buffer Prepared in house 

Tris/Glycine/SDS Buffer (10x) Prepared in house 

Trizma Base (C4H11NO3) Sigma Chemicals 

Triton X-100 Sigma Chemicals 

TRIzol reagent Life Technologies 

Trypan blue (C34H24N6O14S4Na4) Sigma Chemicals 

Trypsin (2.5%) Life Technologies 

Western Breeze Chemiluminescent Immunodetection 

System (WB7104) 

Life Technologies 

 

2.1.2  Cell culture media and solutions 

All solutions used in tissue culture were prepared in a laminar flow biological safety 

cabinet (class II, Email Air Handling) in autoclaved bottles to ensure sterility. Solutions 

were then stored at 4°C and warmed to 37°C prior to use. 

 

5% HS-DMEM 

5% HS in DMEM, 1% Amphotericin B (250µl/ml), 1 U Penicillin (10U/ml) and 1µg 

streptomycin (10µg/ml) per 100ml solution. 

 

10% HS-DMEM 

10% HS in DMEM, 1% Amphotericin B (250µl/ml), 1 U Penicillin (10U/ml) and 1µg 

streptomycin (10µg/ml) per 100ml solution. 

 

15% FCS-DMEM 

15% FCS in DMEM, 1% Amphotericin B (250µl/ml), 1 U Penicillin (10U/ml) and 1µg 

streptomycin (10µg/ml) per 100ml solution. 
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15% FCS-RPMI 

15% FCS in RPMI.  

 

20% FCS-DMEM, 0.5% CEE 

20% FCS in DMEM, 0.5% chick embryo extract, 1% Amphotericin B (250µl/ml), 1 U 

Penicillin (10U/ml) and 1µg streptomycin (10µg/ml) per 100ml solution. 

 

Phosphate buffered saline (PBS) was prepared in house as described (Malke 1990). 

 

Trypsin 

0.25% trypsin in PBS. 

 

2.1.3  Western blot solutions 

5x Western transfer buffer 

250mM Trizma base, 2M glycine. Diluted 1 in 5 in ddH2O for use. 

 

PBST 

137 mM NaCl, 2.7 mM KCl, 10 mM Sodium Phosphate dibasic, 2mM Potassium 

Phosphate monobasic, 0.1% Tween-20, pH 7.4. 

 

2.1.4 Native gel and IEF solutions 

Native homogenisation buffer A 

50mM imidazole (pH 7.0), 1mM DTT, 20mM EDTA, 100mM NaF, 20% glycerol, 1% 

mammalian tissue and cell protease inhibitor cocktail.  
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Glycogen phosphorylase activating solution  

20mM B-glycerophosphate pH 6.8, 2mM EDTA, 1mM DTT, 10mM NaF, 30mM 

glucose-1-phosphate, 1% glycogen, 5mM AMP and 0.7M Na2SO4. 

 

K/I2 staining solution  

6% iodine, 4% potassium iodide in 7% acetic acid. Diluted 1:30 for use in 7% acetic 

acid. 

 

2.1.5  Southern blot solutions 

Denaturation solution 

1.5M NaCl, 0.5M NaOH 

 

Neutralisation solution 

1M Tris (pH 7.4), 1.5M NaCl 

 

10x SSC (saline-sodium citrate - transfer buffer) 

1.5M NaCl, 150mM trisodium citrate (Na3C6H5O7) 

 

Pre-hybridisation solution  

6x SSC buffer, 5x Denhardts, 0.5% SDS, 100µg/ml Herring sperm (heated prior to use), 

50% formamide, made to volume with ddH2O. 

 

Hybridisation solution 

6x SSC buffer, 0.5% SDS, 100µg/ml Herring sperm (heated prior to use), 50% 

formamide, made up with ddH2O. 
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2.2 Methods 

2.2.1  Cell culture and sub-culturing 

Cell lines and proliferation conditions 

Primary human myogenic cultures were obtained by enzymatic dissociation of human 

biopsy samples obtained from surgical biopsies performed at Royal Perth Hospital after 

informed consent. Patient fibroblast cell lines were obtained by skin biopsy or from the 

Coriell Institute for Medical Research (http://www.coriell.org/). Cells were resurrected 

from liquid nitrogen storage by defrosting and diluting the 1ml aliquot in 9ml of 10% 

HS-DMEM then centrifuging for 4 minutes at 900 x g. The supernatant was discarded 

and cells were resuspended and cultured in a T75cm2 flask (for myogenic cultures the 

flask had been pre-coated with 3ml matrigel for 1 hour at 37°C) in the relevant 

proliferation media (Table 2.1). Cells were proliferated in a 37°C/5% CO2 incubator and 

media was replaced two or three times a week.  

 
Cell type Proliferation media 

Primary human myoblasts 20% FCS-Hams F10, 0.5% CEE, p/s/f  

Primary and patient fibroblasts 15%FCS-DMEM, p/s/f, supplemented with bFGF 

Patient lymphocytes 15%FCS-RPMI, no antibiotics 

Table 2.1: Proliferation media used for culturing various cell types 

 

Seeding cells onto plates and flasks 

Once cells were 70-80% confluent, cells were counted and seeded into 24-well plates or 

T25cm2 flasks for transfection and analysis. (For a T75cm2 flask) proliferation media 

was removed and cells were washed with 10ml PBS. PBS was removed, and cells were 

trypsinised at 37°C for 4 minutes with 2ml 0.25% trypsin. Once the cells were detached, 

the trypsin was inactivated with 8ml of 10% HS-DMEM and the cell solution 

transferred to a 15ml falcon tube. Cells were pelleted by centrifugation for 4 mins at 
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900 x g, the supernatant was discarded, and cells were resuspended in 1ml of the 

required media (Table 2.2). 10µl of this cell solution was diluted with 10µl of Trypan 

blue (0.4%), placed on a cell counting chamber, and counted. Cells with a blue 

appearance were considered non-viable and were excluded from counting.  

The concentration of cells was determined by the following calculation: 

Sum of cells in eight chamber squares   x   dilution factor   x   (1 x 104))  =  cells/ml 

      8 

Seeding myoblasts 

Vessels were coated with 50µg/ml poly-D-lysine (200µl per well for a 24-well plate or 

1ml for a T25cm2 flask) for 1 hour at room temperature followed by 1 hour of coating 

in 100µg/ml Matrigel solution at 37°C. The required number of cells was diluted in 

5%HS-DMEM (cell densities and volumes outlined in Table 2.2), Matrigel was 

removed and cells were seeded. Cells were differentiated at 37°C in 5% CO2 for 48 

hours prior to transfection. 

 

Seeding fibroblasts 

Depending on the experiment, fibroblasts were either treated with MyoD adenovirus 

(200MOI) and plated and differentiated as above (with cells left to differentiate for 3 

days prior to transfection), or they were plated untreated. When untreated fibroblasts 

were used, the required number of cells was diluted in 15%HS-DMEM. 

 

Seeding lymphocytes 

As lymphocytes are non-adherent cells, they do not require time to differentiate or 

adhere to the plate/flask. Lymphocytes were thus split and transfected on the same day. 

Cells were collected from the flask, spun at 1000 x g for 4 minutes, then resuspended in 

RPMI medium and counted. The required number of cells (2.6 million per 24-well 
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plate, see Table 2.2) was then resuspended in 2.6 mls of RPMI and 100µl of cell 

solution was added to each well. The subsequent transfection was set up immediately  

and 400µl was added to each well. 

 

 

 

 

Table 2.2: Seeding conditions for cell types used in this thesis 

 

2.2.2  Transfection 

Transfection of 24-well plates with 2’-O-methyl AOs  

The molecular weight and stock concentration of each AO was calculated and used to 

determine the volume required to make up a 1ml master mix at 800nM for each AO or 

AO cocktail. Two 1.5ml microfuge tubes were prepared for each AO or AO cocktail. 

Tube 1 contained the pre-determined volume of AO required with OptiMEM to a 

volume of 100µl. Tube 2 contained 100µl of delivery reagent, which consisted of 

Lipofectamine 2000 or Lipofectin (depending on the cell type) and OptiMEM. The 

amount of lipoplex required was determined according to the amount of AO (µg) 

required, and a pre-determined ratio for each cell type (Table 2.3). Tubes were 

incubated at room temperature for 10 minutes, the contents of tube 2 was added to tube 

1, mixed gently and incubated at room temperature for 20 minutes. The mixture was 

then made up to 1ml with OptiMEM and diluted in fresh tubes to concentrations of 

400nM, 200nM and 100nM in a volume of 1ml (these are the standard concentrations 

used during initial testing of AOs, but some experiments also tested AOs at higher and 

lower concentrations, ranging from 600nM to 10nM). Previously plated cells were 

removed from the incubator. Media was aspirated off two wells at a time and replaced 

Cell type Vessel Growth volume Cell density 
Myoblasts, 
MyoD-treated fibroblasts 

24-well plate 0.5ml per well 2.75 x 104 

Myoblasts, 
MyoD-treated fibroblasts 

T25cm2 flask 6.25ml 3.6 x 105 

Fibroblasts 24-well plate 0.5ml per well 2.0 x 104 
Fibroblasts T25cm2 flask 6.25ml 2.6 x 105 

Lymphocytes 24-well plate 0.5ml per well 10 x 104 
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with 500µl of the designated AO lipoplex solution into duplicate wells. Transfected 

cells were then incubated at 37°C for 48 hours. 

 
Cell type Lipoplex  Ratio (µg) Lipo:AO 

Primary human myoblast Lipofectamine 2000 1:1 

DMD patient fibroblasts, MyoD-treated Lipofectamine 2000 1:1 

FRDA patient fibroblasts Lipofectin 1.5:1 

HTT patient lymphocytes Lipofectin  2:1 

Table 2.3: Transfection conditions: Lipoplex identity and ratios according to cell type. The conditions for 

primary human myoblasts and DMD patient cells were previously determined in our lab through optimization 

experiments. Optimisation experiments were conducted to determine the conditions required for efficient transfection 

of FRDA (Friedreich’s ataxia) and HTT (Huntington’s disease) patient cells, see Chapter 5 for details. 

 

Transfection of 24-well plates with naked PMOs  

For naked PMO transfections (ie, no lipoplex used), higher concentrations are required. 

PMOs were resuspended in ddH2O to 2500µM and heated at 37°C for 10 minutes prior 

to use. The required volume of PMO for transfection ranging from 10µM to 1µM was 

calculated and added to optiMEM for a final volume of 1000µl, which was then split 

between duplicate wells. Naked PMO transfections were left on for 5 – 7 days prior to 

extraction. 

 

Transfection of 24-well plates with PMO-leash complexes 

 The higher concentration of PMO required for naked PMO transfections is a result of a 

decreased ability to penetrate the cells. A way of overcoming this issue is to anneal 

PMOs with a complementary nucleotide sequence called a leash. Leashes were obtained 

from GeneTools and complementary PMOs and leashes were annealed according to the 

method used by Braasch and Corey for preparing PNA:DNA complexes (Braasch and 

Corey 2002). PMOs were warmed at 37°C for 10 minutes and then PMO:Leash  
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complexes were prepared at a final concentration of 50µM with equal molar amount of 

PMO and leash. Each annealing reaction was set up in a 0.5µl microfuge tube 

containing 12.5µl of 10x PBS, the required volumes of PMO and leash, made up to 

50µl with ddH2O. Tubes were incubated in an MJ research thermal cycler with a heated 

lid, temperature conditions are listed in Table 2.4. PMO-leash complexes were left on 

for 3-7 days prior to extraction depending on the cells. 

 

 

 

 

 

 

Table 2.4: Temperature profile for PMO:leash annealing  

Following annealing, the appropriate amount of PMO:leash complex was added to 

OptiMEM to a final volume of 100µl, and the required volume of Lipoplex was added 

to a separate tube containing optiMEM to a final volume of 100µl. Transfection was 

then carried out as described in Section 2.2.2, with concentrations ranging from 

1000nM to 100nM. 

 

Transfection of T25cm2 flasks with AOs for protein analysis  

For transfection of cells in flasks, the transfection was performed as described above 

using either PMOs or 2’O-methyl AOs, but the volumes were scaled up by a factor of 

12.5 to account for the increased surface area of the flasks. Cell numbers were similarly 

adjusted (Table 2.2). 

 

 

Temperature Time 

95°C 5 mins 
85°C 1 min 
75°C 1 min 
65°C 5 mins 
55°C 1 min 
45°C 1 min 
35°C 5 mins 
25°C 1 min 
15°C 1 min 
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Nucleofection 

Transfection of PMOs by nucleofection involves transfecting cells in solution prior to 

plating. For myoblasts, 25cm2 flasks were coated as described in Section 2.2.1. Cells 

were split and counted as described. All required reagents are supplied in a 

nucleofection transfection kit (LONZA). The working transfection solution was 

prepared as described by the manufacturer by adding supplement solution to the main 

transfection solution in a specified ratio (total volume of transfection reagent prepared 

depended on the individual transfection requirements). The solution was warmed to 

37°C prior to use. For transfecting myoblasts in T25cm2 flasks, 400,000 cells were 

required per flask (allowing for cell death associated with nucleofection). The required 

number of cells was isolated, resuspended in supplemented P3 transfection substrate at 

37°C, and placed into a 100µl cuvette. The required volume of PMO was calculated 

according to the desired transfection concentration, added to the cuvette, and the 

nucleofection protocol was run (program CM-138 for myoblasts). Following 

confirmation of successful nucleofection by the nucleofector machine, cuvettes were 

removed and 400µl of RPMI (pre-warmed to 37°C) was added immediately. The 

cuvettes were then placed in the incubator at 37°C for 10 minutes before being 

transferred to a T25cm2 flask with 5.75ml of 5% HS-DMEM. Cells were left for 4 – 7 

days prior to harvesting.   

 

2.2.3 Harvesting cells for analysis 

RNA isolation 

48 hours after transfection (or longer for PMO transfections), the transfection solution 

was removed and 250µl of Trizol was added to each well (for adherent cells in a 24-

well plate) and incubated at room temperature for 10 minutes. Duplicate samples were 

combined in a 1.5ml microfuge tube, resulting in a combined volume of 500µl. For 
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lymphocytes, the cell solution was removed from duplicate wells, placed in a 1.5ml 

microfuge tube and centrifuged at 1000 x g for 4 minutes. In the meantime, 250µl of 

Trizol was added to each well to ensure any cells that may have adhered were extracted. 

Following centrifugation, the media was removed by aspiration and the Trizol in the 

wells used to resuspend the cell pellet, resulting in a volume of 500µl per sample. 

Chloroform (100µl) was added to each tube, samples were shaken by hand for 15 

seconds and incubated at room temperature for 10 minutes. After incubation, samples 

were centrifuged for 15 minutes at 12000 x g at 4°C. The aqueous layers was then 

transferred to 1.5ml microfuge tubes containing 250µl of isopropanol, vortexed, and 

incubated for 10 minutes at room temperature before being centrifuged at 12000 x g at 

4°C. The precipitated RNA pellet was washed with 500µl of 75% ethanol, vortexed, 

and centrifuged at 4°C for 5 minutes at 7500 x g. The ethanol was removed and the 

pellet was air-dried for 30 minutes. The pellet was then resuspended in 22µl of sterile 

H2O. RNA concentrations were measured using a NanoDrop-100 Spectrophotometer 

(NanoDrop Technologies). 

 

Harvesting cells for western blot analysis 

Cells (in T25cm2 flasks) were washed with 5ml cold PBS, aspirated, then 600µl of cold 

PBS was added. Cells were scraped using 16cm cell scrapers (Sarstedt), and once all the 

cells were in solution they were transferred to a pre-weighed 0.7ml microfuge tube and 

spun at 3000 x g for 5 minutes. Media was removed, the pellet weight recorded, and 

samples were immediately placed on dry ice prior to freezing at -80°C. 

 

2.2.4  Polymerase chain reaction and agarose gel electrophoresis 

PCR conditions and reagents were optimized for each gene and region of interest. All 

PCRs were set up using a master mix of the reagents that was aliquoted into each tube 
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prior to the addition of RNA/cDNA. A PTC-200 Peltier Thermal Cycler (MJ Research) 

was used to run PCR cycling programs, as specified in each individual disease chapter. 

 

DNase treatment and cDNA synthesis 

Some of the PCR protocols employed in this project utilize one-step reverse-

transcriptase PCR (RT-PCR) with Superscript III (Life Technologies), an enzyme mix 

that contains both a reverse transcriptase and a DNA polymerase (See section 3.2.2 for 

details). However, some of the other PCRs (including qRT-PCR) require a separate 

cDNA synthesis step prior to amplification by PCR. 

 

Prior to cDNA synthesis, it is sometimes necessary to remove any contaminating 

genomic DNA. DNase treatment was carried out using a Turbo DNase kit from 

Invitrogen as per the instructions. For treatment of a 15µl RNA sample, 1.5µl of Turbo 

buffer and 0.5µl of Turbo DNase was added to each tube which was then incubated at 

37°C for 20 minutes. Following incubation, 2µl of inactivation reagent was added, 

solutions were mixed well and incubated at room temperature for 5 minutes before 

centrifugation at 10000 x g for 1.5 minutes. The aqueous RNA was then transferred to a 

fresh tube ready for cDNA synthesis. 

 

Superscript III reverse transcriptase kit (Life Technologies) was used for cDNA 

synthesis. 10µl of RNA was required, and samples over 200ng/µl were diluted 

according to the kit specifications. 1µl of 100ng/µl random primers (Invitrogen) and 2µl 

of 5mM dNTPs (Invitrogen) was added to each sample and then samples were heated at 

65°C for 5 minutes then immediately placed on ice. A second master mix was prepared 

and each sample had the following added: 4µl 5 x first strand buffer, 1µl 0.1M DTT, 

1µl RNase Out (Invitrogen) and 1µl of Superscript III reverse transcriptase. Samples 
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were incubated at room temperature for 5 mins then heated to 50°C for 1 hour, then the 

enzyme inactivated by heating at 70°C for 15 minutes. cDNA was then used 

immediately in PCR or qRT-PCR, or stored at -80°C. 

 

Agarose gel electrophoresis 

PCR products were separated on a 2% agarose gel in 1x TAE buffer. 4µl of each sample 

was mixed with 1µl of loading dye and loaded into each gel lane. A 100 bp ladder size 

standard (4µl, GeneWorks) was added alongside the samples. Electrophoresis was 

carried out at 80 -100 V for about 1.5 hours, or until the dye front was almost at the 

bottom of the gel so as to allow adequate separation of the products. The gel was 

removed from buffer and stained in 1 µg/ml ethidium bromide solution on a rotary 

agitator for 10 minutes. The gel was then destained for 20-30 minutes to minimize 

background before being visualized and photographed under UV illumination on a 

Chemi Smart 300 gel documentation system (Vilber Lourmat Chemi Smart 300) 

(transilluminator), using ChemiCapt 3000 software. 

 

Bandstab PCR & sequencing analysis 

Bands requiring sequencing were identified following agarose gel electrophoresis by 

visualization on the transilluminator. Following gel fractionation, a PCR master mix 

was set up and aliquoted into 0.5ml microfuge tubes (50µl reactions), the number of 

tubes and the specificity of PCR reagents used depending on the gene of interest and 

number of PCR bands of interest.  

 

Wearing appropriate UV protection (face shield and nitrile gloves), the gel was 

illuminated on a UV lightbox and each band of interest was stabbed with a 10µl tip and 

then dispersed into PCR master mix using a pipette, and the appropriate cycling 
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conditions were run on the thermocycler. Samples were run on a gel following 

amplification to confirm the presence of a single band. The larger bands were more 

difficult to purify and sometimes required a second round of bandstab and PCR 

amplification in order to purify the product. 

  

Once confirmed to be of the correct size, PCR products were purified using Diffinity 

Rapid Tips (Diffinity genomics). The concentration of the cleaned-up samples was 

measured and an aliquot was diluted relative to the PCR product size according to the 

concentrations specified by the Australian Genome Research Facility (AGRF), where 

we send our samples for sequencing. 1µl of PCR product was pipetted into duplicate 

1.5ml microfuge tubes, and 1.5µl of forward primer added to Tube 1, 1.5µl reverse 

primer added to tube 2. Samples were made up to 12µl with ddH2O and sent to AGRF 

for sanger sequencing. Sequencing was analysed using the BioEdit program. 

 

Quantitative real-time polymerase chain reaction (qRT-PCR) 

qRT-PCR was set up in 384-well plates (Applied Biosystems) using the Applied 

Biosystems Fast-SYBR green Master Mix. For each experiment, three biologically 

distinct cDNA samples from primary human and/or patient cells were used to prepare 

standard curves with dilutions ranging from 1/5 to 1/15625. Primers generating small 

products from the gene/s of interest were designed and optimised to determine optimal 

primer concentration and to ensure a single specific amplification product (see disease 

chapters for primer details). Primers were mixed with Fast SYBR master mix in the 

relative amounts depending on the number of samples to be analysed. 6µl of this mix 

was aliquoted into each designated well, and then 4µl of diluted cDNA sample was 

added. qRT-PCR cycling conditions are shown in Table 2.5. Each experiment was 

normalized using one or two housekeeping gene primer sets, and each sample was 
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tested in duplicate or triplicate depending on the experiment size. The analysis was 

performed as outlined by Pfaffl and colleagues (Pfaffl 2001), normalising the samples 

relative to the efficiency of each primer set, as determined by standard curve analysis. 

Each test sample was compared to the control AOs of the same concentrations. 

 

 

 

Table 2.5: Cycling conditions for qRT-PCR with fast SYBR green enzyme mix. 

 

2.2.5 Western blot 

Sample preparation 

The cell pellet was resuspended in protein treatment buffer (Tables 2.5 & 2.6) at a ratio 

of 4.5mg/75ul buffer and homogenised by 6 x 1 second pulses of sonication with a 

Sonics Vibra cell sonicator unit at a setting of 30/100. Bromophenol blue (2µl/100µl 

sample) and DTT (5µl/100µl sample) were added to the sample in the relative volumes 

(for larger samples, a 100µl aliquot was taken prior to addition of these reagents). 

Samples were heated at 95°C for 5 minutes then centrifuged at 14,000 x g for 4 minutes. 

Samples were either used immediately or frozen at -80°C. 

 

 

 

Table 2.6: Protein buffer A. This solution was made up as outlined prior to the addition of PMSF and protease inhibitors 

 

 
Reagent x1 x2 
Protein buffer A 483.75ul 967.5ul 
PMSF 1.25ul 2.5ul 
Protease inhibitors 15ul 30ul 

Table 2.7: Protein buffer B. Required volume of complete solution was determined according to the number and 

weight of cell pellet samples. 

Temperature Time (seconds)  
95°C 20  
95°C 3  
60°C 30 x40 

Stock Volume Final conc. 
1.25M Tris/HCl pH 6.8 0.5ml 125mM Tris/HCl pH 6.8 
25% SDS 3.0ml 15% SDS 
Glycerol 0.5ml 10% glycerol 
 Milli-Q water 0.9ml Water 
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Myosin densitometry analysis 

A 5µl aliquot of the prepared sample was loaded onto an Invitrogen precast gradient gel 

(4-12% Bis-tris, cat no. WG1402BX10). 5µl Precision Plus Protein Kaleidoscope 

Standards marker was loaded for comparison. Gels were electrophoresed at 150V for 2 

hours in 1x MOPS buffer. The gel was removed from its casing and stained in 

Bromophenol Blue for 10 minutes, then destained in 7% glacial acetic acid overnight. 

The resulting gel was visualized on the transilluminator under UV light using a white 

light conversion screen, and photographed using the ChemiCapt 3000 software. 

Densitometry analysis was performed on the image using Bio-1D software to determine 

relative quantities of myosin present in each sample, and this data was then used to 

standardize loading volumes for Western blot analysis. 

 

Gradient gels 

Depending on the required volume of sample, some experiments were run using precast 

gradient gels. When the required volume of sample exceeded 25µl, 3-10% 

polyacrylamide gradient gels were prepared using a Bio-Rad Model 385 Gradient 

Former. Acrylamide resolving gel mixes of 3% and 10% were prepared (Table 2.7). The 

two resolving gel mixes (7.5ml of each) were mixed in the gradient former via an outlet 

tap and the gel was allowed to set for 1 hour at room temperature with 10ml of 

resolving gel overlay on top of the gel (composition described in Table 2.8).  

Table 2.8: Components of acrylamide resolving gel mixes used to pour in-house gradient gels. *The first 5 

reagents were mixed and the solution was degassed for 10 minutes prior to the addition of APS and TEMED. 

Reagent 3% 10% 
40% acrylamine (29:1) 1.05ml 3.5ml 
1.5M Tris/HCl (pH 8.8) 3.5ml  3.5ml 
10% SDS 140µl 140µl 
dH2O 7.8ml 5.4ml 
50% glycerol 1.4ml 1.4ml 
*10% APS 100µl 100µl 
*TEMED 15µl 15µl 
Total 14ml 14ml 
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Table 2.9: Composition of resolving gel overlay  

After the gradient resolving gel had set, the gel overlay was poured off and the interface 

washed 3 times with interface rinsing buffer (Table 2.9). A 3% stacking gel mixture was 

prepared (Table 2.10), a gel comb inserted and approximately 5ml of this mixture was 

poured onto the gradient gel. The gel was then left to polymerise at room temperature 

for 1 hour. 
Reagent Volume 
Tris/HCl pH 6.8 2.5ml 
25% SDS 0.2ml 
Analar glycerol 2.5ml 
dH2O 19.8ml 

Table 2.10: Composition of the interface rinsing buffer 

 

Reagent 3% stacking gel 
40% acrylamide (29:1) 0.75ml 
1M Tris/HCl buffer pH 6.8 1.25ml 
10% SDS 100µl 
dH2O 7.8ml 
*10% APS 100µl 
*TEMED 20µl 
Total 10ml 

Table 2.11: Composition of 3% stacking gel mix. *APS and TEMED were added following degassing of the 

incomplete mixture for 10 minutes. 

 

After polymerization, the gel was either used immediately or stored at 4°C overnight 

after being wrapped in clingwrap with damp paper towels. For running of western blot, 

precast gels were removed from the plastic, immersed in 1x MOPS buffer (life 

technologies), and once samples were loaded the gel was run at 200V for 55 minutes. 

For the in-house gradient gels, 1x Tris-Glycine-SDS buffer (Sigma) was used and gels 

were run at 30mA for 2 hours. All gels had markers loaded, which consisted of 3µl 

Reagent Volume 
1.5M Tris/Hcl ph 8.8 5 ml 
25% SDS 0.2ml 
dH2O 19.8ml 
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MagicMark (Invitrogen, chemiluminescent protein marker), and 6µl pre-stained 

Precision Plus Protein Kaleidoscope Standards (Biorad), loaded together in the same gel 

lane.  

 

Electrotransfer 

Transfer cassettes and foam pads were immersed in transfer buffer, then three sheets of 

blotter paper cut to size were placed on one of the pads. Transfer buffer consisted of 3% 

Trizma base, 14.4% glycine, and 0.05% SDS. All bubbles were removed. A 

polyvinylidene fluoride (PVDF) membrane was cut to size and immersed in methanol 

prior to placing in the buffer on top of the blotter paper. The gradient gel was then 

removed from its casing and carefully aligned on the PVDF membrane, and all bubbles 

were removed. Three more sheets of blotter paper were placed on top, followed by 

another foam pad, ensuring that all bubbles were removed prior to closing the cassette. 

The cassette was then placed in a transfer tank, which was filled with transfer buffer and 

then the transfer proceeded at 290mA for two hours. 

 

Chemiluminescent immunodetection - monoclonal antibodies 

Immunodetection was performed using a Western Breeze Chemiluminescent 

Immunodetection System (Life Technologies), designed to detect monoclonal primary 

antibodies immobilized on a membrane according to the manufacturer’s instructions, 

and all solutions were supplied with the kit. The membrane was washed in ddH2O twice 

for 5 minutes each, then incubated in blocking solution for 30 minutes, then rinsed in 

ddH2O before being incubated in primary antibody (see individual disease chapters for 

details of antibodies and dilutions) overnight at 4°C. It was then washed twice for 5 

minutes each in wash buffer (supplied with kit) and placed in alkaline phosphatase 

labeled secondary antibody for 1 hour at room temperature, rinsed in buffer 4 times (5 
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minutes each) followed by twice in water. The membrane was taken to a dark room and 

chemiluminescent substrate (supplied with Western Breeze kit) was added. 5 minutes 

later, the membrane was exposed to X-ray film for between 30 seconds to several 

minutes. Films were developed and the membrane was also visualized and 

photographed on a Vilber Lourmat Chemi Smart 300 system using the ChemiCapt 3000 

software. 

 

Chemiluminescent detection – polyclonal antibodies 

The membrane was removed from casing and washed twice in ddH2O. Blocking buffer 

was made fresh each time, and consisted of 5% skim milk powder in PBST. The 

membrane was incubated in blocking solution for 1 hour at room temperature, then the 

antibody was diluted as required in the blocking solution and left on the membrane 

overnight at 4°C. The next day, the membrane was washed in PBST for 15 minutes, 

then in blocking solution for 15 minutes, then again in PBST. Goat anti-Rabbit HRP 

second antibody (1:4000 antibody dilution) was diluted in the required volume of 

blocking solution, and the membrane was incubated for 1 hour. The reagent used for 

chemiluminescence was carried out using Luminata Cresendo Chemiluminescent 

reagent (Millipore). Chemiluminescence was carried out as described in the previous 

section. Bio-1D software was used to analyse protein levels following western analysis. 

The entire protein band was captured and intensity and size were analysed and 

expressed as a numerical value. Samples were normalized according to the expression 

of ß-tubulin (determined in the same way as above) and protein levels were compared 

and graphed. Densitometry analysis of RT-PCR data was also performed in this way. 
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Chapter 3 
 

Duchenne and Becker muscular dystrophy 
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3.1 Introduction 

 

3.1.1 Duchenne muscular dystrophy and Becker muscular dystrophy 

Muscular dystrophies are a group of genetically determined muscular disorders 

characterised by progressive wasting and weakness of skeletal, cardiac and smooth 

muscles (Arahata 2000). There are a number of different types of muscular dystrophy, 

defined by varying inheritance patterns, clinical features, severity and genes involved 

(Emery 2002). The two types focused on in this study are Duchenne Muscular 

Dystrophy and Becker Muscular dystrophy. 

 

Clinical features of Duchenne muscular dystrophy 

Duchenne Muscular Dystrophy (DMD) is an X-linked recessive disorder with a cited 

incidence of ~1 in 3500 live male births (Emery 1991). The clinical features of DMD 

were first described in 1851 by an English doctor, Edward Meryon (Meryon 1851). 

Through examination of muscles and spinal cord from patients, he concluded that 

muscle degeneration was occurring in the sarcolemma of the elementary fibre, and 

noted that the spinal cord was unaffected. The gene responsible for this disease, 

dystrophin, was identified in 1987 (Hoffman, Brown et al. 1987). DMD is caused by 

mutations in the dystrophin gene that result in premature truncation of the protein 

product (Monaco, Bertelson et al. 1988), with the severity of the disease depending on 

the type and location of the mutation. The consequence is a lack of functional 

dystrophin, which leads to the severe muscle degeneration that is characteristic of 

DMD. 

 

DMD is the most common and severe form of muscular dystrophy. As it is an X-linked 

disorder, DMD mainly affects boys, although there have been some reported cases of 
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females with DMD (Jacobs, Hunt et al. 1981). Affected people become wheelchair-

bound by around age 9.5, and without any kind of treatment would be unlikely to 

survive past the age of 20 (Emery 2001). Due to progressive muscle weakness and 

degeneration, affected boys are clumsy and unable to run properly from early 

childhood, and often have difficulty standing (Gardner-Medwin 1980). They also have 

an abnormal walking style called a waddling gait due to bilateral weakness in the 

proximal muscles of the hips and legs. Development of motor and cognitive skills is 

slower than normal and affected boys tend to have a lower IQ than average (Gardner-

Medwin 1980). Boys exhibit pseudohypertrophy of the calf muscles from a young age, 

which is an abnormal enlargement of the calves caused by an overgrowth of fatty and 

fibrous tissues among bundles of atrophic muscle. Contractures, the shortening of the 

muscle that eventually prevents boys from walking and moving their joints, develops 

from as early as eight years in some cases. Spinal deformity also develops in most 

patients within a few years after they become unable to walk.  

 

During the second decade, clinically significant cardiomyopathy usually develops as the 

heart muscles begin to deteriorate, and the respiratory muscles weaken (Dellefave and 

McNally 2007). A combination of chronic respiratory insufficiency and 

cardiomyopathy is the most common cause of death in DMD patients (Angermann, 

Spes et al. 1986). Early diagnosis is thus important to ensure DMD boys have proper 

respiratory care, such as nocturnal assisted ventilation and other respiratory aids, as well 

as taking measures to avoid unnecessary strain on the heart, in order to extend the life 

expectancy of these patients. 
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Clinical features of Becker muscular dystrophy 

Becker muscular dystrophy (BMD) also arises from mutations in the dystrophin gene 

but has a milder phenotype than DMD, although symptoms can range from 

asymptomatic to borderline DMD phenotype (intermediate). While DMD is caused by 

protein-truncating mutations, BMD mutations generally retain the dystrophin reading 

frame, allowing the synthesis of a shorter but semi-functional protein (Monaco, 

Bertelson et al. 1988). The severity of the Becker phenotypes thus depend on the nature 

and location of the mutation, but symptoms have been found to vary even between 

patients with the same mutation. BMD is less common than DMD, with an incidence of 

3 in 100,000 live male births (Prior and Bridgeman 2005). The lower incidence of BMD 

compared to DMD is likely to be related to the fact that BMD presents with a wide 

range of severity, so many patients may go undiagnosed until much later in life, if at all.   

 

The majority of BMD patients initially experience difficulties between the ages of 5 and 

15, although later onset can occur (Emery and Skinner 1976). Some patients with very 

mild BMD have been reported to be free of muscular symptoms until their 50s and are 

self-supporting up to their 70s (Yazaki, Yoshida et al. 1999). By definition, BMD 

patients remain ambulant until 16 years or later. The mean age of onset for BMD is 11, 

with patients remaining ambulatory into their 20s, and the mean age of death is in the 

mid-40s (Yazaki, Yoshida et al. 1999). Symptoms of BMD such as muscle deterioration 

and weakness are similar to those of DMD, but with slower progression and varying 

severity. Approximately 70% of boys with BMD have cardiac problems by age 20 

(Melacini, Fanin et al. 1996). BMD patients have also been found more likely to have 

learning difficulties and behavioural problems, although they generally have a normal 

IQ (Young, Barton et al. 2008). 
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3.1.2 Dystrophin 

The dystrophin gene 

The dystrophin gene (DMD) is the largest gene in the human genome, spanning more 

than 2.5 Mb. Located at position Xp21.2, more than 99% of the dystrophin gene is 

composed of intronic sequence, and the coding sequence consists of 79 exons under the 

control of seven promoters (Muntoni, Torelli et al. 2003). The large size of the 

dystrophin gene leads to an increased chance of spontaneous mutation (~1 in 10,000 

gametes) (Nishio, Takeshima et al. 1994). Spontaneous mutations can occur anywhere 

in the dystrophin gene, but there are two deletion hot spots. The major deletion hotspot 

spans exons 45-55, part of the central rod domain, while the minor hotspot spans exons 

2-20, in the actin-binding domain and rod domain (Koenig, Hoffman et al. 1987).  

 

Expression of the dystrophin gene is under elaborate transcriptional and splicing control 

(Ahn and Kunkel 1993). Many different isoforms of dystrophin have been identified, 

arising from alternative splicing and the use of alternative promoters (Muntoni, Torelli 

et al. 2003). The isoforms are expressed in a tissue-specific manner, and shorter 

isoforms result in a structural diversity that allows dystrophin to serve multiple 

functions (Ahn and Kunkel 1993). The full-length mRNA, (13,993 bp) is predominantly 

expressed in skeletal and cardiac muscle, but full-length isoforms transcribed from 

alternative promoters are also expressed in brain and Purkinje cerebellar neurons 

(Muntoni, Torelli et al. 2003). Shorter dystrophin isoforms arising from internal 

promoters are expressed in the retina, brain, kidney, lungs, liver, and cardiac muscle, 

and are thought to play various roles in cell function (Blake, Weir et al. 2002).  
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The dystrophin protein 

Dystrophin is a large, rod-shaped cytoplasmic protein that plays an important role in 

maintaining structure and stability in muscle cells, protecting them from contraction-

induced damage by redistributing stresses. The most abundant form, Dp427m, has a 

predicted molecular weight of 427kDa. Dystrophin is associated with integral 

membrane proteins, and serves to connect the sarcolemma to the extracellular matrix in 

muscle cells via the anchoring of cytoskeletal actin to the basal lamina (Muntoni, 

Torelli et al. 2003). The 3,685 encoded amino acids of the dystrophin protein comprise 

of four distinct domains; the amino terminal, the central rod domain, a cysteine-rich 

domain, and the carboxy-terminal domain (Figure 3.1) (Koenig, Monaco et al. 1988). 

 

 
Figure 3.1: Domains of the dystrophin protein. The black bars represent hinges in the protein, and the ovals 

represent the 24 spectrin repeats that make up the central rod domain.   

 

The amino-terminal domain has homology with α-actinin, contains actin-binding 

domains, and spans exons 2 to 8 (Koenig, Monaco et al. 1988, Corrado, Rafael et al. 

1996, Muntoni, Torelli et al. 2003). BMD patients with deletions including exon 2 often 

have an intermediate to severe BMD phenotype, but a mildly affected BMD patient 

missing exons 3-9 has been reported (Muntoni, Gobbi et al. 1994) indicating the 

importance of exon 2 for dystrophin function. The central rod domain, spanning exons 9 

to 61, is a succession of triplet-repeats similar to spectrin and acts as a spacer between 

the other domains that are more important for function. In fact, large in-frame deletions 

of the central rod domain have been reported, the most notable of which was a patient 

with a deletion of exons 17-48 (46% of the protein) who was diagnosed with mild BMD 
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(Blake, Weir et al. 2002). Four hinges characterise this region of the gene, as shown by 

the spaces in Figure 3.1. The cysteine-rich domain, spanning exons 63-69, is essential 

for dystrophin function. Deletions in this region disrupt the interaction between 

dystrophin and the dystrophin-associated glycoprotein complex, leading to a severe 

dystrophin pathology (Ervasti 2007). An intact carboxy terminal has also been found to 

be essential for protein stability (Koenig, Beggs et al. 1989, Beggs, Hoffman et al. 

1991). 

 

The dystrophin-associated glycoprotein complex 

Dystrophin is located at the cytosolic side of the sarcolemma, and is known to associate 

with a large complex of integral and peripheral membrane proteins and glycoproteins 

collectively known as the dystrophin-associated glycoprotein (DGC) complex 

(Campbell and Kahl 1989, Rafael, Cox et al. 1996). Proteins within the DGC include 

dystrophin, sarcoglycans, dystroglycans, syntophins, sarcospan, caveolin-3 and nitric 

oxide synthase (Dellefave and McNally 2007). Through its cysteine-rich region, 

dystrophin specifically binds to β-dystroglycan, which in turn binds to other protein 

components, linking the intracellular cytoskeleton by actin binding at the N-terminus to 

the extracellular matrix (Figure 3.2). The DGC acts to maintain structure and integrity 

of muscle, providing support against mechanical stress in the sarcolemma. In the 

absence of dystrophin, the DGC proteins are expressed but are quickly degraded or 

dispersed, compromising muscle cell integrity. 
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Figure 3.2: The dystrophin-glycoprotein complex. Dystrophin binds actin from the actin-based cytoskeleton at its 

N-terminus, forming a link between the extracellular matrix and the cytoskeleton. The cysteine-rich domain interacts 

with dystroglycan, while the carboxy terminal binds sarcoglycans, syntrophins, and dystrobrevin (Adapted from 

(Bonnemann, McNally et al. 1996)). 

 

3.1.3 The reading frame rule 

The reading frame rule was first proposed by Monaco, et al., to explain the clinical 

difference in severity between DMD and BMD patients who bear partial deletions of the 

same gene locus (Monaco, Bertelson et al. 1988). As discussed in the previous section, 

the C (or carboxy)-terminal end is essential for dystrophin function. The reading frame 

rules states that an out-of-frame deletion often leads to DMD because the result is a 

truncated protein, and thus a lack of functional dystrophin. On the other hand, BMD is 

generally cause by in-frame mutations that maintain the reading frame, allowing the 

production of a semi-functional protein.  

 

The reading frame rule explains the phenotypic differences observed in 90% of 

DMD/BMD cases (Prior and Bridgeman 2005). However, BMD cases with out-of-
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frame deletions have been reported, and in these cases it is likely that some level of 

natural exon skipping occurs, reducing the severity of the phenotype (Koenig, Beggs et 

al. 1989). A low level of natural exon skipping also occurs in DMD patients, a 

phenomenon that results in some muscle cells expressing dystrophin; these cells are 

referred to as “revertant fibres”. RFs are a common occurrence in DMD and BMD 

muscle and the mechanism is unknown. In-frame mutations have occasionally been 

found as the cause of DMD, but these mutations are usually found in the cysteine-rich 

domain or the carboxy terminal, regions that are essential for successful binding to the 

DGC (Koenig, Beggs et al. , Beggs, Hoffman et al. , Ervasti). There also appears to be a 

deletion size threshold for DMD, as all cases of patients with in-frame deletions of 36 or 

more exons have a severe DMD phenotype (Fanin, Freda et al. 1996).   

 

Environmental and other genetic factors have an impact on the BMD phenotype, 

demonstrated by the identification of patients with the same dystrophin mutation who 

show different phenotypes (Malhotra, Hart et al. 1988). Aside from the prevalence of 

natural exon skipping, which can be influenced by splicing factor variations, other 

influences include variation in the genes involved in the complex processes of muscle 

regeneration and repair, and the levels of growth and muscle hormones (Prior and 

Bridgeman 2005). 

 

3.1.4  Therapies for DMD and BMD 

Current therapies 

Currently, there are no treatments readily available that significantly relieve the core 

symptoms of DMD. Therapies instead focus on slowing disease progression, and 

include the use of steroids and respiratory aids, which together have significantly 
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extended life expectancy so that patients now commonly die in their early 30s 

(Chakkalakal, Thompson et al. 2005). 

 

Research 

There are a number of therapies that have been investigated for the treatment of DMD, 

as outlined below (and reviewed in (Fairclough, Wood et al. 2013)). 

• Cell-based therapies aimed at improving muscle function via delivery of normal 

cells, myoblasts, or satellite cells to dystrophic muscle. 

• Myostatin inhibition via the protein follistatin may slow muscle degeneration.  

• Aminoglycoside antibiotics such as gentamycin with the ability to read through 

stop codons and therefore applicable to DMD patients with nonsense mutations.  

• Dystrophin gene replacement using adeno-associated viral vectors. This therapy 

is limited to using mini- or micro dystrophin gene constructs since the entire 

dystrophin coding region is too large to fit into the vector. 

• Upregulation of the related protein, utrophin, which has been suggested to be 

able to replace dystrophin and restore muscle function in dystrophin-deficient 

muscle. 

• Membrane repair systems - delivery of proteins such as MG53 that are involved 

in sarcolemmal membrane repair. 

• Exon skipping strategies to remove out-of-frame exons, restoring the reading 

frame and allowing the production of a semi-functional protein. 
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Exon skipping in DMD 

Currently, the most promising therapy for DMD in clinical trials, is antisense 

oligonucleotides (AO) induced exon skipping. The structural characteristics and 

function of dystrophin make it an ideal target for exon skipping, because much of the 

protein appears dispensable, as demonstrated by BMD patients with large in-frame 

deletions who still retain sufficient dystrophin function for a mild phenotype. The 

detection of naturally occurring revertant fibres also indicated that removing one or 

more exons to restore the reading frame in DMD patients was likely to be well tolerated 

as the immune system tolerates induced revertant dystrophin. 

 

Exon skipping for DMD has been thoroughly researched in our laboratory and AOs 

have been designed to skip every exon in the dystrophin gene, except for the first or last 

exons. The current trials, conducted under the sponsorship of Sarepta Therapeutics 

(Cambridge MA), are focused in the major mutation hotspot, exons 45-55, specifically 

patients for whom skipping of exon 51 will restore the dystrophin reading frame. This 

strategy has been estimated to be applicable to ~13% of DMD patients (Aartsma-Rus, 

Fokkema et al. 2009). DMD boys between the ages of 7 and 13, who were still 

ambulant, but showed signs of declining muscle function, considered eligible to take 

part in this study. Patients were administered either a placebo, or 30mg/kg or 50 mg/kg 

an optimized splice switching oligo (Arechavala-Gomeza, Graham et al. 2007) once a 

week with an intravenous infusions. After 24 weeks the placebo group rolled over to 

receive the compound, now called Eteplirsen, since the 24-week biopsies from the 

30mg/kg cohort showed an increase of dystrophin-positive fibres to 23% of normal.  

Since there had been no change in dystrophin expression in the placebo group it was 

considered unethical to withhold treatment, and hence the placebo group became the 

delayed treatment cohort. The most recent published data (48 week data) indicated the 
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number of dystrophin positive fibres to be 52% and 43% of normal in the 30 and 50 

mg/kg cohorts, respectively, and the overall dystrophin levels were around 10-20% 

compared to normal (Mendell, Rodino-Klapac et al. 2013). At 48 weeks, Eteplirsen-

treated patients were found to have a 67.3m benefit in the 6-minute walk test compared 

to the delayed treatment group. This trial is ongoing and patients have now been 

receiving the drug for nearly 3 years, with no significant loss in ambulation in the 

treated groups. The results of this trial are very exciting, demonstrating that restoration 

of dystrophin expression by exon skipping is clinically feasible, and has the potential to 

sustain muscle function and prevent further degeneration.  

 

3.1.5  Aims of this project 

While exon skipping for DMD is progressing in trials, the aim of this study was to 

investigate gaps in the research. The specific aims will be described in more detail in 

the individual sections, but briefly, the aims were to (a) look at unusual mutations and 

design an appropriate strategy, and (b) investigate treatments for BMD, considering 

exon skipping will not apply in most cases. 

 

 

3.2 Specific methods 

 

3.2.1  Cell lines and proliferation conditions 

The cell lines and proliferation media are shown in Table 3.1. Patient fibroblasts were 

transformed using MyoD virus for 3 days prior to transfecting. 
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Project Cell line Source Proliferation media 

Unique 
mutation 

DMD patient fibroblasts, pseudo-

exon in intron 47 of dystrophin 

Dr. Kevin 

Flannigan 

15% FCS-DMEM 

Dystrophin 

stabilization 

Primary human myoblasts Royal Perth 

Hospital 

20% FCS, 0.5% 

CEE in HamsF10 

Table 3.1: Cell strains used in dystrophin research 

 

3.2.2  RT-PCR of patient cells 

Nested PCR was used for amplification of the pseudo-exon mutation region in the 

DMD patient cell line. Primers are shown in Tables 3.2-3.4. 

 

 

 

 

Table 3.2: Primers used for amplification of intron 47 pseudo-exon cell strain. 

 

RT-PCR was performed using the Superscript III (SSIII) one-step RT-PCR system with 

Platinum Taq DNA polymerase. A master mix containing forward and reverse primers, 

2x reaction mix, and enzyme mix (SSIII) was prepared according to the number of 

samples. Reagents required per reaction for RT-PCR are shown in Table 3.3. 100ng of 

RNA was used for each reaction. Cycling conditions are shown in Table 3.4. Following 

RT-PCR, a 1µl aliquot of the reaction was used as a template in a nested PCR reaction, 

required because of the low abundance of dystrophin mRNA in induced myogenic cells 

from DMD patient fibroblasts. Nested PCR used inner primers amplifying exons 48 – 

51 using AmpliTaq Gold DNA polymerase. For reaction components and volumes see 

Table 3.5, cycling conditions are shown in Table 3.6. 

Primer name Sequence 5’-3’ 

43F CAGGAAGCTCTCTCCCAGC 

45F ACAGATGCCAGTATTCTACAGG 

48R CTGAACGTCAAATGGTCCTTC 

51R GTCACCCACCATCACCCTCTG 
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Table 3.3: RT-PCR components and volumes required per reaction. *Volume may be adjusted according to RNA 

concentrations.  

 

 

 

 

 

 

Table 3.4: Cycling conditions for RT-PCR of DMD pseudo-exon patient cells, across exons 43-51. 

 

 

Reagent Volume per reaction 

10x reaction mix (supplied with 

Taq GOLD kit) 

2.5µl 

Forward primer (50ng/µl) 0.5µl 

Reverse primer (50ng/µl) 0.5µl 

dNTPs (5mM) 1.0µl 

MgCl2  (25mM) 2.0µl 

Taq Gold (5U/µl) 0.1µl 

dH2O 17.4µl 

1° PCR product 1.0µl 

Total 25µl 

Table 3.5: Secondary PCR components and volumes required per reaction.  

 

Reagent Volume per reaction 

2x reaction mix 6.25µl 

Forward primer (50ng/µl) 0.5µl 

Reverse primer (50ng/µl) 0.5µl 

Enzyme mix (SSIII) (0.5 U/µl) 0.5µl 

RNA (100ng/µl) 1.0µl* 

dH2O 3.75µl* 

Total 12.5µl 

Temperature Time (minutes)  

55°C 30  

94°C 2  

94°C 0.5  

55°C 1 x35 

68°C 2  
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Temperature Time (minutes)  

94°C 6  

94°C 0.5  

55°C 1 x30 

72°C 2  

Table 3.6: Cycling conditions for secondary PCR of DMD pseudo-exon patient cells across dystrophin exons 

45-48. 

 

3.2.3  Dystrophin qRT-PCR 

qRT-PCR was carried out using Fast SYBR green as described in Section 2.2.4. Primers 

are listed in Table 3.7. Primer sets used varied depending on the experiment, details of 

which are outlined in the results section.  
Primer name Sequence 5’-3’ Concentration in qRT-

PCR 
Dys qPCR 1F TGGCTGCCTTGATATACACT 500nM 

Dys qPCR 1R GTCCTCTACTTCTTCCCACCAAAG 500nM 

Dys qPCR 4F TGCCCTGAACAATGTCAACAA 500nM 

Dys qPCR 5R TCCAAATCAAACCAAGAGTCAG 500nM 

GapDH F ACAGTCAGCCGCATCTTCTT 100nM 

GapDH R AGGGGTCTACATGGCAACTG 100nM 

RPLP0 F AGGCCCTGCACTCTCGCTTTC 500nM 

RPLP0 R GCACCGAGGCAACAGTTGGGT 500nM 

TBP F TCAGGCGTTCGGTGGATCGAGT 500nM 

TBP R AGTGATGCTGGGCACTGCGGAGAA 500nM 

Table 3.7: Primers used in dystrophin qRT-PCR analysis. Concentrations for qRT-PCR were established by an 

optimization experiment analysing transfection efficiency from standard curves. The housekeeping genes are: 

GapDH - Glyceraldehyde 3-phosphate dehydrogenase, RPLP0 - Ribosomal protein large P0, and TBP – Tata-box 

binding protein. 
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3.2.4  Dystrophin western blot 

Dystrophin was detected with NCL-DYS2 monoclonal anti-dystrophin (Novocastra, 

Newcastle-upon-Tyne, UK) applied at a dilution of 1:100 for 2 hours at room 

temperature. Detection was performed using a Western Breeze kit as described in 

Section 2.2.5. The housekeeping protein Dysferlin was used for normalisation. 

 

3.2.5  Investigation of dystrophin stability using Actinomycin D 

Primary human myoblasts were seeded into 24-well plates as described in Section 2.2.1. 

One hour prior to transfection, half of the wells in each plate were treated with 5µg/ml 

of Actinomycin D. On each plate, a pair of Actinomycin D treated wells and a pair of 

untreated wells was transfected with 400nM of a test or control AO, or left untreated. At 

6 hour intervals, beginning immediately after transfection (Time 0hr) and continuing for 

48 hours, RNA was harvested from duplicate wells of each treatment regimen and 

analysed by qPCR, as described above.  Expression levels were normalised against the 

level determined in the untreated samples at each time point and a linear regression 

performed on each data set to better visualise the change in dystrophin expression over 

time. 

 

3.3  Dystrophin pseudo-exon mutation 

This work has been submitted for publication 

 

3.3.1  Introduction 

Targeted exon skipping seeks to excise one or more exons flanking frame-shifting 

deletions or duplications so that the reading frame is restored and a Becker muscular 

dystrophy-like transcript is induced. In rare cases where the DMD gene lesion involves 

retention of intronic sequences in that mature mRNA, exon skipping has the potential to 
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generate a perfectly normal gene transcript. This study describes a deep intronic 

mutation that led to the retention of 72 bases of intron 47 in the mature dystrophin gene 

transcript. This particular mutation was reported previously (Gurvich, Tuohy et al. 

2008), and although the patient remained ambulant at the age of 15 years, he was 

diagnosed with DMD because of the absence of dystrophin as determined by Western 

blotting. Although the pseudo-exon is in-frame, there are several stop codons that would 

result in premature termination of translation, consistent with a molecular diagnosis of 

DMD. Now aged 21, the DMD individual with this intron 47 pseudo-exon is non-

ambulant although he can stand from his wheelchair and walk a few paces. This is 

clearly inconsistent with a diagnosis of DMD and suggests some dystrophin expression 

despite the primary gene lesion. The aim of this project was to design and optimise an 

exon skipping strategy to excise the 72 bp pseudo-exon insertion from the dystrophin 

mRNA in cells obtained from this muscular dystrophy patient. The pseudo-exon in this 

patient arises from a single T>G base change in intron 47, which creates an acceptor-

site with a strong consensus splice site score.   

 

Low levels of dystrophin have been detected in two out of three DMD patients, 

presumably through natural exon skipping arising from errors in dystrophin pre-mRNA 

processing (Nicholson, Johnson et al. 1993). Unlike most other DMD mutations, natural 

exon skipping of the pseudo-exon could lead to a normal dystrophin transcript/protein.  

The BMD-like phenotype of this patient suggested some expression of the normal 

transcript, and this may indicate the pseudo-exon could be easily removed with splice 

switching AOs. Pseudo-exon mutations provide a rare opportunity to study the 

effectiveness of AO therapy when the induced transcript is full-length, rather than 

shortened BMD-like isoforms as will be the case for most exon skipping strategies for 

DMD.  
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3.3.2  Results 

In silico analysis of splice site strength 

An online splice site score calculator was used to assess the effect of the mutation 

[http://rulai.cshl.edu/new_alt_exon_db2/HTML/score.html]. The average score for a 

consensus splice site for this program is 7.9. When analysed as a splice site, the normal 

dystrophin intron 47 sequence scored -3.7, whereas the mutant (c6913-4037T>G) 

acceptor splice sequence resulted in a score of 7.2. Analysis of the activated donor site 

utilised by this pseudoexon resulted in a score of 6.2, and a potential branch point was 

identified starting 31 bases upstream of the pseudoexon with a score of 92.38/100. 

 

2’O-methyl AO induced exon skipping 

Three oligonucleotides consisting of 2’O-methyl modified bases on a phosphorothioate 

backbone (2OMe AO) were designed to target the cryptic acceptor splice site, an intra-

exonic motif, and the donor site of the pseudo-exon (AOs 1-3, Table 3.8).  A cocktail 

containing the two AOs targeting the acceptor and donor site was also evaluated to see 

if this could further enhance exon skipping efficiency. Of these transfections, only AO 

1, Hi47A(-5+20) alone induced consistent and robust pseudo-exon skipping (Figure 

3.3). The combination of AO 1 and 3 targeting both acceptor and donor splice sites was 

ineffective, indicating AO 3 compromised AO 1 activity.  There is no substantial 

complementation between these AOs that could contribute to duplex formation. 
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 (a) 

 

(b)   

 
 

Figure 3.3: Nested RT-PCR analysis of DMD patient cells treated with pseudo-exon targeting 2OMe AOs 

(n=2). (a) The mutant transcript product containing the pseudo-exon is 650bp in length, and skipping of the pseudo-

exon is represented by a 578bp amplicon. Each AO (and the AO cocktail) was tested at a total concentration of 

400nM, 200nM, 100nM, 50nM and 25nM (shown left to right). UT: untreated patient samples. AO 1: Hi47A(-05+20); 

AO2:  Hi47A(+22+46); AO 3: Hi47D(+11-14);  -ve: no template RT-PCR control. (b) Densitometry was used to 

analyse the relative amounts of mutant and normal transcripts in treated and untreated cells. 

 

Additional overlapping AOs were designed to anneal to cryptic acceptor splice site 

(Table 3.8, Figure 3.4).  
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Table 3.8: AOs targeting the dystrophin intron 47 pseudo-exon. 

 

 
 

Figure 3.4: AO binding sites in relation to the pseudo-exon. The pseudo-exon is shown in green, the black bars 

represent flanking intronic sequences. The position of the T>G mutation is indicated by the red arrow. AOs are 

shown to scale. 

 

Patient cells were transfected with AOs 4 to 9, prepared as cationic lipoplexes and 

incubated for 48 hours before RNA was extracted and the effects on splicing were 

assessed by RT-PCR.  Of these AOs tested, only two, Hi47A(+05+29) and AO 5 

Hi47A(-01+24), induced consistent skipping of the pseudo-exon (Figure 3.5). The 

remaining 7 were largely ineffective or induced sporadic skipping of the pseudo-exon 

similar to that seen with AOs 2 and 3 (data not shown). 

 

AO Number AO coordinates Sequence 5’-3’ 

1 Hi47A(-05+20) cac cug gcu cca ccc uug acc ugu g 

2 Hi47A(+22+46) auc cuc uuc cau gau uca auu auc u 

3 Hi47D(+11-14) cuu gug aaa cuu acu gau uau cag g 

4 Hi47A(+05+29) aau uau cug cac cug gcu cca ccc u 

5 Hi47A(-01+24) ucu gca ccu ggc ucc acc cuu gac c 

6 Hi47A(-10+15) ggc ucc acc cuu gac cug ugg gga u 

7 Hi47A(-15+10)  cac ccu uga ccu gug ggg auu acc a 

8 Hi47A(-20+5) uug acc ugu ggg gau uac cau aau u 

9 Hi47A(-25-01) cug ugg gga uua cca uaa uuc aag g 
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(a) 

 

 

(b) 

 
 

Figure 3.5: Nested RT-PCR analysis of DMD patient samples treated with AOs targeting the pseudo-exon. (a) 

The mutant transcript containing the pseudo-exon is 650bp in length, and skipping of the pseudo-exon represents in 

a 578bp amplicon. AOs were tested at 400nM, 200nM, 100nM, 50nM, 25nM and 10nM (shown left to right). UT: 

untreated patient samples. +ve: PCR amplification of normal dystrophin gene transcript. -ve: no template RT-PCR 

control. (b) Densitometry was used to analyse the relative amount of mutant and normal transcripts in treated and 

untreated cells.  

 

AO 1, Hi47A(-05+20), was the most efficient compound, with induction of 100% 

skipping of the target exon at 400nM and 200nM (Figure 3.5). Overlapping AO 4, 
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Hi47A(+05+29), and AO 5, Hi47A(-01+24) also induced some pseudo-exon 

suppression but are suboptimal in comparison to Hi47A(-05+20). AO 4 clearly showed 

a pronounced threshold effect, where robust exon skipping was induced after 

transfection at concentrations of 100 nM or above and only trace amounts of exon 

skipping, possibly only basal expression were detected at lower transfection 

concentrations. AO 5 induced consistent pseudo-exon excision at all transfection 

concentrations, but complete suppression was not achieved, even at the higher 

concentrations.  

 

Second generation AO screening 

Additional 2OMe AOs of different lengths (22mers and 30mers) were designed and 

synthesized on an Expedite 8909 (Table 3.9) and analysed as described. 

 
AO Number AO coordinates Sequence 5’-3’ 

10 Hi47A(-10+20) cac cug gcu cca ccc uug acc ugu ggg gau 

11 Hi47A(-5+25) auc ugc acc ugg cuc cac ccu uga ccu gug 

12 Hi47A(-01+29) aau uau cug cac cug gcu cca ccc uug acc 

13 Hi47A(-02+20) cac cug gcu cca ccc uug acc u 

14 Hi47A(-05+17) cug gcu cca ccc uug acc ugu g 

15 Hi47A(+1+22) ugc acc ugg cuc cac ccu uga c 

16 Hi47A(+5+26) uau cug cac cug gcu cca ccc u 

17 Hi47A(+47+72) uga uua uca gga gaa cag uau ggg gg 

 

Table 3.9: Second generation AOs targeting the dystrophin intron 47 pseudo-exon.  
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Figure 3.6: Nested RT-PCR analysis of DMD patient samples treated with second generation AOs targeting 

the pseudo-exon. Each AO was tested at 200nM, 100nM, 50nM and 25nM (shown left to right). The mutant 

transcript containing the pseudo-exon is 650bp in length, and skipping of the pseudo-exon represents in a 578bp 

amplicon. 

 

From the initial screening of the second generation AOs targeting the pseudo-exon, AO 

14 induced strong skipping at 100nM, but the 200nM and 50nM samples failed to 

amplify. This AO was tested again but the results did not indicate improved AO design, 

with less than 50% skipping at the highest concentration (Figure 3.7). None of the new 

AOs improved the pseudo-exon skipping over that induced by AO 1. 

 

 

Figure 3.7: Nested RT-PCR analysis of DMD patient samples treated with second generation AOs targeting 

the pseudo-exon. Each AO was tested at 200nM, 100nM, 50nM and 25nM (shown left to right). The 100nM sample 

from AO 14 was lost during RNA extraction so was excluded from analysis.  
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AO cocktails consisting of pairs of non-overlapping AOs targeted to the pseudo-exon 

were evaluated (Supplementary Table 2). All cocktails induced some pseudo-exon 

skipping, but none improved the result from that induced by AO 1, Hi47A(-05+20) 

alone (Figure 3.8). 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: RT-PCR analysis of pseudo-exon skipping induced by AO cocktails targeted to the pseudo-exon. 

Each AO cocktail was tested at a total concentration of 400nM, 200nM and 100nM.  

 

PMO induced exon skipping 

The most efficient AO 1 (Hi47A(-05+20)) and the ineffective AO 6 (Hi47A(-10+15)) 

were re-synthesised as PMOs to confirm efficient exon skipping was induced using the 

morpholino oligomer chemistry.  As expected, the PMO 1 induced robust exon 

skipping, and surprisingly the ineffective PMO 6 induced some exon skipping above 

background in a dose dependent manner. 
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(a) 

 
(b) 

 

 

Figure 3.9: RT-PCR analysis of pseudo-exon skipping in PMO-treated patient cells (n=2). (a) Each PMO was 

tested at 1000nM, 800nM, 400nM, 200nM and 100nM (shown left to right). The full length patient transcript product is 

650bp in length, and skipping of the pseudo-exon is represented by the 578bp amplicon. UT: untreated patient 

samples;  -ve: no template RT-PCR control. (b) Densitometry was used to analyse the relative amount of mutant and 

normal transcripts in treated and untreated cells. 

 

In silico analysis of splice switching AOs 

The online tool SFOLD (http://sfold.wadsworth.org/cgi-bin/index.pl) was used to 

analyse target sequence folding and accessibility, before and after the addition of AOs 

(Figure 3.10). This tool predicts mRNA secondary structure, with a score of 1.0 at a 

particular nucleotide predicting that base occupies a region in which the structure is 

open (does not interact with any other part of the mRNA), and 0 predicting that those 

bases are likely to be inaccessible to AOs due to interactions with another part of the 
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RNA.  Once an AO binding site is specified, that site appears with a score of 1.0, 

indicating it cannot bind to another region of the mRNA. The accessibility profile 

remains the same between normal sequence and that after AO 6 annealing, except at the 

region of AO binding. When the analysis was performed with AO 1, a predicted peak 

(indicated by a red asterix) is significantly reduced compared to normal (Figure 3.10, 

(b)). This decreased peak indicates a reduction in accessibility of this region and 

interrogation of the sequence with the two other AOs that induced some consistent 

pseudo-exon skipping (AOs 4 and 5) also saw a reduction in this peak, albeit less 

pronounced than AO 1. AOs 3, 6, 7 and 9 had no effect on the splicing pattern, and also 

did not affect the peak of interest.  



 
 

 
 

 
 
 
 

 

 
 
 
 

 

 
 
 
Figure 3.10: SFOLD analysis of the intronic region containing the pseudo-exon. The 72 bp pseudo-exon and 60 bp of intronic sequence on either side were used for analysis. The 

accessibility profile for normal transcripts is shown in (a), aligned with ESE sites predicted using ESE finder (http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home). (b)–(g) show 

the predicted accessibility profile if AOs are bound to the transcript. The asterix indicates a region of interest. 

(a) (b) AO 1 (c) AO 4 

(d) AO 5 (e) AO 6 

(f) AO 3 

* * 

(g) AO 9 
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3.3.3  Discussion  

Mutations in DMD that activate pseudo-exon retention in the mature dystrophin mRNA 

have been reported in introns 1, 9, 11, 44, 45, 47, 56, 60, 62 and 25 (Tuffery-Giraud, 

Saquet et al. 2003, Beroud, Carrie et al. 2004, Gurvich, Tuohy et al. 2008, Khelifi, 

Ishmukhametova et al. 2011) as the result of point mutations activating cryptic donor 

and/or acceptor sites. In addition to point mutations, it has been established that the 

position of splice motifs in relation to one another is an important factor in exon 

recognition and splicing (Zhang, Arias et al. 2009), so pseudo-exons could also arise if 

deletions bring previously distant splice motifs closer together, promoting the 

recognition and subsequent inclusion of the pseudo-exon in the mature mRNA.   

 

In many cases, individuals carrying dystrophin pseudo-exon activation have 

intermediate/BMD phenotypes, which is inconsistent with a “molecular DNA 

diagnosis“ of DMD.  This indicates some leakage of processing of the pseudo-exons 

must allow normal transcripts and protein to be generated, and these mutations may be 

ideal targets for personalized exon skipping.  We recently reported fold increases in 

dystrophin expression in treated DMD patient cells carrying leaky mutations in the 

minor deletion hotspots in the dystrophin gene (Fletcher, Adkins 2012).  Deletions of 

dystrophin exons 3-7 disrupt the reading frame and, while consistent with a molecular 

diagnosis of DMD, many individuals with these mutations present with an 

intermediate/BMD phenotype (Gangopadhyay, Sherratt et al. 1992).  Like pseudo-exon 

processing, dystrophin transcripts from dystrophin exon 3-7 deletions frequently are 

missing exons 8 and 9 (Chelly, Gilgenkrantz et al. 1990). When targeted for AO 

induced exon skipping, every compound directed at exon 8 could induce some exon 

removal, although those AOs targeting the acceptor site were more efficient (Fletcher, 

Adkin et al. 2012). As a consequence of efficiently modifying splicing involving this 
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“leaky expression”, we had hypothesized that removal of pseudo-exons would be easily 

achieved and multiple targets would be amenable to splice switching. However, this 

was not the case for the intron 47 pseudo-exon and although efficient suppression could 

be achieved in this case, there was only a narrow window for oligomer targeting.  

Consequently, each pseudo-exon may have to be addressed on a case-by-case basis, as 

would be expected for such a personalized medicine. 

 

Gurvich and colleagues first reported the intron 47 pseudo-exon mutation as well as two 

other out-of-frame pseudo-exon mutations, both caused by a single base change 

inducing cryptic donor splice sites; one in intron 11 (mild BMD phenotype), and the 

other in intron 45 (Gurvich, Tuohy et al. 2008).  The patient with the mild phenotype 

was found to express normal full-length dystrophin at 13% of normal levels.  Only two 

AOs were designed to target the cryptic donor site or a predicted cluster of ESEs within 

these pseudo-exons, and all were able to excise the pseudo-exons from the mature 

transcripts.  However, 100% skipping was only achieved when both AOs were 

combined and transfected into cells derived from the patient with the mutation in intron 

11.  This was in contrast to our observations in this case where using AO combinations 

to target the intron 47 pseudo-exon were counterproductive. We have frequently 

observed pronounced synergy with some AO combinations inducing robust exon 

skipping (Adams, Harding et al. 2007), but this is the first time we have observed such a 

negative effect where one AO compromised exon skipping activity of another 

compound. We had previously hypothesized that synergistic AO cocktail activity arises 

from one AO binding to the pre-mRNA and changes secondary or tertiary structures to 

facilitate binding of the other AO (Fall, Johnsen et al. 2006). Perhaps the same is 

happening in this case, except binding of Hi47D(+11-14) has altered pre-mRNA 

structure such that Hi47A(-05+20) can no longer bind.  There are only 4 bases of 
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complementation between Hi47D(+11-14) and  Hi47A(-05+20)  so it appears unlikely 

duplex pairing between the 2 oligomers could contribute to the loss of Hi47A(-05+20) 

exon skipping activity. Other AO cocktails induced pseudo-exon skipping with variable 

efficiency (up to 50% skipping at the higher concentrations).  However, no other AO 

combinations exhibited the strong antagonistic effect observed from the cocktail of AOs 

1 and 3 (data not shown).  

 

Disease-causing pseudo-exon mutations may be more common than previously 

envisioned, especially considering a single base change is sufficient to activate a cryptic 

splice site, and the length of intronic sequences relative to exons. A recent study that 

used next generation sequencing to identify deep intronic mutations in patients with 

hyperinsulinaemic-hypoglycaemia, identified two previously unidentified point 

mutations in the genes ABCC8 and KCNJ11 that resulted in the inclusion of a pseudo-

exon (Flanagan, Xie et al. 2013). Both point mutations induced a cryptic donor splice 

site, and were not detected by normal exome focussed sequencing methods. Techniques 

such as next generation sequencing directed at the transcriptome (RNA-seq) are likely 

to facilitate a more complete characterisation of the extent of cryptic splice site 

activation in the genome.  

 

We have demonstrated that a PMO, based upon the most efficient AO sequence can 

remove the intron 47 pseudo-exon from the mRNA in a consistent dose-dependent 

manner.  Another PMO, based upon an ineffective 2’-O-methyl AO was also able to 

induce a low level of exon skipping in a dose-dependant manner, but the amounts of 

exon skipping were not greatly elevated above the basal levels observed in untreated 

cells.  Although these PMOs were overlapping in their annealing sites, the differences in 
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exon skipping efficiencies were pronounced and further emphasize the narrow window 

in AO design in this case.   

 

The narrow window for AO targeting to remove this pseudo-exon from the transcript 

demonstrates the importance of the careful oligomer design. All of the canonical exons 

of dystrophin can be removed from the mature transcript, but there is a large variation in 

efficiency; some exons are efficiently removed at low AO concentration, while others 

are only removed 50% of the time, even after transfection at the higher concentrations. 

The process of splicing is complex and involves multiple factors within the RNA itself 

as well as binding proteins, and RNA folding during splicing is also likely to contribute 

to the outcome (Buratti, Muro et al. 2004, Zhang, Kuo et al. 2011). It is evident that 

using AOs to redirect splicing is not as simple as blocking a crucial acceptor or donor 

splice site.   

 

In silico tools were used to assess splicing motifs and mRNA folding in the region of 

the pseudo-exon. Supplementary Figure 1 (S1) (Appendix 3.1) shows predicted splice 

motifs and predicted free energy of RNA structures based on a sliding window. The 

analysis of the pseudo-exon and the surrounding region confirmed the predicted 

acceptor splice site and also indicates the donor site used. However, the two prediction 

tools used, which were ESEfinder (http://rulai.cshl.edu/cgi-

bin/tools/ESE3/esefinder.cgi?process=home) and Human Splice Finder 

(http://www.umd.be/HSF/) (analysis was run using the default parameters for both 

programs), yielded very different results. In particular, ESEfinder failed to predict the 

donor site utilised by this pseudo-exon, highlighting the limitations of these programs. 

In this case, ESEfinder seems to have too stringent prediction parameters, while the 

parameters for Human Splice Finder may not be stringent enough.  
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The peak of interest identified by the SFOLD analysis coincides with a predicted cluster 

of exon splicing enhancers. It appears that the most efficient AO capable of inducing 

exon skipping reduces the accessibility of this region, thereby limiting splice factor 

binding and thus reducing exon recognition and retention in the mature mRNA. Less 

effective AOs do not reduce accessibility to the same extent, while completely 

ineffective AOs such as 2 and 10 do not reduce accessibility.  It was of interest that 2 

AO cocktails (AOs 1+3 and 1+10) failed to skip as efficiently as AO 1 alone. It is 

possible that AOs 3 and 10 are stabilizing some parts of the RNA structure so AO 1 

cannot reduce accessibility of that peak and thereby compromise exon recognition.  

 

In conclusion, we were able to demonstrate efficient removal of the pseudo-exon in 

intron 47 of the dystrophin gene transcript in patient cells although AO-induced 

skipping was only achieved upon targeting a narrow mRNA domain. The presence of a 

low level of natural exon skipping was evident following RT-PCR amplification of 

RNA from untreated cells, and the patient’s phenotype reflects this data, suggesting a 

diagnosis of severe BMD is more appropriate rather than DMD. Although patient 

numbers are obviously limited, pseudo-exon mutations should be considered as ideal 

candidates for exon skipping clinical trials due to efficiency of removal, and low level 

of basal expression of full-length dystrophin.   

 

3.4 Dystrophin stabilisation 

 

3.4.1  Introduction 

While dystrophin exon skipping strategies can be tailored for most DMD patients to 

restore the reading frame, BMD patients with in-frame deletions generally cannot 

benefit from this strategy because their dystrophin transcript is already in frame. BMD 
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patients present symptoms with a wide range of severity, primarily determined by the 

stability and functionality of the dystrophin isoform produced.  

 

Although many BMD patients have been found to have nearly normal levels of 

dystrophin of an abnormal size, some have only low levels of near or full-length 

dystrophin (eg. 27%, (Hoffman, Fischbeck et al. 1988). There are a number of ways in 

which a BMD mutation could result in reduced levels of dystrophin mRNA; (a) The 

mutation could compromise a splice motif so only some of the transcripts have lost an 

exon, meaning that sufficient amounts of dystrophin protein are produced to allow 

classification as BMD rather than DMD, (b) there could be a mutation in a regulatory 

region, such as the 5’ or 3’ UTR, leading to reduced expression, (c) the mutation results 

in the transcript and/or protein being less stable and degraded at a faster rate. 

 

It is possible that increasing dystrophin transcript levels could provide therapeutic 

benefit to BMD patients by increasing levels of the protein to further strengthen muscle 

function and/or resistance to contraction-induced damage. AOs that increase dystrophin 

expression could also be used in combination with exon skipping to treat DMD patients.  

 

Project Aim 

To increase dystrophin mRNA levels using antisense oligonucleotides 

As discussed in Chapter 1, the untranslated gene regions play a key role in regulating 

gene expression and maintaining the levels of transcript and protein as required. AOs 

targeted to motifs in these regions may be able to interfere with this regulatory process, 

resulting in an increase (or decrease) in the expression of the targeted gene. The aim of 

this project was to direct AOs to the dystrophin 3’UTR, particularly to conserved 



 142 

elements and predicted miRNA binding sites, in an attempt to stabilise the transcript 

and/or enhance translation and thus increase protein production. 

 

The dystrophin 3’UTR 

The 3’UTR of human dp427m, the full-length muscle isoform of dystrophin, is 2691bp 

in length. The dystrophin 3’UTR has two highly conserved regions at each end, the first 

400bases downstream of the termination codon, and the second spanning the last 

~250bases including the polyadenylation signal. These regions are named the Lemaire 

A and D regions, and were first identified at the early stages of gene characterisation 

(Koenig, Monaco et al. 1988, Lemaire, Heilig et al. 1988). Lemaire and colleagues 

compared the human and chicken dystrophin mRNAs and reported three regions of 

significant homology at either end of the 3’UTR. This was later reduced to two regions 

(A & D) following a more extensive species-comparison including dogfish (Greener, 

Sewry et al. 2002). The length of these conserved regions may reflect a function other 

than factor binding sites, which are normally relatively short. Lemaire notes that 

conserved regions in the 3’UTR have previously been implicated in the short half-life of 

c-fos, but adds that it would be unusual for a large structural protein to be regulated in 

this way (Lemaire, Heilig et al. 1988). It is possible that the conservation is related to 

conserved secondary structure or intermolecular pairing (Greener, Sewry et al. 2002), 

but to date, the specific functions of these conserved regions remain unknown. 

 

Multiple different isoforms of dystrophin are known to be expressed. Alternative 

splicing has been found to impact the 3’ end of the gene. In a subset of transcripts exon 

78 is excluded, resulting in a reading frame shift and the inclusion of a novel reading 

frame in exon 79 (the exon that makes up the most common 3’ UTR) (Greener, Sewry 

et al. 2002). This results in a substitution of 14 AA from the C-terminal of dp427m with 
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32 alternate AAs. This longer isoform represents the ancestral dystrophin, and is 

expressed in embryonic tissue but not in adult muscle. This also explains the high level 

of conservation in the first part of Lemaire A, however there is still more than 300bp of 

conserved region outside of this alternatively spliced exon, so there is presumably 

others function of this region that has been under selection during evolution. 

 

There are few predicted miRNA binding sites within the dystrophin 3’UTR, but a recent 

paper identified one miRNA found to regulate dystrophin (Cacchiarelli, Incitti et al. 

2011). Cacchiarelli and colleagues identified a strong consensus binding site for miR-31 

in Lemaire region A of the human dystrophin 3’UTR. They used luciferase constructs to 

see the effect of overexpression of the miRNA, and LNA AOs were designed to reduce 

miRNA binding to the transcript. Interestingly, they used qRT-PCR to show that miR-

31 is highly overexpressed in DMD compared to controls, and also that it represses 

translation of dystrophin. miRNA-31 was expressed around 50-fold higher in mdx mice, 

7-fold higher in DMD patients, but was expressed at similar levels in normal humans 

and in BMD individuals (Cacchiarelli, Incitti et al. 2011). Finally, miRNA-targeting 

AOs were used in combination with exon-skipping AOs in patients cells from a DMD 

patient missing exons 48-50, which resulted in a 3-fold increase in dystrophin 

expression, suggesting that the combination of miRNA targeting and exon skipping 

could enhance the therapeutic outcome for patients (Cacchiarelli, Incitti et al. 2011). 

Aside from this miRNA, no other miRNA interactions have been reported for 

dystrophin to date.  

 

The 3’UTR of human dystrophin contains a strong consensus vigilin binding site 

(Kanamori, Dodson et al. 1998). Vigilin is a K-homology (KH)-domain protein that 

contains 14 KH domains (Kanamori, Dodson et al. 1998). The precise function of this 
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protein is unknown, but it is thought to play roles in translation, tRNA transport, and 

control of mRNA metabolism (Goolsby and Shapiro 2003). One known role for vigilin 

is the protection of vitellogenin mRNA against degradation during exposure to estrogen 

through the protection of a PMR-1 binding site, which has the consensus 

APyrUGA(Cunningham, Dodson et al. 2000). PMR-1 is an mRNA endonuclease that 

interacts with binding sites (there are 2 adjacent sites in vitellogenin) and selectively 

degrades the vitellogenin mRNA.  Vigilin blocks this process when required. Using gel 

shift assays, Kanamori and colleagues demonstrated that vigilin efficiently binds to the 

human dystrophin mRNA sequence. They also showed that introduced mutations in the 

binding sequence in a modified in vitro assay confirmed the importance of sequence and 

structural specificity in regards to vigilin-mRNA interaction. Dystrophin also contains a 

PMR-1 binding site, so it is possible that dystrophin mRNA expression is regulated by 

vigilin and/or PMR-1. 

 

While there are no confirmed regulatory features of the dystrophin 3’UTR (except for 

the miR-31 binding site), the high level of conservation in specific regions and the 

presence of some potential regulatory elements indicates that AOs targeted to the 

3’UTR could have the potential to modulate dystrophin expression. 

 

3.4.2  In silico analysis 

The human and mouse dystrophin 3’UTR sequences were aligned using the EMBOSS 

needle alignment program (http://www.ebi.ac.uk/Tools/psa/emboss_needle/). Potential 

miRNA binding sites were screened using online tools miRBase 

(http://www.mirbase.org/) and miRNA.org (http://www.microrna.org/). UTR scan 

(http://itbtools.ba.itb.cnr.it/utrscan) was used to screen for potential motifs or factor 
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binding sites. All features discovered through in silico screening are shown in Figure 

3.11. 

 

    1 gaagtcttttccacatggcagatgatttgggcagagcgatggagtcctta     50    
      ||||.|||||||||||||||||||||||||||||||||||||||||||||
    1 gaagccttttccacatggcagatgatttgggcagagcgatggagtcctta     50

   51 gtatcagtcatgacagatgaagaaggagcagaataaatgttttacaactc    100
      ||.|||||||||||||||||||||||||||||||||||||||||||||||
   51 gtttcagtcatgacagatgaagaaggagcagaataaatgttttacaactc    100

  101 ctgattcccgcatggtttttataatattcatacaacaaagaggattagac    150
      |||||||||||||||||||||||||||||.||||||||||||||||||||
  101 ctgattcccgcatggtttttataatattcgtacaacaaagaggattagac    150

  151 agtaagagtttacaagaaat-aaatctatatttttgtgaagggtagtggt    199
      |||||||||||||||||||| |||||||||||||||||||||||||||||
  151 agtaagagtttacaagaaataaaatctatatttttgtgaagggtagtggt    200

  200 attatactgtagatttcagtagtttctaagtctgttattgttttgttaac    249
      |.||||||||||||||||||||||||||||||||||||||||||||||||
  201 actatactgtagatttcagtagtttctaagtctgttattgttttgttaac    250

  250 aatggcaggttttacacgtctatgcaattgtacaaaaaagttataagaaa    299
      |||||||||||||||||||||||||||||||||||||||||||.||||||
  251 aatggcaggttttacacgtctatgcaattgtacaaaaaagttaaaagaaa    300

    miR31*
  300 actacatgtaaaatcttgatagctaaataacttgccatttctttatatgg    349
         |||||||||||||||||||||||||||||||||||||||||||||||
  301 ---acatgtaaaatcttgatagctaaataacttgccatttctttatatgg    347

  350 aacgcattttgggttgtttaaaaatttataacagttataaagaaagattg    399
      ||||||||||||||||||||||||||||||||||||||||||||||||||
  348 aacgcattttgggttgtttaaaaatttataacagttataaagaaagattg    397

  400 taaactaaagtgtgctttataaaaaaaagttgtttataaaaacccctaa-    448
     |||||||||||||||||||| |||||||||||||||||||||||||||| 
  398 taaactaaagtgtgctttat-aaaaaaagttgtttataaaaacccctaaa    446

                    Mouse miR1187 (predicted)
  449 -aaaca-aaacaaacacacacacacacacatacacacacacacaca----    492
       ||||| |.||..|||||||||||||||||.|||||||||||||||    
  447 caaacacacacgcacacacacacacacacacacacacacacacacacgca    496

Figure 3.11 A: Pairwise alignment of the human and mouse dystrophin 3’UTRs. Lemaire region A (Lemaire 

et al., 1988) is shown by the blue box. Predicted miRNA target sites are shown in yellow. The red represents the an-

cient 3’UTR that is translated as a novel open reading frame corresponding with the alternative splicing of exon 78 

in some transcripts. First round AO binding sites are indicated by the blue bars, numbered according to Table 3.10.
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  493 ------------------------------------------aaactttg    500
                                                |.||..||
  497 cacatacatgcacgaacccaccacacacacacacacacacacacacactg    546

  501 aggcagcgcattgttttgcatccttttggcgtgatatccatatgaaattc    550
      |||||||.|||||||||||||...|||.|||||.|||.||||||.|||||
  547 aggcagcacattgttttgcattactttagcgtggtattcatatggaattc    596

  551 atggc---tttttctttttttgcatattaaagataagacttcctctacca    597
      |||.|   |||||.||||.|||||||..|                    |
  597 atgacgtttttttattttcttgcatacga--------------------a    626

  598 ccacaccaaatgactactacacactgctcatttgagaactgtcagctgag    647
      ||.||||||||||||.||.||.|.|||||.||||||||.|||...|||||
  627 ccccaccaaatgactgcttcatattgctcttttgagaattgttgactgag    676

  648 tggggcaggct-tgagttttcatttcatatatctatatgtctataagtat    696
      ||||||.|||| ||.|.||||||||.|||.|||||||||||||.||||||
  677 tggggctggctatgggctttcattttatacatctatatgtctacaagtat    726

  697 ataaatactatagttatatagataaagagatacgaatttctatagactga    746
      |||||||||||||.||||||||||||.|||||.|||.||          |
  727 ataaatactataggtatatagataaatagatatgaagtt----------a    766

  747 ctttttccattttttaaatgttcatgtcacatcctaatagaaagaaatta    796
      |||.|||        ||||||||.||.|||.|||||||    .||||||.
  767 cttcttc--------aaatgttcttgccacttcctaat----ggaaattg    804

  797 cttctagtcagtcatccaggcttacctgcttggtctagaatggatttttc    846
      |||||    |||||||..||||||.||||||||.|.|||.||.|||||.|
  805 cttct----agtcatctgggcttatctgcttgggcaagagtgaattttcc    850

  847 ccggagccggaagccaggaggaaacta-caccacactaaaacattgtcta    895
      |.||||||..||||||||||   |||| |.|||||||||||.||||||||
  851 ctggagcccaaagccaggag---actaccgccacactaaaatattgtcta    897

  896 cagctccagatgtttctcattttaaacaactttccactgacaacgaaagt    945
      ..|||||||||||||||..|||||   |||||||||||||.|.|      
  898 gggctccagatgtttctagtttta---aactttccactgagagc------    938

  946 aaagtaaagtattggatttttttaaagggaacatgtgaatgaatacacag    995
      ||.||.||| .||||||||.|| ||||||||.||||||||||||||
  939 ----tagaggatt-catttttttcaa-ggaacatgcgaatgaatacacag    982

  996 gacttattat-atcagagtgagtaatcggttggttggttgattgattgat   1044
      ||||||.||| ||       ||||||..|||||                 
  983 gacttactatcat-------agtaatttgttgg-----------------   1008

 1045 tgattgatacattcagcttcctgctgctagcaatgccacgatttagattt   1094
         .|||||.|||||.||||||.|||.|           |..|||.||||
 1009 ---ctgatatattcaacttcctactgtt-----------gggttatattt   1044

 1095 aatgatgcttcagtggaaatcaatcagaaggtattctgaccttgtgaaca   1144
      |||||||.|||.|       ||||                    .|||||
 1045 aatgatgtttctg-------caat--------------------agaaca   1067

 1145 tcagaaggtattttttaactcccaagcagtagcaggacgatgatagg-gc   1193
      |||||.|..| |||||||||||||..||||||.||||.||||.|||| ||
 1068 tcagatgaca-tttttaactcccagacagtaggaggaagatggtaggagc   1116

 1194 tggagg--gctatggattcccagcccatccctgtga-aggagtaggccac   1240
      |..|||  ||   ||.|.|.|||.|.||...|.||| .||||.| .|.||
 1117 taaaggttgc---ggctcctcagtcaatttatatgaggggagca-acaac   1162
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 1241 tctttaagtgaaggattggatgattgttcata---atac--ataaagttc   1285
      |||    ||.||.||.|||||||.|.||.|.|   ||||  |||||..||
 1163 tct----gtaaaagaatggatgaatatttacaactatacatataaacatc   1208

 1286 tctgtaattacaactaaattattatgccctcttctcacagtcaaaaggaa   1335
      |||.||||||||||||||||.||.||||||||||..|.|.||||...|||
 1209 tctataattacaactaaattgttctgccctcttcataaactcaacctgaa   1258

 1336 ctgggtggtttggtttttgttgctt-------------------------   1360
      .||||||||||.|||.|||||| ||                         
 1259 gtgggtggttttgttgttgttg-ttgttgttgttgttgatgatgatgatg   1307

 1361 ---------ttttagatttattg----------tc-ccatgtgggatga-   1389
               ||||||||||.|||          || .||| ||.||||| 
 1308 aattttagattttagattttttgggtttttttttcttcat-tgtgatgat   1356

 1390 ---gtttttaaatgccacaagacata--atttaaaataaataaactttgg   1434
         .|||||.|||||..||||||.||  |||            |||.|  
 1357 ttttttttttaatgctgcaagacttaggatt------------actgt--   1392
       k-box
 1435 gaaaaggtgtaaaacagtagccccatcacatttgtgatactgacagg---   1481
               |||.|.||||.|||.|||||| ||||||..||    ||   
 1393 ---------taagaaagtaacccaatcaca-ttgtgaccct----ggtga   1428

 1482 -tatcaacccagaagcccatgaactgtgtttccatcctttgca----ttt   1526
       |||||..||||||||||||||||||..|||...|||||||||    |||
 1429 atatcagtccagaagcccatgaactgcatttgtctcctttgcattggttt   1478

 1527 ctctgcgagtagttccacacaggtttgtaagtaagtaagaaagaaggcaa   1576
      |.||||.||||..||||||||||.||||..||        .||||||||.
 1479 ccctgcaagtaactccacacaggattgtgggt--------gagaaggcac   1520

 1577 attgattcaaatgtt------acaaaa--------aaacccttct-tggt   1611
      |.||.||..||.|||      .|||||        ||||   ||| ||||
 1521 agtggttggaaagttttgagagcaaaagcgtctccaaac---tctctggt   1567
     NRE
 1612 ggattagacagg-ttaaatatataaacaaa--caa-acaaaaattgctca   1657
      ..|.|.|||.|| |.||||.|.||||||||  ||| .|    ||||    
 1568 ctagttgacgggctgaaatgtctaaacaaatgcaagtc----attg----   1609

 1658 aaaaagaggag-aaaagctcaagaggaaaagctaaggactggtaggaaaa   1706
        ||..||||| |||||..|||.||  ||||||||||||||.|||| ||.
 1610 --aaccaggagaaaaagtgcaacag--aaagctaaggactgctagg-aag   1654
      Brd-box
 1707 agctttact-ctttcatgccattttatttcttttt--gatttttaaatca   1753
      ||||||||| ||.||||||||.||| .|||||.||  .||||..|.|.||
 1655 agctttactcctctcatgccagttt-cttcttcttagcatttaaagagca   1703

 1754 ttcattcaatagataccaccgtgtgacctataattttgcaaatctgttac   1803
      |||..||||||||.|.|||    ||.|||||.||||||||||||||||||
 1704 ttctctcaatagaaatcac----tgtcctatcattttgcaaatctgttac   1749

 1804 ctctgacatcaagtgtaattagcttttggagagtgggctgacatcaagtg   1853
      ||||.||.|||||||||||||.|||                         
 1750 ctctaacgtcaagtgtaattaactt-------------------------   1774

 1854 taattagcttttggagagtgggttttgtccattattaataattaat-taa   1902
         .||||       ||||||||||||||||||||||||      | |||
 1775 ---ctagc-------gagtgggttttgtccattattaat------tgtaa   1808

 1903 ttaacatcaaacacggcttctcatgctatttctacctcactttggttttg   1952
      ||||||||||||||.|||||||||||||||||||||||||||||||||||
 1809 ttaacatcaaacacagcttctcatgctatttctacctcactttggttttg   1858

7
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 1953 gggtgttcctgataattgtgcacacctgagttcacagcttcaccacttgt   2002
      |||||||.||..|||||||||||||||.|.||||||.|||||||||||||
 1859 gggtgtttctagtaattgtgcacacctaatttcacaacttcaccacttgt   1908

 2003 ccattgcgttattttctttttcctttataattctttctttttccttcata   2052
      |..|||.||......|..||||||             ||||||.||.|||
 1909 ctgttgtgtggacaccagtttcct-------------tttttcatttata   1945

 2053 attttcaaaagaaaacccaaagctctaaggtaacaaattaccaaattaca   2102
      ||||.||||||||||||||||||||||||.||||||||            
 1946 atttccaaaagaaaacccaaagctctaagataacaaat------------   1983

 2103 tgaagatttggtttttgtcttgcatt---------tttttcctttatgtg   2143
      |||| ||||||||.|.|||||||.||         |.|.|||||||||||
 1984 tgaa-atttggttctggtcttgctttctctctctctctctcctttatgtg   2032

 2144 acgctggaccttttctttacccaaggattt-ttaaaactcagatttaaaa   2192
      .|.||||.|.|||||||||.|||||||||| ||...||..||||||||||
 2033 gcactgggcattttctttatccaaggatttgttttcaccaagatttaaaa   2082

 2193 caaggggttactttacatcctactaagaagtttaagtaagtaagtttcat   2242
      |||||||||.|||    ||||||||||||||||       ||||||||||
 2083 caaggggttcctt----tcctactaagaagttt-------taagtttcat   2121

 2243 tctaaaatcagaggtaaatagagtgcataaataattttgttttaatcttt   2292
      |||||||||..|||||.|||||||||    |||.||||||||||||||||
 2122 tctaaaatccaaggtagatagagtgc----atagttttgttttaatcttt   2167

 2293 ttgtttt-tcttttagacacattagctctggagtgagtctgtcataatat   2341
      |.||||| ||||||||  |.|||||.||||||||||.|||.|||.|||||
 2168 tcgttttatcttttag--atattagttctggagtgaatctatcaaaatat   2215
       Brd-box
 2342 ttgaacaaaaattgagagctttattgctgcattttaagcataattaattt   2391
      |||||.|||||.||||||||||||||||| ||||||||||    ||||||
 2216 ttgaataaaaactgagagctttattgctg-attttaagca----taattt   2260

Figure 3.11 B: Less conserved region of the dystrophin 3’UTR. Elements predicted by 3’UTR scan are indicated . 
Brd-box (dark blue), K-box (pink) and nanos reponse element (NRE, light blue). AO binding sites indicated by the 
blue bars.
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3.4.3 Results and discussion 

Targeting AOs to the dystrophin 3’UTR: First generation 

Thirteen 2’O-methyl AOs designed to bind to the conserved regions of the dystrophin 

3’UTR were synthesised on an Expedite 8909. AO coordinates and sequences are 

shown in Table 3.10. This first panel of AOs mainly target “Lemaire D” conserved 

 2392 ggacattatttcgtgttgtgttctttataaccaccaagtattaaactgta   2441
      ||||||.|||||     .|||||||||||||||.|||||||||||.||||
 2261 ggacatcatttc-----atgttctttataaccatcaagtattaaagtgta   2305

 2442 aatcataa----tgtaactgaagcataaacatcacatggcatgttttgtc   2487
      ||||||||    ||||||||||||||||.|||||||||||||||.|..||
 2306 aatcataatcagtgtaactgaagcataatcatcacatggcatgtatcatc   2355

 2488 attgttttcaggtactgagttcttacttgagtatcataatatattgtgtt   2537
      |||||.|.|||||||||...|||||||||||||||||||||.||||||||
 2356 attgtctccaggtactggactcttacttgagtatcataatagattgtgtt   2405

 2538 ttaacaccaacactgtaacatttacgaattatttttttaaacttcagttt   2587
      |||||||||||||||||||||||||.||||||||||||||||||||||||
 2406 ttaacaccaacactgtaacatttactaattatttttttaaacttcagttt   2455

 2588 tactgcattttcacaacatatcagacttcaccaaatatatgccttactat   2637
      |||||||||||||||||||||||||.||||||||||||||||||||||||
 2456 tactgcattttcacaacatatcagatttcaccaaatatatgccttactat   2505

 2638 tgtattatagtactgctttactgtgtatctcaataaagcacgcagttatg   2687
      |||||||||.||||||||||||||||||||||||||||||||||||||||
 2506 tgtattatattactgctttactgtgtatctcaataaagcacgcagttatg   2555

 2688 ttac   2691
      ||||
 2556 ttac   2559

Figure 3.11 C: Lemaire “D” region indicated by the blue box. First round AO binding sites indicated by 
the blue bars, numbered as in table 3.10. The vigilin binding site is indicated by the red box.

8

9

10 11

1312



 150 

region and the alternatively spliced exon 79 with a couple of AOs targeting predicted 

miRNA or factors binding sites indicated in Figure 3.11.  

 
AO Number AO coordinates Sequence 5’-3’ 

1 Dys3'A(+6+30) cca aau cau cug cca ugu gga aaa g 

2 Dys3'A(+28+52) acu aag gac ucc auc gcu guc ccc a 

3 Dys3'A(+54+78) cuc cuu cuu cau cug uca uga cug a 

4 Dys3'A(+79+103) cag gag uug uaa aac auu cau ucu g 

5 Dys3'A(+454+478) uau gug ugu gug ugu gug uuu guu u 

6 HDys3’A(+460+484) ugu gug uau gug ugu gug ugu gug u 

7 Dys3'A(+1633+1657) uga gca auu uuu guu ugu uug uuu a 

8 Dys3’A(+2530+2554) uac agu guu ggu guu aaa aca caa u 

9 Dys3’A(+2564+2588) aaa acu gaa guu uaa aaa aau aau u 

10 Dys3’A(+2588+2612) ucu gau aug uug uga aaa ugc agu a 

11 Dys3’A(+2614+2638) aau agu aag gca uau auu ugg uga a 

12 Dys3'A(+2648+2672) uau uga gau aca cag uaa agc agu a 

13 Dys3’A(+2667+2691 )  gua aca uaa cug cgu gcu uua uug a 

Table 3.10: First generation AOs targeting the dystrophin 3’UTR 

 

All AOs were designed to conserved regions of the 3’UTR except for AO 6, 

HDys3’A(+460+484), which is specific to the human sequence and binds to a potential 

miRNA binding site. AO designations will be shortened to D3’A(coordinates) in future 

references. 

 

Several control AOs were used in this project to assess dystrophin expression in treated 

samples, as shown in Table 3.11. 
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AO number AO coordinates Sequence 5’-3’ 

C1 H10A(-33-14) uaa auu ggg ugu uac aca au 

C2 HSOD3A(+5+27) uaa agu gag gac cug cac ugg ua 

C3 HSOD4A(+5+27) uuu guc agc agu cac auu gcc ca 

C4 Scrambled sequence ucg ucc guc uca ggc gga cua uag c 

C5 Scrambled sequence gga ugu ccu gag ucu aga ccc ucc g 

C6 Scrambled sequence agu cua gac ccu ccg uua aug gag g 

 

Table 3.11: Control AOs used in dystrophin stabilisation experiments. C1 is an ineffective dystrophin-targeting 

AO, C2 and C3 target human SOD1 and were found to have no effect on SOD1 expression, C4-C6 are scrambled 

sequences that do not have any significant homology to other targets (according to a BLAST search).  

 

First generation AO screening  

Seven AOs were transfected into primary human myoblasts that had been propagated 

and differentiated for 48 hours. The transfection was left for 48 hours prior to RNA 

collection. cDNA was synthesized and analysed by qRT-PCR as described in Section 

2.2.4. Results are shown in graphical form in Figure 3.12. Some AOs seemed to have a 

positive effect on dystrophin mRNA expression when compared to the control AO C1, 

in particular AOs D3’(+6+30), D3’(+2530+2554), D3’(+2564+2588) and 

D3’(+2588+2562) which increased dystrophin expression in a dose-dependent manner. 

 

The remaining six AOs from the first series of AOs were transfected and analysed as 

described above. qRT-PCR indicated that none of these AOs altered dystrophin 

expression (Figure 3.13), with some AOs appearing to knockdown dystrophin 

expression in a dose-dependent manner, for example D3’A(+79+103).  
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Combinations of AOs 

Pairs of non-overlapping AOs were tested as cocktails in primary human myoblasts 

(Table 3.12) and analysed as described. Results are shown in Figure 3.14. Cocktails 1, 

7, and 8 seemed to increase dystrophin expression 2-fold at the highest concentration. 

 

 
Cocktail number Individual AO numbers AO1 AO2 

1 8, 9 Dys3'A(+2530+2554) Dys3'A(+2564+2588) 

2 9, 10 Dys3'A(+2564+2588) Dys3'A(+2588+2612) 

3 10, 11 Dys3'A(+2588+2612) Dys3'A(+2614+2638) 

4 11, 13 Dys3'A(+2614+2638) Dys3'A(+2667+2691) 

5 8, 10 Dys3'A(+2530+2554) Dys3'A(+2588+2612) 

6 9, 11 Dys3'A(+2564+2588) Dys3'A(+2614+2638) 

7 10, 13 Dys3'A(+2588+2612) Dys3'A(+2667+2691) 

8 8,11 Dys3'A(+2530+2554) Dys3'A(+2614+2638) 

Table 3.12: Composition of AO cocktails transfected into primary myoblasts.



 
 
 
 

 

 

 

Figure 3.12: qRT-PCR analysis of dystrophin mRNA expression in AO treated cells. Each sample had three technical replicates and the average Ct value for each sample was used for 

analysis using the method described by Pfaffl ((Pfaffl 2001). Each sample was amplified with two different dystrophin primer sets, one amplifying within exon 1, and the other from exons 43-44 

(data shown in 2 series). Data is represented as fold change in dystrophin expression relative to the expression in samples treated with the control AO C1. 
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Figure 3.13: qRT-PCR analysis of dystrophin mRNA expression in AO treated cells. Each sample had three technical replicates and the average Ct value for each sample was used for 

analysis using the method described by Pfaffl (Pfaffl 2001). Each sample was amplified with two different dystrophin primer sets, one amplifying within exon 1, and the other from exons 43-44 

(results shown in 2 series). Data is represented as fold change in dystrophin expression relative to the expression in samples treated with the control AO C1. 
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Figure 3.14: qRT-PCR analysis of dystrophin mRNA expression in differentiated myoblasts following transfection with AO cocktails. Cocktail components are listed in Table 3.12, 

labelled C1 – C8. Each sample had three technical replicates and the average Ct value for each sample was used for analysis using the method described by Pfaffl (Pfaffl 2001). Each sample 

was amplified with two different dystrophin primer sets, one amplifying within exon 1, and the other from exons 43-44 (results shown in 2 series). Data is represented as fold change in 

dystrophin expression relative to the expression in samples treated with the control AO C1. 
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These experiments have identified some AOs and AO cocktails that appear to increase 

dystrophin expression in a modest but nevertheless dose-dependent manner. One 

limitation identified in these experiments was the observation that one of the negative 

control AOs (C1) knocked down dystrophin expression by approximately 40% 

compared to the levels seen in untreated cells. Ideally, transfection with a control AO 

should retain a similar level of dystrophin expression as in the untreated samples but it 

has been well established that AO:liposome complexes are known to be toxic to cells, 

especially when applied at high concentrations. Cell death was frequently observed, 

especially at the higher cell transfection concentrations. To further complicate issues, 

some AOs induced more cell death than others, but it is unknown whether this is due to 

sequence-specific effects, off-target effects, or to do with the AO preparation. In any 

case, it is essential that appropriate and relevant controls are used in experiments 

looking at changes in expression, especially when the changes in gene expression may 

be modest. Another issue with this control AO is it is slightly shorter than the other AOs 

used (22bp compared to 25bp). The decision was made to use multiple different control 

AOs for comparison and then average the results. In addition to adding more controls, 

an additional housekeeping gene primer set was included in the qRT-PCR analysis. 

 

Follow-up screening of positive compounds 

The AOs that increased dystrophin expression in the first screen (AOs 1, 8, 10, and 13), 

as well as AO 11 that seemed to have a significant negative effect on dystrophin, were 

re-tested, and three new control AOs were included in the experiment (Table 3.11, C2-

4). Results are shown in Figure 3.15. 
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Figure 3.15: qRT-PCR analysis of dystrophin mRNA expression in AO-treated cells. Each sample had three 

technical replicates and the average Ct value for each sample was used for analysis using the method described by 

Pfaffl (Pfaffl 2001). Each sample was amplified with two different dystrophin primer sets, one amplifying within exon 

1, and the other from exons 43-44 (results shown in 2 series). Data is represented as fold change in dystrophin 

expression relative to the expression in samples treated with control AOs. 



The comparison to control AO 3 (C3) looked very different to the comparison to the 

other two control AOs. Analysis of the expression of dystrophin in samples treated with 

a sham-AO compared to three untreated samples shows that C3 significantly down-

regulates dystrophin in primary human myoblasts (Figure 3.16).  

 

Figure 3.16: qRT-PCR analysis of the effect of control AOs 2-4 on dystrophin expression.  Each sample had 

three technical replicates, and the average Ct value for each sample was used for analysis using the method 

described by Pfaffl (Pfaffl 2001). Each sample was amplified with two different dystrophin primer sets, one amplifying 

within exon 1, and the other from exons 43-44 (shown in 2 series). Data is represented as fold change in dystrophin 

expression relative to the average expression in untreated primary myoblast samples. 

 

Because C3 knocked down dystrophin expression so substantially, the C3 data was 

excluded from analysis. The results using C2 and C4 provide evidence that AOs 

D3’A(+2530+2554) and D3’A(+2588+2612) have a positive effect on dystrophin 

mRNA expression, inducing a 2-fold up-regulation at 400nM concentration.  The 

increase in dystrophin expression was evident in a dose-dependent manner. 

D3’A(+6+30) also seems to increase dystrophin expression although it was less 

pronounced. In contrast, D3’A(+2614+2638) had a significant negative effect on 

dystrophin expression, knocking down transcript levels by 50%. D3’A(+2648+2672) 

has no apparent effect on dystrophin expression. Controls C4-C6 were used for a repeat 

experiment to determine if the data could be replicated with the use of scrambled AO 

controls. In addition, the data indicate that dystrophin mRNA expression is higher when 



 159 

assessed at the beginning of the transcript compared to when analysed with the exon 44-

45 dystrophin primer set. It was decided that future analysis of dystrophin expression 

would be done using a primer set amplifying exons 4-5, and two housekeeping gene 

primer sets would be used for normalisation (RPLP0 and TBP).   

 

The two AOs showing the most promise so far, D3’A(+2530+2554) and 

D3’A(+2588+2612), were repeated in duplicate using three control AOs (C4-C6, Table 

3.11). Results are shown in Figure 3.17.  

 

 

Figure 3.17: qRT-PCR analysis of dystrophin mRNA expression in AO treated cells. AOs were tested in two 

separate experiments at 400nM, 200nM, and 100nM, and once at 50nM and 25nM. Error bars represent standard 

error between the two biological replicates. Each individual sample had 3 technical replicates, was compared to 3 

different control AOs, and the average value was calculated. Data is represented as fold change in dystrophin 

expression relative to the expression in sham-AO treated samples. 
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Figure 3.18: qRT-PCR analysis of dystrophin mRNA expression in sham-AO treated cells. Each control AO 

was analysed against three biological untreated controls, standard error is shown. 

 

The control AOs seem to be knocking down dystrophin expression by 20- 40% 

compared to the untreated samples, but it appears that both candidate AOs are 

upregulating dystrophin mRNA levels by 2-fold, and follow a dose response. 

 

Second generation AO screening and screening of other domains 

A second panel/series of AOs targeting the dystrophin 3’UTR were designed around the 

region where AOs were showing some promise, and another six AOs designed bind 

within the “Lemaire A” region at the beginning of the 3’UTR (Appendix 3.2, Table S1). 

None of the new AOs appeared to have any significant effect on dystrophin expression 

(data not shown). 
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Vigilin binding domain 

Two of the AOs, D3’A(+2588+2612) and D3’A(+2614+2638), tested in the initial 

screening of the first generation AOs (Figure 3.12) bind to the vigilin binding domain. 

Interestingly, AO D3’A(+2588+2612), which seems to have a positive effect on 

dystrophin expression, binds to the first half of the vigilin domain, which contains the 

predicted PMR-1 cleavage site. The second AO, D3’A(+2614+2638), which seems to 

have a negative effect on dystrophin expression, binds to the second half of the 

predicted vigilin binding domain. A possible explanation for the effects of these AOs is 

that the first AO covers the cleavage site, so although vigilin is displaced, the cleavage 

site is efficiently masked and the transcript is stabilized. The other AO masks some of 

the vigilin binding domain, potentially displacing vigilin, but does not mask the 

cleavage site, so the down-regulation that results following treatment with this AO 

could be due to the exposure of the PMR-1 binding site and increased cleavage of the 

transcript. The combination of these AOs (Cocktail 3) seems to have an additive effect 

(Figure 3.14).  

 

New AOs were designed in the predicted vigilin binding region in order to investigate 

the potential for regulation from this region (Table 3.14). In addition to testing the AOs 

individually, AOs were annealed as described in section 2.2.2 in Chapter 2 to see the 

effect of double-stranded (duplex) AOs on dystrophin mRNA expression. Results are 

shown in Figure 3.19. 
AO Number Coordinates Sequence 5’-3’ 

23 Dys3’S(+2599+2623) cac aac aua uca gac uuc acc aaa u 

24 Dys3’S(+2582+2606) cag uuu uac ugc auu uuc aca aca u 

25 Dys3’A(+2599+2623) auu ugg uga agu cug aua ugu ugu g 

26 Dys3’A(+2582+2606) aug uug uga aaa ugc agu aaa acu g 

Table 3.14: AOs targeting the vigilin binding domain.
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Figure 3.19: qRT-PCR analysis of dystrophin mRNA expression in cells treated with AOs targeting the vigilin binding domain in the dystrophin 3’UTR. Each AO was analysed using 

two house-keeping gene primer sets, RPLP0 and TBP. Four different control AOs were used for comparison. The data is presented as the average fold change in dystrophin mRNA expression 

relative to the sham AOs, and the error bars represent the standard error of the mean. AO names include either an A (antisense), S (sense), or DS (double stranded) according to their 

orientation. 



 163 

None of the individual single stranded AOs tested had a significant effect on dystrophin 

expression, but an increase in dystrophin mRNA levels of 2-3 fold was observed after 

transfection with the double-stranded AO (Figure 3.19). Although previous reports have 

demonstrated an up-regulation of certain genes when using dsRNAs, the mechanism of 

up-regulation is RNAi (discussed in detail in Chapter 1). 2’O-methyl AOs should not 

induce RNAse-H activity or RNAi, so these mechanisms are unlikely to be involved 

here. In addition, the fact that none of the individual AOs had an effect casts doubt on 

the previous data from AOs in the vigilin binding domain.  

 

The two AO duplexes were tested again, and AOs D3’(+2599+2623) (sense and 

antisense) were also transfected as a cocktail (together but not annealed prior to 

transfection; it is unknown if this would make a difference but it was tested nevertheless 

to see the effect). AOs D3’A(+2530+2554) and D3’A(+2588+2612) that showed 

promise in initial experiments were also re-tested. There was no consistent increase in 

dystrophin expression (data not shown). 

 

Further investigation and comprehensive testing of potential AO candidates 

The two AOs D3’A(+2530+2554) and D3’A(+2588+2612) have consistently shown 

promise for modestly up-regulating dystrophin expression at the mRNA level. The 

complementary sequences of these AOs were synthesised and the four AOs were tested 

individually as well as double stranded sense and antisense combinations AOs 

(annealed and as cocktails). Three control AOs were used and TBP was the 

housekeeping gene analysed for normalisation (Figure 3.20).  
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Figure 3.20: qRT-PCR analysis of dystrophin mRNA expression in AO-treated cells. Results represent the average fold change in dystrophin expression in treated samples relative to 

three different control AOs. Error bars show the standard error of the mean. 



 Expression of dystrophin in control AO samples compared with untreated controls is 

shown in Figure 3.21. 

 

 

 

Figure 3.21: qRT-PCR analysis of dystrophin mRNA expression in control AO samples. Dystrophin expression 

is shown as fold change compared to untreated control samples. 

 

None of the AOs tested increased dystrophin transcript levels above the control AOs. 

The two promising AOs were tested again, alongside an AO, D5’A(+56+80), that 

targets the dystrophin 5’UTR and was found to have a positive effect on dystrophin 

mRNA levels, increasing expression by 2-3 fold (unpublished preliminary data 

conducted by a colleague in our laboratory). Results from this transfection are shown in 

Figure 3.22. Controls used were C4-C6 (Figure 3.23).   
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Figure 3.22: qRT-PCR analysis of dystrophin mRNA expression in AO-treated cells. Data was normalised using 

two housekeeping genes, RPLP0 and TBP, and each AO was compared to three control AOs. Error bars represent 

standard error of the sham-AO comparisons (n=3). 

 

 

Figure 3.23: qRT-PCR analysis of dystrophin mRNA expression in cells treated with control AOs. Analysis 

was performed comparing to three untreated biological replicates. 

 

While the general trend in this experiment is that all three AOs are having a positive 

effect on dystrophin expression, there is considerable variation between the two 
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housekeeping gene primer set data and the three control AOs (as demonstrated by the 

error bars). The control AOs seem to be significantly knocking down dystrophin 

expression in this experiment (50 – 70% knockdown), which is in stark contrast to the 

previous experiment where some of the controls appeared to be slightly increasing 

dystrophin expression, and the test AOs appeared to have no positive impact on 

dystrophin expression. In light of these observations it seems that the “positive” effect 

on increased dystrophin expression may be a false result arising from the negative effect 

of the controls.  

 

Western blot analysis    

AOs D3’A(+2530+2554) and D3’A(+2588+2612) were tested using western blotting. 

Samples were transfected as described and analysed using DYS2 as described in section 

2.2.5.  Results are shown in Figure 3.24. 

 

Figure 3.24: Western blot analysis of dystrophin protein levels in AO-treated cells. 

 

The western blot indicates D3’A(+2530+2554) is increasing dystrophin expression ~2 

fold compared to the UT and control AO 6. However, while loading volumes were 

normalised according to myosin, there is no internal housekeeping control in the 
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western. The 5’UTR-targeting AO, D5’A(+56+80), D3’A(+2530+2554), and the duplex 

D3’(+2582+2606), were tested in duplicate in separate experiments (the second 

experiment tested AOs at lower concentrations), this time using housekeeping gene 

control dysferlin (NCL-Hamlet, Novocastra). Dystrophin protein expression was 

normalised according to dysferlin using densitometry analysis. 

 
Figure 3.25: Western blot analysis of dystrophin expression in AO-treated cells. Each sample is shown at 

400nM, 200nM and 100nM transfection concentration. The western was incubated in dystrophin antibody (DYS) and 

dysferlin for normalisation (DYSF). 

 

 
Figure 3.26: Western blot analysis of dystrophin expression in AO-treated cells, repeat experiment. Each 

sample was transfected at 200nM, 100nM, 50nM and 25nM. Membrane was incubated in dystrophin antibody (DYS) 

and dysferlin antibody for normalisation (DYSF). 
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The western blot experiments presented above confirm the variation that can be seen in 

the qRT-PCR experiments and is further indication that the positive results seen 

following transfection with some of the AOs are likely to be false positive.  

 

Actinomycin D experiment 

Actinomycin D is a potent DNA transcription repressor that can be used to study 

transcript stability, and it has been used in human myoblast culture to estimate the half-

life of dystrophin (Nudel, Robzyk et al. 1988). An experiment to measure the stability 

of the dystrophin transcript after AO targeting the 3’UTR was undertaken as described 

in section 3.2.5. AOs tested in this study were D3’A(+2530+2554), the duplex of 

D3’(+2582+2606), and control AO C7, with and without Actinomycin D. Raw data was 

plotted on a chart, the linear regression was calculated and the slope was used to 

normalize the data to the same starting point. Results are shown in Figure 3.27. 

 
Figure 3.27: Actinomycin D experiment analysing the stability of dystrophin transcripts following AO 

treatment. The dotted lines represent actinomycin D-treated samples. AO treatments are shown in green and blue, 

the control AO C6 is shown in red. Dystrophin expression was normalised according to the data from untreated 

samples.  
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The data from the Actinomycin D experiment indicate that the AOs are not increasing 

the stability of the dystrophin transcript. This is evident from looking at the rate of 

decline of the dystrophin transcript in AO-treated samples also treated with 

Actinomycin D, which is the same as the UT Actinomycin D treated sample. The data 

from control AO 6 demonstrates that the control is knocking down dystrophin 

expression considerably compared to the other AOs, consistent with data from previous 

experiments. 

In-depth analysis of the effect of control AOs on dystrophin mRNA expression 

It is evident that there is too much variation in the AO treated samples to reliably detect 

small changes in dystrophin mRNA levels. In order to conclusively demonstrate this, 6 

replicates of D3’A(+2530+2554) were tested at 400nM concentration along with 6 

replicates of C4 (400nM) and the results were analysed using qRT-PCR. Results are 

shown in Figure 3.28. 

 
Figure 3.28: Variation in dystrophin mRNA levels in AO-treated cells as analysed by qRT-PCR. Samples were 

analysed with two housekeeping genes for normalisation, TBP and RPLP0. The test AO, D3’A(+2530+2554), and the 

control AO C4 were each tested with 6 biological replicates, and each test sample was analysed against each of the 

control samples. Each AO was tested at 400nM concentration. This graph shows the average value of all the 

comparisons (orange), with standard error and standard deviation indicated. The red bars represent the lowest value 

obtained through this series of analysis, and the yellow represents the highest value.  
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 Dystrophin stabilisation: Discussion 

The data shown in Figure 3.28 clearly demonstrate there is variation in DMD expression 

in controls and following AO treatment, as assessed by qRT-PCR. In this experiment, 

all AOs were transfected at the same time from serial dilutions of a common 

AO:lipofectamine 2000 mastermix. This ensured that all other aspects of the experiment 

were kept consistent, such that the result is reflective of the true variation that occurs. 

 

Where did this variation come from? 

There are a number of potential contributors to this variation. Firstly, dystrophin is a 

transcript of low abundance, even in myogenic cells, with an estimated 5-10 dystrophin 

mRNA transcripts per muscle cell (Tennyson, Shi et al. 1996). The Pflaffel equation 

used to analyse qRT-PCR data takes into account the efficiency of the PCR, but 

inevitably a logarithmic method of analysis means that slight changes in the cT value 

can have a major impact on the final value. Each sample was analysed three times 

(technical replicates) so was able to discount any error resulting from pipetting, but 

small changes in the actual number of transcripts can have a major impact on the result, 

which can be problematic when it comes to rare transcripts. In addition, rare transcripts 

require higher numbers of amplification cycles to be detected and this has potential to 

induce further errors, although the Pflaffel equation is in place to help fix this problem. 

 

Another aspect that is of concern is the toxicity of AOs and liposomes. Throughout this 

research, specific and variable toxicity associated with particular AOs has been 

observed. We are unsure of the reason for this, it may have to do with specific sequence 

or AO preparation, although there are no obvious similarities among toxic AOs (this 

will be discussed further in Chapter 7). One immediate reason for concern is the fact 

that the control AOs used in the experiments discussed in this chapter seem to be 
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specifically reducing the expression of the dystrophin transcript. One explanation could 

be that because of the low copy number, toxicity to cells could affect dystrophin more, 

because losing a few copies of the transcripts represents a significantly higher 

percentage of the overall transcripts than if the same number of transcripts from a high-

abundance gene like the housekeeping genes. 

 

Conclusions from these experiments 

1. qRT-PCR is not sufficient to reliably detect changes of 2-fold or below in the 

expression of low abundance transcripts  

While it may be possible to upregulate dystrophin mRNA levels, qRT-PCR is not 

sufficient to detect small changes in expression of rare transcripts. Although dystrophin 

was expected to be a challenging target, the analysis and comparison of numerous 

housekeeping genes in untreated cells indicates that the level of variation observed in 

qRT-PCR (2-fold) exists even when analysing genes with a higher mRNA expression 

level. This is a concern, especially because some published data utilise qRT-PCR for 

detecting small changes in gene expression. For example, a recent paper on the topic of 

age-related macular degeneration that looked at gene expression changes in retinal 

pigment epithelium cells stimulated with a peptide Aβ1-40 used qRT-PCR to confirm 

changes in a number of genes that were identified through microarray analysis (Kurji, 

Cui et al. 2010). They conclude that ‘the qRT-PCR validated the direction of expression 

for most genes’ (ie. the qRT-PCR agreed that the genes were up-regulated and not 

down-regulated). However, looking at the Kurji data in detail, some of the qRT-PCR 

results are quite different to the microarray values, and the error bars are large. They 

also note that one of the genes analysed was detected as downregulated by the 

microarray (-1.64 fold) was identified as being upregulated (+1.53 fold) by the qRT-

PCR (Kurji, Cui et al. 2010). This example highlights a common issue that seems to be 
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overlooked in qRT-PCR experiments, including the experiments initially conducted in 

this project, where the “trend” is up-regulation, and repeat experiments confirm this 

trend so large error bars are ignored.   

 

2. Multiple control AOs and multiple housekeeping gene primer sets are required 

in qRT-PCR analysis. 

The nature of qRT-PCR means that natural variation in mRNA levels is amplified and 

can substantially influence the data analysis, hence it is essential to use multiple internal 

controls in order to achieve a reliable result. The housekeeping gene TBP, analysed for 

normalising the qRT-PCR experiments, was chosen due to the research presented in a 

paper (Yuzbasioglu, Onbasilar et al. 2010) that found this gene to be most stable in a 

model of skeletal muscle degeneration.    

 

It is clear that the qRT-PCR employed in this study has insufficient sensitivity to detect 

small changes in dystrophin expression. One promising new technology called digital 

droplet PCR evaluates the exact number of each transcript present in a sample, 

eliminating the need for logarithmic equations and providing a more accurate analysis 

of mRNA expression (Hindson, Ness et al. 2011).  

 

Implications for dystrophin stabilisation 

Although the experiments presented in this project failed to identify AOs that had a 

consistent dose dependent positive impact on dystrophin expression, this does not mean 

that dystrophin stabilisation is unachievable. It may be that the correct sites were not 

targeted, or that the AOs were unable to alter factor binding or secondary structure 

sufficiently to have the desired effect. Changing the AO chemistry and/or coordinates 

could result in a better outcome. It is also a possibility that dystrophin expression is not 
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regulated significantly by the 3’UTR. 2OMe AOs were used in this study because they 

are readily available and easy to transfect, so were a logical place to start. The main 

conclusion from this study is that the 2OMe AOs evaluated here cannot upregulate 

dystrophin expression to therapeutic levels. In addition, qRT-PCR is not sufficient for 

analysis of dystrophin levels, which is important because of the fact that a small 

increase in dystrophin (less than 2-fold) may have the potential to provide therapeutic 

benefit to BMD patients. A study looking at the relative amounts of dystrophin present 

in DMD muscle found that the presence of small amounts of dystrophin compared to 

none at all was sufficient to increase the age of loss of ambulation from an average of 

7.9 years to 9.9 years (Nicholson, Johnson et al. 1993). A recent study looking at the 

relative amounts of dystrophin present in a BMD patients found there was no 

correlation between the amount of dystrophin present and the age of onset or severity of 

the disease (except for when dystrophin levels were less than 10% of normal, in which 

case the phenotype was more severe), indicating that the stability and functionality of 

the shortened protein plays a major role (van den Bergen, Wokke et al. 2013). However, 

although the specific mutation will have a major influence on disease progression, all 

BMD patients in this study did have reduced levels of dystrophin compared to normal, 

so increasing dystrophin levels (even if the protein has reduced functional capabilities) 

is likely to provide some therapeutic benefit to patients.  

 

While the methods of qRT-PCR have the potential to exacerbate experimental noise, the 

results from the dystrophin western blot also show experimental noise. The initial 

western blot indicated that one of the AOs may have increased dystrophin expression, 

but an in-house housekeeping gene is required in order to confirm the effect.  The repeat 

western blots showed there was considerable variation between the control AOs, which 

confounded the results. For example, in Figure 3.23, control AO 5 (C5) is apparently 
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downregulating dystrophin expression to ~30% of normal at 25nM. As a result, when 

the test AOs are compared at this concentration, they all are reportedly upregulating 

dystrophin expression 3-5 fold. While seemingly significant when compared to this 

control, the substantial reduction in dystrophin expression means that if the levels were 

increased by 3-5 fold they would simply be equivalent to untreated, meaning the AOs 

are really having no effect.  

 

The aim of exon skipping is to convert a DMD gene transcript into a BMD-like isoform, 

essentially allowing a DMD boy to only manifest with BMD-like symptoms.  The 

treatment will be expensive and hence more appropriate for the severe cases of DMD.  

If we could stabilize the dystrophin transcript and increase translation, it could have 

helped BMD patients and may have further enhanced exon skipping effects.  

Unfortunately this was not the case, at least with the 2OMe AO chemistry. Perhaps this 

approach would be viable with other AO chemistries, but this is the subject of future 

work. 
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Chapter 4 
 

McArdle’s disease 
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4.1 Introduction 

 

4.1.1  Clinical characteristics of McArdle’s disease 

McArdle’s disease is a metabolic muscle disorder first described in 1951 by Brian 

McArdle (Mcardle 1951). McArdle described a 30-year-old male patient experiencing 

muscle cramping and weakness after exercise, but his more important observations were 

that (a) the cramps were not associated with electrical impulses like regular cramps, and 

(b) venous lactate levels remained low following ischemic exercise. A lack of increase 

in lactate following ischemic exercise, which is exercise that restricts blood flow to the 

region, is indicative of a defect in the conversion from glycogen to lactate (Zaman and 

De Raedt 2000). The biochemical cause of McArdle’s disease was confirmed in 1959 to 

be the result of a lack of glycogen phosphorylase in skeletal muscle, which is the 

enzyme that catalyzes the rate-limiting step in conversion of glycogen to glucose in 

animals by releasing glucose-1-phosphate from the terminal alpha-1,4-glycosidic bond 

(Mommaerts, Illingworth et al. 1959). McArdle’s disease has been estimated to affect 1 

in 100,000 individuals (Haller 2000). 

 

Symptoms of McArdle’s disease are usually observed before the age of 10 and include 

fatigue, muscle stiffness and pain following exercise (Quinlivan, Buckley et al. 2010). 

This is the result of inefficient anaerobic metabolism and the inability to process 

glycogen as required. McArdle’s patients commonly experience what is called the 

‘second wind phenomenon’ in which the initial muscle pain and fatigue is overcome 

after a short time and the patient is able to continue to exercise (Braakhekke, de Bruin et 

al. 1986). This phenomenon is the result of an increase in cardiac output that increases 

blood flow, and the metabolic switch to using blood glucose rather than glycogen. A 

recent study of 45 McArdle’s patients found that although patients recalled symptoms 
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from early childhood, around 50% of patients were not diagnosed until they were over 

the age of 30 (Quinlivan, Buckley et al. 2010). Patients most commonly seek medical 

treatment for painful muscle cramping, with all skeletal muscles equally susceptible. 

More severely, continued exertion of stressed muscles can result in rhabdomyolysis, 

which is the result of the release of breakdown products from damaged muscle cells into 

the bloodstream, and this in turn can result in kidney failure. Muscle weakness is a late-

onset symptom seen in McArdles’ sufferers, appearing only after the age of 40 and not 

in all patients. Weight gain is also common and patients have a somewhat reduced 

distance on a 12-minute walk test, although the distance is highly variable depending on 

the individual (Quinlivan, Buckley et al. 2010). The severity of McArdle’s disease 

seems to vary depending on the individual, with some patients never experiencing all of 

the symptoms. 

 

4.1.2  Genetics of McArdle’s disease 

McArdle’s disease is a recessive disease caused by mutations that disrupt the glycogen 

phosphorylase muscle gene, PYGM. To date there have been over 65 different PYGM 

mutations reported to cause McArdle’s disease (Andreu, Nogales-Gadea et al. 2007), 

but the most common mutation is a premature termination (R50X), that has an 

estimated allele frequency of 58% (Deschauer, Morgenroth et al. 2007). Glycogen 

phosphorylase cleaves glycogen to yield glucose 1-phosphate (Newgard, Littman et al. 

1988) that must be converted to glucose-6-phosphate by the enzyme 

phosphoglucomutase before metabolism. Disruption of this reaction in muscle prevents 

the use of muscle glycogen for the energy required for muscle contractions, and leads to 

exercise intolerance and cramps. 
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Figure 4.1: Enzymatic reaction catalysed by glycogen phosphorylase. 

 

McArdle’s disease has a variable phenotype that does not seem to correlate with the 

location of the mutation, and individuals with the same PYGM mutations can have 

significantly different phenotypes (Paradas, Fernandez-Cadenas et al. 2005). Paradas 

and colleagues suggested that this could be due to variation in disease modifying genes, 

and one such gene has been identified, the angiotensin-converting enzyme (ACE) gene 

(Rubio, Gomez-Gallego et al. 2007). This enzyme increases blood pressure, and 

McArdle’s patients with heightened tolerance to exercise were found to express this 

gene at lower levels than other patients. A randomized trial investigated the effect of 

ACE inhibitors on exercise tolerance in McArdle’s patients, and reported a small but 

significant reduction in the global disability score (determined by a questionnaire filled 

out by patients), but no physiological effect was observed (Martinuzzi, Liava et al. 

2007). It is likely that there are other disease modifying factors involved in McArdle’s, 

and as the condition relates to muscle function, diet and exercise are also likely to have 

an impact on the disease severity. 

 

4.1.3  Glycogen phosphorylase isoforms 

McArdle’s disease is caused by mutations in the muscle glycogen phosphorylase gene, 

but there are two other distinct genes that also code for glycogen phosphorylase. They 

are named according to the tissues in which they are predominantly expressed; muscle, 

brain and liver; although it is important to note that most tissues contain a combination 
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of isoforms at varying levels (Newgard, Littman et al. 1988). Situated on different 

chromosomes, the glycogen phosphorylase genes are thought to have evolved by 

duplication and translocation of a common ancestral gene. Newgard and colleagues 

(Newgard, Littman et al. 1988) analysed and compared these genes, and found a high 

degree of similarity between them. The amino acid sequence from 1 - 830 aligns 

without any deletions or insertions for all three isoforms. The level of conservation of 

the isoforms compared to the brain isoform is shown in the table below. 

 

 

 

Table 4.1: Conservation between the glycogen phosphorylase isoforms 

 

Despite their sequence differences, all three isoforms catalyse the same reaction, and the 

main difference between them seems to be the context in which this reaction occurs, 

which is related to regulation. Depending on their regulation, glycogen phosphorylase 

converts between the active “R” state and the inactive “T” state, which in turn allows 

the enzyme to be switched to active as required in response to external stimuli. The 

features of the different isoforms are summarised below. 

 

Muscle gene (PYGM) 

Muscle glycogen phosphorylase converts glycogen to phosphorylated glucose to 

provide the fuel for the energy required for muscle contraction (Newgard, Hwang et al. 

1989). As such, PYGM must be responsive to the changes in nervous and hormonal 

signals, as well as changes in ligand concentrations that occur according to muscle use. 

Located on chromosome 11, PYGM translates into an 842aa peptide with a weight of 

97kDa.  

 Muscle (PYGM) Liver (PYGL) 

Brain (PYGB) nt (79%);        AA(83%) nt (74%);       AA(80%) 
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Liver gene (PYGL) 

The liver enzyme provides energy for the liver in the same manner as the muscle 

enzyme, but it also regulates blood glucose (Newgard, Hwang et al. 1989). PYGL is 

found on chromosome 14 and encodes an 847aa peptide with a weight of 97kDa. 

Despite being highly homologous to the muscle isoform at the amino acid level (80% 

homology) (Newgard, Nakano et al. 1986), there is a significant difference in the GC 

content of the transcripts. Specifically, the third codon position in the muscle isoform is 

enriched for GC (86%) while in the liver gene that is significantly reduced (60%).  

 

Brain gene (PYGB) 

The physiological role of brain glycogen phosphorylase is poorly understood, but it is 

thought to play a role in emergency response, providing glucose under stress conditions 

such as anoxia or hypoglycemia. PYGB is the most widely expressed glycogen 

phosphorylase (Schmid, Dolderer et al. 2008).  Schmid and colleagues suggested that 

the differential expression of PYGB in different tissue types is indicative of regulation 

at the translational or post-translational level (Schmid, Pfeiffer-Guglielmi et al. 2009). 

PYGB is most predominantly expressed in the brain but is also prevalent in the heart 

(Schmid, Pfeiffer-Guglielmi et al. 2009). The importance of this is evident in 

McArdle’s patients, who lack PYGM but still retain sufficient cardiac function. PYGB 

has been detected in various other cell types including astrocytes and neurons of the 

peripheral nervous system, as well as kidney and lung. PYGB is also overexpressed in 

developing organs, regenerating muscle fibres, and in tumours of various tissues 

(Schmid, Dolderer et al. 2008).  
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Differential regulation of glycogen phosphorylase isoforms 

The isoforms of glycogen phosphorylase vary in their regulation, which is evident by 

the variable expression of the isoforms in different tissues. The specific functions of the 

isoforms in their predominant tissues varies slightly as a result. Glycogen 

phosphorylases are regulated predominantly by reversible phosphorylation and 

allosteric effectors, which are factors that regulate enzyme activity by binding at a site 

other than the active site of the enzyme (Johnson 1992). One example of an allosteric 

effector is glucose, which converts glycogen phosphorylase from the active to the 

inactive state. Phosphorylation occurs in response to various external stimuli such as 

changes in hormone levels or intracellular energy levels. This type of regulation allows 

glycogen phosphorylase expression to change in response to different conditions and 

requirements. Regulation by phosphorylation is different for the three isoforms; PYGL 

is the most reliant on this regulation, PYGM is mainly regulated by phosphorylation, 

which plays a very minor role in PYGB regulation (Rothermel, Weigel et al. 2008). 

Another significant regulatory difference is the interaction with AMP; PYGM is 

activated through cooperative AMP binding, PYGL is weakly activated by AMP in a 

non-cooperative manner, and PYGB is strongly activated by non-cooperative AMP 

binding.  

 

Although the isoforms are named according to which tissue they are most highly 

expressed in, many tissues express a combination of isoforms. For example, human 

liver contains low levels of the brain isoform (Newgard, Hwang et al. 1989). There are 

also differences in the ratio of the isoforms in specific tissues between different species. 

For example, a significant amount of liver isoform is expressed in the human frontal 

lobe, but there is no detectable liver isoform in rabbit frontal lobe (Newgard, Hwang et 

al. 1989). The reasons for having more than one phosphorylase mRNA expressed in a 
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given tissue are unclear, especially since Northern blot data does not correlate well with 

earlier protein electrophoresis studies that showed no liver phosphorylase activity in 

human brain extracts and no brain phosphorylase activity in liver or muscle tissue 

(Newgard, Hwang et al. 1989). This discrepancy between the RNA and protein analyses 

suggest that genes may be expressed at the RNA level but are not translated into active 

protein. Because the different isoforms catalyse the same reaction, it is likely that the 

expression of multiple isoforms exists as a mechanism to fine-tune metabolism, 

ensuring the required amount of glycogen phosphorylase is present for a given tissue 

(Rothermel et al., 2008).  

 

Glycogen phosphorylase 3’UTRs 

Although the level of conservation in the coding regions is very high, the alignment of 

the three isoforms demonstrates significant differences 3’UTRs, in both length and GC 

content. This data is summarised below. 

 

 

 

 

Table 4.2: Comparison of the glycogen phosphorylase 3’UTR sequences. 

 

There is one small region of homology in the 3’UTRs of PYGM and PYGB; an 11bp 

sequence CTGCCAGCC(C/A)C, located just after the stop codon in PYGB, and 90bp 

downstream from the stop codon in PYGM (Newgard, Littman et al. 1988). No other 

regions of similarity are found in the 3’UTRs, which is indicative of the importance of 

this region in the differential regulation of the isoforms.  

 

Isoform Length of 3’UTR GC content 

Muscle 263bp 55% 

Liver 170bp 26% 

Brain 1147bp 57% 
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4.1.4  Therapies for McArdle’s disease 

The majority of therapeutic strategies for McArdle’s disease involve dietary 

supplements or exercise programs in an attempt to improve exercise capacity. Some of 

these supplements, such as oral sucrose (Vissing and Haller 2003) and creatine 

(Vorgerd and Zange 2007), were found to have a positive impact on exercise 

performance, while others such as vitamin B6 or a high-protein diet did not significantly 

improve the outcome for patients (reviewed in (Quinlivan and Beynon 2007)).  

 

Therapies that target the genetic cause itself are desirable, but a literature search 

indicates there has been limited research on genetic therapies for McArdle’s disease, 

and most studies were conducted some time ago. These are outlined below. 

 

Viral-based gene replacement therapy 

A study by Pari et al. (1999) used a recombinant adenoviral vector containing full-

length human PYGM cDNA to transduce cells from a McArdle’s patient, restoring 

glycogen phosphorylase activity in vitro (Pari, Crerar et al. 1999). In 2008, viral gene 

therapy was used to transduce semitendinosus muscle in the ovine model of McArdle’s 

disease with PYGM cDNA (Howell, Walker et al. 2008). Although injected muscles 

were successfully transduced, the number of fibres positive for glycogen phosphorylase 

varied significantly between animals, and transduction did not spread far from the 

injection site. In addition, the induction of muscle regeneration confounded the results 

by the re-expression of the liver and brain isoforms. Although this strategy has 

potential, there are a number of issues that need to be addressed before this therapy can 

be used in a clinical setting. In addition, the vectors were found to induce an immune 

response, a common problem associated with viral vectors (Howell, Walker et al. 2008). 
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Enzyme replacement 

Enzyme replacement is an attractive therapy for McArdle’s disease, having already 

successfully been used to ameliorate the effects of glycogen storage disease type II 

(Pompe’s disease) (Angelini and Semplicini 2012). This could become a reality if 

sources of PYGM could be developed. 

 

An alternative strategy involves using one of the other glycogen phosphorylase 

isoforms to replace PYGM. The characteristics of PYGB, especially the functional 

presence in many different cell types and homology to PYGM, suggests that the brain 

isoform would be the most suitable isoform for intracellular enzyme replacement in 

McArdle’s disease. One study, a University of Western Australia PhD project (Walker 

2006), looked at the potential to use tributyrin to upregulate PYGB first in mice and 

then in affected McArdle’s sheep muscle (Walker 2006). Butyrates are naturally 

occurring compounds that have the ability to alter gene expression by modifying tissue 

specific gene silencing (Berni Canani, Di Costanzo et al. 2012). Wild-type C57 mice 

were fed a diet of 5% tributyrin for 1,4 or 6 months, but no upregulation of PYGB was 

observed (Walker 2006). 

 

4.1.5  Hypotheses and aims of the study 

Because of the nature of the PYGM mutations that cause McArdle’s disease, it would be 

difficult to use AOs to restore expression of this gene by exon skipping strategies, as the 

functionality of the gene is likely to be compromised. However, it may be possible to 

use AOs to upregulate the expression of PYGB in muscle as a replacement for the 

missing muscle form of the enzyme. In order to determine the best strategy, in silico 

analysis was used to characterise the glycogen phosphorylase isoforms. The aim of this 

project was to investigate the potential to use AOs targeted to the untranslated regions 
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(specifically targeting regulatory elements such as miRNA binding sites and potential 

repressive regulatory motifs) of PYGB to selectively upregulate the expression of the 

active protein in muscle. 

 

Hypotheses 

1. Targeting AOs to the 5’ UTR of PYGB will increase transcription by (a) 

disrupting negative regulators, such as interfering with silencing factors or (b) 

promoting binding of positive regulators, by making the transcription start site more 

accessible or by recruiting enhancers.   

2. Targeting AOs to the 3’ UTR of PYGB will increase expression of PYGB by 

disrupting (a) negative regulators such as miRNAs, increasing translation, or by (b) 

altering the landscape of factors binding at the 3’UTR such that the overall stability of 

the transcript is enhanced. 

 

4.2 McArdle’s disease specific methods  

4.2.1.  qRT-PCR 

Primers were designed to amplify the PYGB 3’UTR, which is the only region of PYGB 

that is unique amongst the glycogen phosphorylase isoforms. Primers were also 

designed to amplify PYGM by targeting regions mismatched to PYGB. Primer 

sequences and optimised concentrations used in qRT-PCR are shown in Table 4.3. 

Table 4.3: qRT-PCR primers used to amplify the regions of interest. 

 

Primer pair Primer name Sequence 5’-3’ Concentration(qRT-PCR) 

PYGB PYGB3’ (F) CCCTCCCGCTGACTCCTGCT 500nM 

PYGB3’ (R) TCACCCCCACCTCCCAGTGC 

PYGM PYGM (F) GCAGTGGGTCACCGCCTCCGT 500nM 

PYGM (R) TACCCTCTTTGGTCAAGCTTA 
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4.2.2  McArdle’s disease western blot protocol 

A polyclonal rabbit PYGB antibody (a generous gift from Professor Nigel Laing at the 

Western Australian Institute of Medical Research) was optimised for use at a dilution of 

1:1000. A polyclonal ß-tubulin antibody (Thermo scientific, PA1-41331) was also 

optimised and tested by multiplexing with PYGB, and the optimal dilution was 

determined to be 1:3000. Samples were prepared as described (Section 2.2.5) and 

myosin densitometry was performed to normalise protein loading. The quantity of 

protein loaded varied slightly with each experiment, according to the amount of myosin, 

but on average, 4 mg of cell extract was loaded for each sample. Samples were run on 

3-10% gradient gels prepared in-house as described in Section 2.2.5. After transfer, 

membranes were incubated in a solution of 5% skim milk in PBST containing both 

PYGB and ß-tubulin antibodies. HRP-labelled Goat anti-rabbit immunoglobulins were 

used as the secondary antibody for both, and because both antibodies used were raised 

in rabbit, and the proteins are very different sizes, it was possible to multiplex the 

antibodies and reveal them on the same blot. The proteins were visualised as described.  

 

4.2.3  Native gel 

Native polyacrylamide gels were prepared in-house. A 10% non-denaturing 

polyacrylamide gel (29:1 polyacrylamide in 1.5M Tris/HCl buffer, pH 8.8) was 

prepared with a 3% stacking gel (See Table 4.4 for gel components). Tissue or cell 

samples were homogenised in native homogenisation buffer A (see Section 2.1.4 for 

buffer components), at a volume of 100µl for every 4.5mg of cells, or 150µl per 4.5mg 

of tissue. 1 – 2 mg of mouse brain and TA and 3mg of cell samples were used for 

loading. The gel was run in 1x Tris-Glycine-SDS buffer (Sigma) for 1 hour and 45 

minutes at 35mA. The native gel was incubated in glycogen phosphorylase activating 
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solution overnight at RT. The newly synthesised glycogen was visualised by KI/I2 

staining according to the method of (DiMauro, Arnold et al. 1978). 

 
Reagent 3% 10% 

40% acrylamine (29:1) 1.05ml 3.5ml 

1.5M Tris/HCl (pH 8.8) 3.5ml  3.5ml 

dH2O to 14ml to 14ml 

*10% APS 100µl 100µl 

*TEMED 15µl 15µl 

Table 4.4: Components of polyacrylamide resolving gel mixes used to prepare in-house native gels. Volumes 

of reagents required for preparing 3% stacking gel and 10% native gel. *The first 3 reagents were mixed and the 

solution was degassed for 10 minutes prior to the addition of APS and TEMED. 

 

4.2.4  IEF gels 

IEF precast gels with a pH gradient of 3-10% were obtained from BioRad. Sample 

loading was the same as for the native gel (see above). IEF gels were run with anode 

and cathode buffer (see Materials section 2.1.4 for details) at 100V for 1 hour, then 

250V for 1 hour, then 500V for 30 minutes. The IEF gel was then incubated in a 

glycogen phosphorylase activating solution overnight at RT. The newly synthesised 

glycogen was visualised by KI/I2 staining according to the method of (DiMauro, Arnold 

et al. 1978). 

 

4.3 Results 

 

4.3.1  In silico analysis of glycogen phosphorylase isoforms 

A number of different in silico techniques were used to analyse the PYGB transcript 

prior to the development of the experiment plan for this work. The consensus sequences 

of PYGM, PYGL and PYGB have been aligned previously (Newgard, Littman et al. 
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1988). The sequences for the three isoforms were downloaded from NCBI 

(http://www.ncbi.nlm.nih.gov/refseq/) and aligned using the ClustalW alignment tool 

(http://www.genome.jp/tools/clustalw/) for comparison and to ensure the most current 

sequence information was used (Appendix 4.1).  

 

The alignment of the three gene transcripts shows a high level of conservation, 

especially between PYGM and PYGB. The major differences between the isoforms was 

confirmed to be in the untranslated regions, where PYGM has a much longer 5’UTR 

than the other isoforms, and PYGB has a much longer 3’UTR (approximately 5 times 

longer than PYGM). Such a significant difference in the 3’UTR indicates this region is 

likely to play an important role in the regulation of PYGB.  

 

In silico UTR scan (http://itbtools.ba.itb.cnr.it/utrscan), miRNA.org, and miRBase.org 

were used to analyse the PYGB 3’UTR and identify potential miRNA binding sites, as 

well as other elements or binding sites. Figure 4.2 shows the in silico analysis of the 

PYGB 3’UTR. 

 

> PYGB3' 

1   gcacaccct gccttggcgg gaccagcggg catttgtttt cttgctgact ttgcacctcc  

60 ttttttcccc aaacactttg ccagccactg gtggtccctg cttttctgag taccatgttt  

120 ccaggagggg ccatgggggt cagggtggtt ttgagagagc agggtaagga aggaatgtgc 

                    hsa-miR-766 

180 tagaagtgct cctagtttct tgtaaaggaa gccagagttg acagtacaaa gggtcgtggc 

  hsa-miR-197 

240   cagccctgca gcttcagcac ctgccccacc cagagtggga gtcaggtgga gccacctgct  
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             hsa-miR-19a/b                 

300 gggctccccc agaactttgc acacatcttg ctatgtatta gccgatgtct ttagtgttga  

          hsa-miR-631             MBE 

360 gcctctggat tctggggtct gggccagtgg ccatagtgaa gcctgggaat gagtgttact 

   

420 gcagcatctg ggctgccagc cacagggaag ggccaagccc catgtagccc cagtcatcct 

      hsa-miR-4763-5p        hsa-miR-4740-3p 

480 gcccagccct gcctcctggc catgccggga ggggtcggat cctctaggca tcgccttcac 

540 agccccctgc cccctgccct ctgtcctggc tctgcacctg gtatatgggt catggaccca   

                            hsa-miR-365 

600 gatggggctt tccctttgta gccatccaat gggcattgtg tgggtgcttg gaacccggga  

660 tgactgaggg ggacactgga gtgggtgctt gtgtctgctg tctcagaggc cttggtcagg  

720 atgaagttgg ctgacacagc ttagcttggt tttgcttatt caaaagagaa aataactaca 

780 catggaaatg aaactagctg aagccttttc ttgttttagc aactgaaaat tgtacttggt       

                                      hsa-miR-1228 

840 cacttttgtg cttgaggagg cccattttct gcctggcagg gggcaggtct gtgccctccc 

900 gctgactcct gctgtgtcct gaggtgcatt tcctgttgta cacacaaggg ccaggctcca 

                      hsa-miR-485-5p 

960 ttctccctcc ctttccacca gtgccacagc ctcgtctgga aaaaggacca ggggtcccgg  

1020 aggaacccat ttgtgctctg cttggacagc aggcctggca ctgggaggtg ggggtgagcc  

       hsa-miR-4685-5p 

1080 cctcacagcc ttgcccctcc ccaaggctgg caacctgcct cccattgccc aagagagagg 

        hsa-let-7f-2          hsa-miR-18a/b    hsa-miR-338-3p 

1140 gcagggaaca ggctactgtc cttccctgtg gaattgccga gaaatctagc accttgcatg
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1200 ctggatctgg gctgcgggga ggctcttttt ctccctggcc tccagtgccc accaggagga 

1260 tctgcgcacg gtgcacagcc caccagagca ctacagcctt ttattgagtg gggcaagtgc 

1320 tgggctgtgg tcgtgccctg acagcatctt ccccaggcag cggctctgtg gaggaggcca 

1380tactccccta gttggccact ggggccacca ccctgaccac cactgtgccc ctcattgtta  

1440 ctgccttgtg agataaaaac tgattaaacc tttgtggctg tggttggctg a  

Figure 4.2: PYGB 3’UTR sequence and in silico analysis. Predicted miRNA binding sites are shown in (a) purple 

(or blue for overlapping sequences) for those predicted from miRBase.org, or (b) yellow for predictions from 

miRNA.org. The green highlighted sequence MBE is a potential binding site for musashi binding element (predicted 

by UTR scan).  

 

The characteristics of the PYGB transcript, in particular the characteristics of the 

3’UTR, drove this research towards interfering with PYGB regulation by targeting AOs 

to the untranslated regions. It is evident that PYGB is silenced in certain tissues, (eg. 

striated muscle), which indicates tissue-specific regulation of transcription, or 

translation down regulation. The abundance of predicted miRNA binding sites in the 

PYGB 3’UTR suggests this transcript could be under repressive miRNA control. As 

well as the predicted miRNA binding sites, there is a predicted Musashi binding 

element. Musashi is an RNA-binding protein involved in repression of translation of 

target mRNAs (MacNicol, Wilczynska et al. 2008). Musashi is preferentially expressed 

in the nervous system, so while it is possible that this element influences gene 

regulation of PYGB in neural cells, it may not be expressed in muscle.   

 

The 5’UTR was also investigated as a potential target. The MFOLD program was used 

to assess folding and potential secondary structures of the 5’UTR (Figure 4.3). The 

folding predicts a region of ~22nt that forms a loop. This loop may destabilise the 
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secondary structure of the 5’UTR, allowing infiltration by AOs. In addition, the short 

length of the 5’UTR (109nt) means the entire sequence could be masked by a small 

number of AOs. 

 

Figure 4.3: Predicted mRNA folding of the PYGB 5’UTR. Generated using MFOLD (Zuker 2003).  

 

4.3.2  Targeting the PYGB 5’UTR 

As discussed in Chapter 1, AOs targeted to the 5’UTR are classically used to suppress 

translation. However, targeting regulatory elements in the 5’UTR with AOs that do not 

induce RNase H activity also has the potential to stabilize the transcript and/or enhance 

translation. AOs were designed to cover the entire PYGB 5’UTR. 

 

 

 

 

 

 

Table 4.5: Sequences of AOs targeting the 5’UTR of PYGB 

Number AO coordinates Sequence  5’-3’ 

1 PYGB5'(+1+21) gcu cug gcg ccc ggc acu gc 

2 PYGB5'(+12+22) ucu ggc gcc gcu gcu cug gcg 

3 PYGB5'(+22+43) ggu gca gcu gcu cug gcg ccg c 

4 PYGB5'(+34+55) gaa cgc cgg gau ggu gca gcu g 

5 PYGB5’(+45+68) gcg gcg gca cac gcg aac gcc ggg a 

6 PYGB5’(+56+79) gga gga gga aaa gcg gcg gac acg c 

7 PYGB5’(+71+95)  cgg agg aaa aga gat gga gga gga a 
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Figure 4.4: Binding sites of AOs targeting the 5’UTR of PYGB 

 

 

 

AO name Sequence 5’-3’ 

HDys26D(+10-10) uuu uuu uua ccu uca ucu cu 

HDys38A(-21-1) cua aaa aaa aag aua gug cua 

HDys51A(-22+01) cua aaa aua uuu ugg guu uuu gc 

Table 4.6: Control AOs targeting DMD 

 

 

AOs were transfected into primary human myoblasts in 24-well plates that had been 

allowed to differentiate for 2 days. RNA was extracted 48 hours after transfection and 

PYGB transcript levels were analysed by qRT-PCR.  PYGB expression was normalised 

against two housekeeping genes, RPLP0 and TBP, and to three control AOs that target 

DMD but do not induce detectable dystrophin exon skipping (Table 4.6).  
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Figure 4.5: qRT-PCR analysis of PYGB expression in normal cells treated with AOs targeting the PYGB 

5’UTR. The data represents the average fold change in PYGB expression in AO-treated cells relative to cells treated 

with control AOs. Each AO was tested at 400nM, 200nM and 100nM. 

 

Discussion of PYGB 5’UTR AO targeting experiments 

None of the AOs targeting the PYGB 5’UTR had an effect on the levels of PYGB 

transcript. The PYGB 5’UTR is short, but has a high GC content (72.5%), and MFOLD 

analysis predicts a stem-loop structure. Stem-loops and GC-rich sequences are a 
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common feature of repressive 5’UTRs, and as outlined in Chapter 1, these 5’UTR 

structures are often associated with developmentally expressed or tissue-specific genes 

(Pickering and Willis 2005). For these reasons, as well as the small size of the 5’UTR, 

AOs were targeted to the entire PYGB 5’UTR in an attempt to enhance the level of 

transcript. None of the AOs exerted an obvious consistent effect, which could be 

because (a) the AOs do not adequately change the secondary structure or factor binding 

capability, (which could be related to the characteristics of the sequence itself or could 

be that the oligo chemistry used is ineffective) or (b) the 5’UTR does not negatively 

regulate the expression of PYGB. Although high GC content may be indicative of a 

repressive 5’UTR, short 5’UTRs are often associated with higher levels of expression 

(Kochetov, Ischenko et al. 1998) (See Chapter 1 for details). It is possible that a 

different AO chemistry such as PMO could have an impact on PYGB expression, but in 

silico analysis suggests that the 3’UTR may present a more attractive target. 

 

4.3.3  PYGB analysis 

PYGN antibody evaluation 

The antibody supplied by AbCam that was listed as specifically detecting PYGB was 

tested initially on human muscle cells shown to express PYGB in tissue culture 

(Newgard, Littman et al. 1988).  Protein extracts from primary human myoblasts 

(~600µg of cells was loaded per well, according to pellet weight before extraction) were 

separated on precast 3-10% gradient gels (Biorad) and blotted as described in Section 

2.2.5. Blots were incubated overnight with antibodies to PYGM (monoclonal antibody, 

ab88078) and PYGB (polyclonal antibody, ab81901) (Abcam/Sapphire Biochemicals). 

HRP-labelled Goat anti-rabbit immunoglobulins were used as a secondary antibody and 

protein was visualised following chemiluminescence as described in Section 2.2.5.  
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Figure 4.6: Evaluation of PYGM and PYGB antibodies on extracts from normal human myogenic cells.  

Antibody dilutions were as recommended by the manufacturer. The molecular marker is MagicMark. 

 

PYGM and PYGB are the same size, but due to the difference in intensity of the bands 

on the western blot, and because the same samples with identical loading were used, it 

was assumed that the antibodies were specific for the different glycogen phosphorylase 

isoforms as stated by the manufacturer. Brain cells or tissue should have been included 

on the western blot to confirm PYGB specificity, however, at the time we were not able 

to obtain human brain tissue.  

 

From the initial antibody optimisation, the dilutions of 1:1000 for the PYGM antibody 

and 1:800 for the PYGB antibody were selected for further studies. The smaller band 

revealed in both samples by the PYGB antibody, was regarded as non-specific, since 

there is no evidence in the literature of smaller isoforms of PYGB. With the antibody 

concentrations apparently optimised, a number of AO transfections were performed, in 

an attempt to up-regulate PYGB in muscle cells. Thirteen AOs targeted to the PYGB 

3’UTR were tested multiple times, and analysed by western blot. After apparent up-

regulation of PYGB, transfections were repeated, with new control AOs included for 

comparison and a ß-tubulin polyclonal antibody as a housekeeping protein control. 

PYGM PYGB

97kDa

     1:250             1:500      1:1000             1:2000
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AO transfection of muscle explants and analysis of PYGB by western blotting 

Since cultured myogenic cells have been shown to express PYGB, AOs were tested in 

muscle explants. Our laboratory has previously shown that muscle explants are readily 

transfected by AOs (McClorey, Fall et al. 2006). Surplus muscle fragments from 

biopsies obtained by Neuropathology, Royal Perth Hospital (approved by University of 

Western Australia Human Research Ethics Committee, number RA/4/1/2295) from a 

patient undergoing investigation for an unrelated disorder, was chopped into small 

pieces under sterile conditions.  

 

Tissue fragments were distributed in 24-well plates, transfected with AOS and 

incubated for 3, 5 or 7 days. Each well contained 500µl of OptiMEM, containing 10uM 

uncomplexed AO and 5x antibiotics. After the specified time, muscle fragments were 

removed and placed directly into protein lysis buffer for western blotting, or trizol for 

RNA extraction. 

 

 

 

Figure 4.7: Analysis of PYGB by western blotting in AO transfected muscle explants. Explants were 

transfected and incubated for 3, 5, or 7 days prior to extraction and analysis. Two test AO transfected and two 

untreated control samples are shown for each time point. The molecular marker is MagicMark. 

 

    Day 3                         Day 5                 Day 7

AO1   AO2  ctrl AO  UT1   UT2    AO1   AO2    UT1   UT2   AO1   AO2    UT1   UT2 

97kDa
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The exceptionally high PYGB expression in the muscle explants was inconsistent with 

expectations and prompted a query to the antibody supplier (Abcam), who subsequently 

confirmed that they had supplied incorrect information for their product. Their antibody 

(ab81901) was not specific to PYGB and detects the other glycogen phosphorylase 

isoforms as well. The company offered replacement antibodies, and a monoclonal and a 

polyclonal antibody that were guaranteed to be specific for PYGB were selected and 

tested alongside the original ones using human muscle cells, human muscle tissue, 

mouse muscle, liver, and brain. 
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Figure 4.8: PYGN antibody evaluation. Each antibody was tested following western blotting of human and mouse 

tissue samples: HM = human muscle, MTA = mouse tibialis anterior, ML = mouse liver, MB = mouse brain. Western 

blots were incubated with (a) original Abcam antibodies for PYGB and PYGM (ab81901 and 88078), tested at 1:800 

and 1:1000 dilutions, (b) monoclonal replacement PYGB Abcam antibody (ab881) tested at 1:250, (c) polyclonal 

replacement PYGB antibody, tested at 1:250. The molecular marker is MagicMark. 
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Despite assurance from the supplier that the antibodies had been tested and verified to 

be sensitive and specific, neither of the new antibodies detected PYGB but do detect the 

other isoforms. To further evaluate antibody specificity, the monoclonal antibody 

(ab881) was tested on human glioblastoma cells, which have a high expression of 

PYGB (a kind gift from R. Endersby, Telethon Institute for Child Health Research) 

(Figure 4.8). The antibody failed to detect PYGB.  

 

A non-commercial rabbit polyclonal antibody to PYGB (a kind gift from Dr. N. Laing 

at The Western Australian Institute for Medical Research) was found to be specific to 

both human and mouse PYGB, with no cross reaction to mouse or human muscle, or 

mouse liver (Figure 4.9). This antibody was used for analysis of PYGB expression in 

future experiments.  

 

Figure 4.9: PYGB polyclonal antibody validation by western blotting. Lanes (left to right): human muscle (HM), 

Mouse muscle, liver and brain (MTA, ML, MB), human myoblast and human glial cell samples. The molecular marker 

is MagicMark. 

 

4.3.3  Targeting the PYGB 3’UTR 

The reason(s) why tissues preferentially express a specific isoform of glycogen 

phosphorylase is currently unknown. In these situations it is useful to compare the 

isoforms in order understand any differences and how this may contribute to differential 
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expression and/or function. The PYGB mRNA differs most prominently from PYGM in 

the 3’UTR. As shown in Figure 4.6, there are a number of predicted miRNA binding 

sites within the PYGB 3’UTR. Thirteen 2’O-methyl AOs were designed to bind to these 

sites on the mRNA (Table 4.7). Because the nature of miRNAs is such that they 

generally affect translation, western blotting was used to assess the relative impact of 

the AOs on PYGB expression.  

 
Number AO coordinates Sequence 5’-3’ 

1 PYGB3'(+235+259) gug cug aag cug cag ggc ugg cca c 

2 PYGB3'(+250+274) cuc ugg gug ggg cag gug cug aag c 

3 PYGB3'(+365+389) cca cug gcc cag acc cca gaa ucc a 

4 PYGB3'(+380+404) cag gcu uca cua ugg cca cug gcc c 

5 PYGB3'(+475+499) gcc agg agg cag ggc ugg gca gga u 

6 PYGB3'(+508+532) cga ugc cua gag gau ccg acc ccu c 

7 PYGB3'(+620+644) acc cac aca aug ccc auu gga ugg c 

8 PYGB3'(+870+894) ggc aca gac cug ccc ccu gcc agg c 

9 PYGB3'(+970+994) acg agg cug ugg cac ugg ugg aaa g 

10 PYGB3'(+1085+1109) cca gcc uug ggg agg ggc aag gcu g 

11 PYGB3'(+1145+1169) cac agg gaa gga cag uag ccu guu c 

12 PYGB3'(+1170+1194) aag gug cua gau uuc ucg gca auu c 

13 PYGB3'(+1195+1219) ucc ccg cag ccc aga ucc agc aug c 

Table 4.7: First generation 2’O-methyl AOs targeting the PYGB 3’UTR. For ease of image labelling, AOs have 

been labelled 1-13.  

 
Number AO name Sequence 5’-3’ 

C1 Scrambled sequence (genetools) ccu cuu acc uca guu aca auu uau a 

C2 HTT1(+11+35) ucg aag gcc uuc auc agc uuu ucc a 

 

Table 4.8: Control 2’O-methyl AOs used in PYGB stabilisation studies. C1 is a scrambled control, and C2 is an 

AO targeting exon 1 of HTT that was found to have no measurable effect on HTT splicing or transcript levels.  
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First generation 2’O-methyl AO evaluation 

AOs 1 to 4 were transfected into normal primary human myoblasts that had been 

allowed to differentiate for 3 days and incubated for 72 hours prior to cell collection and 

protein extraction. Sample loading was normalized by densitometry analysis of myosin, 

and PYGB expression was determined with B-tubulin as an internal control (Figures 

4.10 and 4.11.) 

 

 
Figure 4.10: Western blot analysis of PYGB expression in AO-treated normal human muscle cells. Each AO 

was tested at 400nM and 200nM (shown left to right). Expression of ß-tubulin was assessed concurrently with PYGB 

by multiplex incubation with PYGB antibody and a polyclonal ß-tubulin antibody (PA1-41331).  The molecular marker 

is MagicMark. 

 
Figure 4.11: Densitometry analysis of western blot assessing PYGB expression. ß-tubulin expression was 

analysed and PYGB expression levels were normalised accordingly. Expression of PYGB in treated samples is 

shown relative to either C1 treated at the appropriate concentration, or each of the untreated samples, individually, 

as indicated. 
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The analysis of the western blot assessing the effect of the first generation AOs on 

PYGB expression indicates there is significant variation in the PYGB values for the 

unrelated sham controls. Compared to UT 1 and UT 3, some of the AOs appear to 

increase PYGB expression – however, the sham-AO control C1 is apparently having a 

similar effect. The variation in this experiment means no conclusions can be made, and 

the transfection was repeated to establish experimental noise and variation. 

 

AOs 1-6 were transfected intro primary human myoblasts as described, samples were 

extracted and analysed by western blot. AOs 1 and 2 resulted in significant cell death 

(reason unknown), and there were insufficient cells in these flasks following 

transfection to achieve a meaningful result, so they were excluded from analysis. Data 

for the remaining transfection is shown in Figure 4.12. 

 

 
Figure 4.12: Western blot analysis of PYGB expression in AO-treated normal human muscle cells. Each AO 

was tested at 400nM and 200nM (shown left to right). The molecular marker is MagicMark. 

 

The western blot was analysed using densitometry (Section 2.2.5), and PYGB 

expression in each sample was normalised according to β-tubulin expression (Figure 

4.13).  
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Figure 4.13: Densitometry analysis of western blot assessing PYGB expression. ß-tubulin expression was 

analysed and PYGB expression levels were normalised accordingly. The data represents the fold change in PYGB 

expression relative to either a sham-AO (C1) or the average of two untreated controls (UT).  

 

Some of the AOs appear to be increasing PYGB expression, with AO 3 inducing a 3-

fold increase in PYGB expression at the 400nM concentration.  

 

Analysis of PYGB expression in differentiating myoblasts 

The expression of PYGB in myoblasts differs from that in muscle cells in vivo. A time-

course of PYGB expression in vitro was performed in order to assess PYGB expression 

over time in differentiating myoblasts as they begin fusing into myotubes. Myoblasts 

were seeded in T25cm2 flasks and left to differentiate for 1-11 days prior to cell 

collection and protein analysis. Normal undifferentiated human fibroblasts were also 

analysed (Fig. 4.14). 

 

Figure 4.14: Western blot showing PYGB protein expression in differentiating myoblasts over 11 days. Lanes 

are labelled according to the number of days of differentiation. ‘F’ represents PYGB protein expression in a normal 

human fibroblast sample incubated for 1 day. The molecular marker is MagicMark. 



 205 

The time-course shows that PYGB expression increases over time, and seems to 

increase significantly on day 5, and then remains high for the duration of the study. This 

has some implications for this study. It is possible that after 5 days, the expression in all 

samples is increased to such an extent that any subtle effect of the AOs will not be 

obvious. It was then postulated that transfection on day 1 instead of day 3 would more 

clearly reveal an AO effect on PYGB expression.  

 

In response to the findings above, AOs 1-7 were re-evaluated, but on this occasion, the 

cells were seeded and, and incubated for 24 hours prior to cell collection and protein 

extraction. Western blot analysis was performed as described and the data is shown in 

Figures 4.15 and 4.16. 

 

Figure 4.15: Western blot analysis of PYGB expression in AO-treated normal human muscle cells. Each AO 

was tested at 400nM and 200nM (shown left to right). The molecular marker is MagicMark. 

 
Figure 4.16: Densitometry analysis of western blot assessing PYGB expression. ß-tubulin expression was 

analysed and PYGB expression levels were normalised accordingly. Expression of PYGB in treated samples is 

shown relative to either C1 treated at the equivalent concentration, or to the average PYGB expression level in the 

untreated samples. 
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The data indicate that the control AO C1 significantly decreased the expression of 

PYGB relative to the untreated controls. Because of this variation, the experiment was 

repeated with four untreated samples and a new control AO (C2) in addition to C1. AOs 

1, 2, 3, 8 and 9 were transfected at day 1, and the transfection was incubated for 48 

hours prior to collection.  

 
Figure 4.17: Western blot analysis of PYGB expression in AO-treated normal human muscle cells. Each AO 

was tested at 400nM and 200nM (shown left to right). The molecular marker is MagicMark. 

 

C1 appears to have suppressed expression of PYGB, which is likely to reflect the fact 

that in this experiment, C1 induced significant cell death in comparison to the other 

AOs. Cells treated with C2 showed detectable PYGB, consistent with the untreated 

samples, so subsequent analysis was performed relative to C2 only. Samples were also 

compared to each untreated sample, and the mean was calculated.  

 
Figure 4.18: Densitometry analysis of western blot assessing PYGB expression. ß-tubulin expression was 

analysed and PYGB expression levels were normalised accordingly. Expression of PYGB in treated samples is 

shown relative to either C2 treated at the appropriate concentration, or to the average PYGB expression level in the 

untreated samples. 
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The data shown in Figure 4.18 indicates that AOs 3, 8 and especially 9 may be 

influencing PYGB expression by increasing protein expression by 2 – 4 fold. This is 

apparent when the AO treated samples analysed relative to both the sham-AO control, 

and the untreated controls.  

 

AOs that may be affecting PYGB expression were tested again in duplicate. Western 

blot analysis of the second experiment is shown in Figure 4.19. The duplicate western 

blots failed to replicate the data shown in Figure 4.17 and were inconsistent, showing no 

meaningful trend. 

 

 
Figure 4.19: Western blot analysis of PYGB expression in AO-treated normal human muscle cells. Each AO 

was tested at 400nM and 200nM (shown left to right). The molecular marker is MagicMark. 

 

Screening of PMOs designed to modulate putative miRNA regulation of PYGB 

Testing of 2’O-methyl AOs yielded inconclusive results, and it was postulated that 

PMOs targeting miRNA binding sites in the PYGB 3’UTR and miRNAs targeting 

PYGB would induce larger changes in PYGB expression that could be more reliably 

quantitated. Online tools were used to see if any new information about miRNAs 

targeting PYGB was available. The PYGB Genecard (http://www.genecards.org/cgi-

bin/carddisp.pl?gene=PYGB) contains a link to the company QIAGEN and three 

“miScript miRNA Assays for microRNAs that regulate PYGB”. These assays specify 

three human miRNAs; miR-338-3p, miR-342-3p and miR-3667-3p. SIGMA 

(http://www.sigmaaldrich.com/) was also used to assess predicted miRNA binding, and 
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while this generated a large list, there were two AOs predicted that had also been 

predicted previously by the miRNA prediction websites. It is possible that utilising the 

PMO chemistry instead of the 2’O-methyl AO chemistry for these experiments will 

have a more consistent or stronger effect. Three miRNA sites were chosen for targeting 

with PMOs, and 6 PMOs were designed: an AntigomiR (complementary to the miRNA 

itself) and an AO targeting the miRNA binding site on the PYGB mRNA, for each of 

predicted miRNAs (Table 4.9). The control PMO used for PMO evaluation experiments 

was the GeneTools control (GTC), the sequence of which is the same as the C1 2’O-

methyl (Table 4.8). 

 

 

 

 

 

 

 

Table 4.9: PMOs targeting PYGB miRNA binding sites and predicted interacting miRNAs. PMOs are named 

according to their target, with “PYGB3’...” PMOs targeting the predicted miRNA binding site on the PYGB mRNA (the 

predicted interacting miRNA is indicated next to the oligo name), and the “antagomiRs” targeting the predicted 

miRNA itself. 

 

The conditions for PMO transfections are different to those used for the 2’O-methyl AO 

transfections (See section 2.2.2 for details). PMOs were annealed to complementary 

DNA leashes, then transfected in primary human myoblasts (at day 1) at 1000nM, 

800nM, and 600nM and left for 7 days prior to protein extraction. High levels of 

toxicity in the treated samples meant that PYGB could not be detected in most samples 

(data not shown).  

PMO name Sequence 5’-3’ 

PYGB3’(+1195+1219) (miR-338) tcc ccg cag ccc aga tcc agc atg c 

AntagomiR 338 caa caa aat cac tga tgc tgg a 

PYGB3’(+308+332) (miR-19a/b) tag caa gat gtg tgc aaa gtt ctg g 

AntagomiR 19a/b tca gtt ttg cat aga ttt gca ca 

PYGB3’(+620+644) (miR-365) acc cac aca atg ccc att gga tgg c 

AntagomiR 365 ata agg att ttt agg ggc att a 
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The high degree of cell loss prompted a change to the transfection technique and the 

PMOs were transfected by nucleofection (Section 2.2.2) instead using of leash/Lipoplex 

transfection. This allows PMOs to be transfected alone, eliminating the toxicity 

associated with using a cationic liposome transfection reagent. The required number of 

cells were transfected using nucleofection before seeding into T25 flasks. Cells were 

then incubated for 1, 3 or 5 days prior to protein extraction and analysis.  

 

Figure 4.20: Western blot analysis of PYGB expression in PMO-treated normal human muscle cells. PYGB 

and ß-tubulin expression is shown at  (a) day 1, (b) day 3, and (c) day 5.  ‘B’ indicates PMOs designed to bind to the 

mRNA, covering the miRNA binding site. ‘A’ indicates antagomiR PMOs that bind to the miRNAs. Each PMO was 

tested at 1000nM and 500nM (shown left to right). The molecular marker is MagicMark. 
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(a) Day 1 

 

(b) Day 3 

 

(c) Day 5 

 
 

Figure 4.21: Densitometry analysis of PYGB expression in PMO-treated cells. ß-tubulin expression was 

analysed and PYGB expression levels were normalised accordingly. Expression of PYGB in treated samples is 

shown relative to either GTC treated at the appropriate concentration, or to the average PYGB expression level in the 

untreated samples. 
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The data indicates that the PMOs have little to no effect for 3 days, but all PMOs tested 

appear to increase PYGB expression by Day 5. To confirm this effect, the PMOs were 

transfected in duplicate on day 1 and then incubated for either 4 or 7 days before protein 

extraction and western blot analysis. The repeat experiments (data not shown) failed to 

replicate the data shown for day 5 (Figure 4.21), indicating the initial result was likely a 

false positive result. 

 

Investigation of alternative assays – native gel and IEF 

An alternative assay to evaluate PYGB expression was necessary. Because ultimately, it 

is glycogen phosphorylase activity that will ameliorate McArdle’s Disease, 

methodologies that could measure PYGB activity were evaluated. A native gel can be 

used to separate the glycogen phosphorylase isoforms, as they migrate differently, 

according to the conformation. Samples of C57 mouse brain and TA muscle, and 

cultured primary normal human myoblasts that had been differentiated for 3 or 4 days 

were prepared. Non-denaturing gels were used to fractionate samples and detect enzyme 

activity in gel. The initial homemade gels (See Section 4.2.4) gave smeary results (data 

not shown) so a pre-cast BioRad IEF with a pH gradient of 3-10% was run and 

visualised as described in Section 4.2.4. Results are shown in Figure 4.22. 

 

Figure 4.22: IEF gel. MB: mouse brain sample, MTA: mouse TA sample, HM: human myoblasts. 
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Although the native and IEF gels successfully detected glycogen phosphorylase activity 

in the mouse tissue samples, no activity was detected in the cell samples in either assay. 

In addition, the diffusion of the glycogen phosphorylase detected means that 

quantification from these assays would be difficult.  

 

4.4  Discussion 

 

PYGB is the most widely expressed glycogen phosphorylase isoform (Schmid, Dolderer 

et al. 2008) and is an attractive target for upregulation to ameliorate the symptoms of 

McArdle’s disease. We investigated the potential to increase PYGB expression using 

antisense oligonucleotides targeted to the PYGB untranslated regions, in particular the 

3’UTR. The initial AO targets were predicted miRNA binding sites, and the 

untranslated regions may also contain destabilising elements that could be disrupted via 

the use of AOs. The data presented in this chapter did not yield any conclusions about 

the suitability of this approach (targeting miRNA binding sites in the PYGB 3’UTR) 

because of the lack of consistency and reliability of the data.  The lack of correlation 

between the experiments means that any positive effect detected is likely to be false 

positive, and if the AOs do have an effect, it is very minor and/or unable to be 

efficiently quantitated.  

 

The inconsistencies in the western blot assays are a concern for this research. It is 

unclear why the loading/β-tubulin expression is inconsistent. β-tubulin was selected 

for use in these assays because of a study conducted in a mouse model of 

neurodegeneration (specifically an amyotrophic lateral sclerosis disease model), in 

which β-tubulin was determined as the most consistent housekeeping gene to use for 

protein analysis in skeletal muscle (Calvo, Moreno-Igoa et al. 2008). Samples were 
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from the same cells, collected at the same time point, using a simple and well-

established method of protein extraction, yet the variation in β-tubulin expression is 

significant. The technical difficulties and inconsistencies within the controls were 

recognised faster than in the DMD work (Chapter 3), but due to the two projects being 

researched concurrently, some of the same issues did arise, such as problems with 

detection and controls. 

 

4.4.1  Experimental design and technical issues 

Experimental variation 

The western blot assay used for PYGB analysis was revealed to be too variable to 

generate reliable results. For example, the expression level of both PYGB and β-tubulin 

were highly variable among samples derived from the same experiment, including 

within the untreated samples. An initial protein gel and densitometry analysis of myosin 

was performed before each western blot so loading volumes could be adjusted 

according the relative concentration of proteins present in the sample. Despite this, there 

was significant variation among the samples, and in most cases this did not correlate 

with the initial protein gels. More often than not the samples have similar intensities on 

the protein gel, which could be expected considering samples are generally taken from 

the same experiment, so the size of flasks, time point, cell line and age of cells were 

consistent. The protein gels were generally consistent, with densitometry analysis 

indicating differences in protein levels of no more than 2-fold between samples. 

Although myosin densitometry is a slightly crude method of determining loading 

volumes, the β-tubulin antibody was included in the experiment to compensate for this. 

 

The reason for the variation in the PYGB analysis is unknown. It is possible that the 

cells are under some stress, and it is a common occurrence that one AO is more toxic to 
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cells than another (discussed further in Chapter 7). However, the variation also exists 

within the untreated samples, which do not have any AO or liposome exposure. The 

variation could be due to inconsistencies in the extraction technique, but the process is 

fairly straight forward, and within an experiment the samples are all extracted at the 

same time using the same preparation of protein buffer, and samples were kept on ice 

before and after processing. As discussed in Chapter 3 in relation to dystrophin 

expression levels, the problem may be related to the low expression of PYGB, which 

may require a more sensitive assay. However, β-tubulin is a housekeeping gene and 

should not be expressed at a low level.  

 

PYGB expression 

A potentially significant problem with the experimental protocol used for this research 

is the difference in expression of PYGB mRNA and protein in vitro compared to in vivo. 

It has been reported previously that cultured muscle cells do express PYGB (Nogales-

Gadea, Mormeneo et al. 2010), and this indicates that the regulatory system is different 

in culture compared to in vivo because PYGB is not detected in skeletal muscle. It is 

possible that repressive regulatory elements that normally downregulate PYGB 

expression in muscle are not present when cells are cultured, resulting in the abnormal 

expression of PYGB, and this in turn could be why the AOs failed to increase PYGB 

expression.  

 

Research into the use of AOs to modify genes, especially for rare diseases, requires a 

change in the way research and trials are conducted. For example, approaches that 

involve interfering with regulation at the RNA level, especially involving noncoding 

RNA, are likely to be human specific because of the rapid evolution and relaxed 

sequence constraints of these RNA regulatory pathways (discussed in Chapter 1). The 
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consequence of this is that aside from use in safety assessments, testing in animals may 

not be applicable because the optimised AOs may not have the same effect in animals as 

they do in human cells. For example, the expression of the glycogen phosphorylase 

isozymes in various tissue types has been shown to be different between human and rat 

(Newgard, Hwang et al. 1989). That the in vivo results may also not be comparable to 

the in vitro testing is also a concern, because it is impractical to conduct initial AO 

testing in patients. This will be discussed further in Chapter 7. 

 

4.4.2  Interfering with gene regulation by miRNAs 

MiRNAs are the most well characterised regulatory noncoding RNAs (Jeffries, Fried et 

al. 2009, Huang, Shen et al. 2011). The reason for this is partly because miRNAs target 

many different genes at once, so are generally expressed at a higher level than other 

noncoding RNAs that just target a specific gene or set of genes. A search of the 

literature locates hundreds of articles that knockout miRNAs to investigate the effect on 

the expression levels of different genes. As a therapeutic approach, there are two 

miRNA-targeting therapies currently in clinical trials (reviewed in Shibata et. al. 2013); 

a trial for Hepatitis C using LNAs targeted to human miRNA-122, and a trial in patients 

with liver cancer using an AO that mimics the effect of miR-34, which is a tumor 

suppressor. Most current research has focused on mimicking or knocking down 

miRNAs to study their functions and for therapeutic uses. However, targeting the 

miRNAs themselves could have unintended consequences for other genes targeted by 

the same miRNA. Targeting the mRNA binding site instead of the miRNA itself has the 

potential to manipulate the expression of the target gene while reducing the potential 

off-target effects.  
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4.4.2  Conclusions 

The technical difficulties encountered in this project prevented the comprehensive and 

definitive testing of the AOs, and while more sensitive analysis techniques may reveal 

that some of the AOs do increase PYGB expression, it is also possible that the AOs do 

not affect PYGB expression. There are a number of reasons why the AOs may not have 

worked. Although miRNA binding sites were predicted, they have not been confirmed 

experimentally (except for miRNAs targeted in the kits available from Sigma and 

Qiagen, which are most likely for experimentally validated targets, but no additional 

information is available). Designing and testing AOs by a systematic AO-walk 

approach has advantages, demonstrated in the DMD exon skipping research conducted 

in our laboratory (Wilton, Fall et al. 2007). Effective sites sometimes correlate with 

predictions, for example splice sites, but in other exons, targeting intra-exonic regions 

resulted in much more efficient skipping. While some of these sites correlate with 

predicted ESEs, other sites did not and may have been overlooked if in silico analysis 

was relied on for AO design. The systematic AO-walk approach also has the potential to 

uncover new mechanisms of AO action, but it can be a more comprehensive exercise 

than targeting predicted factor interaction sites such as miRNA binding sites. However, 

predictions can assist with initial AO design, and the empirical approach can be time 

consuming if responsive sites are not identified during first generation AO screening. 

On the other hand, researching miRNAs and their effect on a gene of interest is 

important, but can be costly and time consuming. In this project we decided to approach 

each target by using some initial in silico analysis to design a strategy, then targeted 

multiple AOs to the region of interest. For PYGB, this meant that we relied on in silico 

predictions of miRNA binding, but it was unknown if these miRNAs actually affect 

PYGB expression, or which tissues the predicted miRNAs are active in. Future research 

would benefit from characterising actual miRNA-PYGB interactions in muscle. 
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It is possible that 2’O-methyl AOs are not sufficient to prevent miRNA binding. Testing 

of different AO chemistries designed to bind to miRNAs demonstrated that 2’O-methyl 

AOs had less of an effect than AOs of the LNA chemistry (Lennox and Behlke 2011). 

However, targeting the mRNA is likely to have different requirements than targeting a 

miRNA, so 2’O-methyl AOs may be suitable. The use of PMOs in DMD exon skipping 

applications has been shown to have a sustained effect and enhanced efficacy in vivo 

compared to AOs of the 2’O-methyl chemistry (Alter, Lou et al. 2006, Fletcher, 

Honeyman et al. 2006, Fletcher, Honeyman et al. 2007, Cirak, Arechavala-Gomeza et 

al. 2011), and although the results from this study were inconclusive, PMOs may also 

be a suitable chemistry for future research into miRNA interference. The final reason 

these AOs may not have had their intended effects is because the miRNA population 

could be altered in differentiating myoblasts in culture. Gene expression is altered in 

differentiating cells, and the high expression of PYGB in muscle cells compared to its 

in vivo expression in muscle tissue could reflect a change in the miRNA population.  

 

4.4.3  Future directions 

AOs targeted to the PYGB 5’UTR were found to have no effect on transcript levels, but 

the 5’UTR did not have any features that suggested that this region is the reason for the 

repression of PYGB in specific cell types. On the other hand, the characteristics of the 

3’UTR indicate that this region plays an important role in the regulation of this gene. In 

silico analysis and comparison of the glycogen phosphorylase isoforms identified this 

region because the majority of it is unique to the PYGB gene, and it contains many 

predicted miRNA binding sites. The results generated in this project were unable to 

equivocally establish whether any of the AOs were having an impact on PYGB 

expression, but this does not mean that this approach is not valid. The use of more 
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sensitive and reliable techniques, or additional optimisation of the western blot protocol, 

could reveal that targeting the 3’UTR can increase PYGB protein expression.  
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Chapter 5 
 

Friedreich’s Ataxia 
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5.1 Trinucleotide repeat disorders 

 

Variable number of tandem repeats (VNTRs) are common throughout the human 

genome. These repeated blocks may vary in length from a single nucleotide to several 

kilobases, and alterations in some VNTRs lead to different genetic disorders. 

Microsatellites consist of 1-6 repeating nucleotides and are highly prone to mutation by 

slip-strand mis-pairing during DNA replication. This arises when the template and 

synthesized strand become temporarily unaligned during replication and then realign in 

an imperfect manner, resulting in the expansion or contraction of the repeat region 

(Eisen 1999). Trinucleotide repeats are the most common type of microsatellite found in 

coding regions, because variations in the copy number do not alter the reading frame but 

allow protein variation (Metzgar, Bytof et al. 2000). However, excessive expansions of 

these regions can be pathogenic and currently account for 16 neurological disorders 

(Orr and Zoghbi 2007). The nature of these mutations means that the severity of the 

disease phenotype varies, depending on the size of the expansion where there is a 

general trend, the larger the expansion, the more severe the disease. In addition, 

mutations can arise through errors in replication such that two unaffected parents can 

produce affected offspring (Fu, Kuhl et al. 1991, La Spada, Roling et al. 1992). Disease-

causing triplet repeat expansions have been found in the coding regions, introns and 

untranslated regions of genes, and have varying effects depending on their context, such 

as loss or gain of function at the protein or RNA level (Orr and Zoghbi 2007).  Many of 

the microsatellite repeat disorders demonstrate ‘anticipation’ in that the repeat 

expansion increases in size with each generation, reflected by increased disease severity 

(Li, Korol et al. 2004). There are two broad types of disease-associated expansions: 

discrete expansions in coding regions where the repeats generally become unstable at 

~29-35 repeats (e.g. Huntington’s disease), and much larger expansions in non-coding 
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regions that can increase by 100 - 10,000 repeats in a single generation (e.g. myotonic 

dystrophy, fragile X syndrome (FXS) and Friedreich’s ataxia) (McMurray 2010). The 

expansion of trinucleotide repeat regions is also influenced by the sex of the affected 

parent. For example, males who inherit a mutant FXS allele from their mother express 

the mutant allele in their somatic cells but not their spermatogonia, so do not transmit 

the mutation to their offspring. This results from a shortening of the repeat tract during 

cell proliferation between 13 and 17 weeks of fetal development (Malter, Iber et al. 

1997). This pattern of maternal inheritance also occurs in myotonic dystrophy (Dean, 

Tan et al. 2006).    

 

Polyglutamine disorders, caused by an expanded CAG repeat, include Huntington’s 

disease, spinobulbar muscular atrophy and some of the spinocerebellar ataxias. It is 

clear that the phenotype of the polyglutamine disorder is defined by the context of the 

mutation within the host gene (Orr and Zoghbi, 2007). If located within the coding 

region, a CAG expansion beyond the normal range is likely to disrupt the normal 

functioning of the gene it resides in by altering the protein conformation, which in turn 

impacts the way the protein interacts with other cellular proteins.  

 

Myotonic dystrophy (DM1) is a disease caused by the expansion of a CUG repeat 

region in the DMPK gene (Mahadevan, Tsilfidis et al. 1992). This disease is now 

thought to be mediated through accumulation of toxic RNA, as the expanded repeat 

sequesters the RNA-binding protein Muscleblind-like 1 (MBNL1), and also induces 

phosphorylation of CUGBP Elay like family 1 (CELF1), causing a gain-of-function 

(Lee, Bennett et al. 2012). Both of these proteins are regulators of alternative splicing, 

and the imbalance resulting from the expansion causes abnormal expression of splice 

variants. Gapmer AOs (AOs with flanking LNA or MOE bases to enhance stability with 
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8-10 unmodified bases in the middle) targeted to the repeats were used to successfully 

degrade toxic RNA by 80% in an RNase-H dependent manner (Lee, Bennett et al. 

2012). Importantly, the AOs specifically degraded the mutant transcript, leaving the 

normal allele intact. 

 

Most triplet repeat disorders are inherited in an autosomal-dominant fashion, although 

there are exceptions to this, such as Friedreich’s ataxia (autosomal recessive). The 

specificity achieved by targeting AOs to the mutant DMPK transcript indicates that AO-

mediated intervention for triple-repeat disorders may be an effective tool for treating 

these diseases. For a comprehensive review on all other trinucleotide repeat disorders 

refer to Orr and Zoghbi, 2007. One approach to allele-specific gene silencing utilises 

SNPs to distinguish between mutant and wild-type alleles so that transcript from the 

mutant allele can be degraded by RNase H while leaving the normal gene product intact 

(Matsui and Corey 2012). This method does have some disadvantages though, including 

the fact that not all patients will have the same SNPs or deletions, and not all SNPs will 

respond to AOs in the same way. Another approach takes advantage of the difference in 

repeat numbers between mutant and normal alleles, using AOs to target the repeat 

region with the assumption that the mutant allele will be selectively targeted due to a 

higher number of AO binding sites.  

 

The next two chapters in this thesis describe studies that involved the design and testing 

of AOs targeting two very different triplet repeat disorders: the autosomal recessive 

Friedreich’s ataxia caused by massive expansions of a GAA repeat in intron 1 of the 

FXN gene, and the autosomal dominant Huntington’s disease caused by a polyglutamate 

expansion in exon 1. The diseases required different approaches, discussed in detail in 

the following sections.  
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5.2 Friedreich’s ataxia introduction 

 

5.2.1  Clinical characteristics of Friedreich’s ataxia 

Friedreich’s ataxia (FRDA) is a rare neurodegenerative disease with an incidence of 1 in 

50,000 people (Romeo, Menozzi et al. 1983, Filla, De Michele et al. 1992). First 

described by Nicholaus Friedreich in 1863, FRDA is characterised by progressive ataxia 

of limbs and gait, muscle weakness, cardiomyopathy and sensory and motor deficits 

(Geoffroy, Barbeau et al. 1976, Harding 1981). Age of onset is before the age of 20, 

with many patients wheelchair-bound by their mid to late teens. The main sites of 

degeneration are the dorsal root ganglia and posterior columns of the spinal cord, 

corticospinal tracts, and the heart, with patients usually succumbing to cardiac failure 

(Delatycki, Williamson et al. 2000). Other symptoms include diabetes and skeletal 

abnormalities. Patients succumb to the disease generally from cardiac failure around 

their late 30s, although the age can vary substantially (Harding 1981).  

 

5.2.2  Genetics of FRDA 

FRDA is an autosomal recessive disease caused by a GAA trinucleotide repeat 

expansion in intron 1 of the Frataxin gene (FXN). Normal alleles have up to 40 GAA 

repeats, while mutant alleles range from 65 – 1700 repeats, most prevalent of which are 

in the 600-900 range (Pandolfo 2002). Ninety-six percent of FRDA patients are 

homozygous for the trinucleotide expansion, and the severity of symptoms and age of 

onset is dependent on the number of repeats in the smallest allele (Campuzano, 

Montermini et al. 1996). The other 4% of patients are compound heterozygous, with 

one expanded allele and the other allele inactivated by another mutation such as a 

deletion, point mutation or insertion (Cossee, Durr et al. 1999, Zuhlke, Dalski et al. 

2004, Evans-Galea, Corben et al. 2011). 
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Function of Frataxin 

Frataxin is a conserved protein involved in the maintenance of iron homeostasis (for 

review see (Bencze, Kondapalli et al. 2006)). The exact functions of FXN remain 

undefined, although it is thought to (1) act as an iron chaperone involved in the 

assembly of iron-sulphur clusters in the mitochondria, (2) act as an iron-storage protein 

when iron levels are too high, and (3) is also involved in control of oxidative stress and 

energy conversion (Bencze, Kondapalli et al. 2006, Marmolino and Acquaviva 2009). 

Iron is an important element for many cellular functions, and thus the balance of iron 

levels must be maintained. Iron deficiency and iron overload are both detrimental to 

cells, and there are many diseases related to the imbalance of cellular iron levels. 

Frataxin is nuclear-encoded but localises in the mitochondria (Gibson, Koonin et al. 

1996). Frataxin deficiency has been found to result in iron accumulation in the 

mitochondria (Babcock, de Silva et al. 1997), and this accumulation leads to higher 

levels of reactive oxygen species, resulting in cellular damage and death (Delatycki, 

Williamson et al. 2000). As a result, FRDA patients display progressive muscular and 

neurological symptoms.   

 

Characteristics of the FXN gene 

FXN is located on chromosome 9 and consists of seven exons that code for a 210aa 

protein (Campuzano, Montermini et al. 1996). Intron 1 of FXN, which is 11kb in length 

and contains the expansion, has been found to contribute to promoter activity (Greene, 

Mahishi et al. 2007). The FXN promoter is not well conserved between human and 

mouse, and its evolution has been characterised by the insertion of a number of retro-

elements, including a mammalian-wide interspersed repeat element and an L2-like 

sequence (Greene, Entezam et al. 2005). These sequences were found to have a positive 

effect on FXN transcription, as demonstrated by deletion analysis in a luciferase 



 225 

construct. FXN mRNA has a half life of 11 hours, and this is maintained in FRDA 

patients (Punga and Buhler 2010). 

 

Molecular mechanisms of disease pathology 

FRDA results from a reduced amount of FXN protein. The exact mechanism by which 

the trinucleotide expansion causes this disease has been debated. It is generally accepted 

that FRDA is caused by the expanded DNA repeat compromising transcription by 

adopting a self-associating GAA.TCC.GAA triplex structure that then inhibits the 

transcriptional machinery (Sakamoto, Ohshima et al. 2001). However, other elements 

may also contribute to the silencing of FXN expression. A study by Baralle and 

colleagues (Baralle, Pastor et al. 2008) used pEDA minigene plasmid constructs 

containing parts of FXN exon 1 and 2 and the whole of FXN intron 1 to look at the 

effects of the expanded repeat region. They found that the GAA repeat did not inhibit 

transcription, and came to the conclusion that the cause of the disease was abnormal 

splicing (Baralle, Pastor et al. 2008). This was in contrast to all previous reports on the 

mechanism of FRDA disease. The Baralle paper was critiqued two years later in a 

report by Punga and Buhler, in which they confirmed that the mechanism of FRDA was 

inhibition of transcription, not disruption of splicing (Punga and Buhler 2010). Punga 

and Buhler did not detect any alternatively spliced transcripts in their experiments, and 

it is likely that the result obtained by Baralle and colleagues arose from the limitation of 

using a minigene construct that did not real reflect endogenous FXN processing. This 

highlights a significant problem when using mingene constructs to model in vivo 

processes such as transcription, and demonstrates the importance of assays that reflect 

in vivo conditions as closely as possible.  
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As a consequence of the GAA expansion, histone deacetylase activity is increased and 

causes a cascade of events that are thought to further contribute to FXN silencing by 

condensing the chromatin in the region of the expansion (Marmolino and Acquaviva 

2009). Repeat-mediated chromatin changes have also been proposed to contribute to 

silencing by blocking factor binding at the promoter (Greene, Mahishi et al. 2007), 

although a more recent study refuted this as they found that initiation of transcription 

was similar in both normal and mutant alleles (Punga and Buhler 2010). Finally, CpG 

residue 13 at the 5’ end of intron 1 was shown to be methylated in patients, but not 

unaffected individuals (Greene, Mahishi et al. 2007). This site is situated within an E-

box that enhances promoter activity, and the methylation may decrease factor binding 

and contribute to FXN silencing.  

 

5.2.3  Therapies for FRDA 

A number of potential therapies are being investigated for the treatment of FRDA, 

including delivery of antioxidants to help prevent oxidative damage, and iron chelating 

therapy to counteract the effect of iron accumulation in the mitochondria (reviewed in 

(Lodi, Tonon et al. 2006)). The use of human recombinant erythropoietin, which is a 

modified cytokine that enhances cardiac and neural cell survival, has been investigated, 

and a preliminary clinical trial found it increased FXN levels by an average of 27% 

(Boesch, Sturm et al. 2007). Another promising therapy involves the use of histone 

deacetylase inhibitors (Gottesfeld, Rusche et al. 2013). Gottesfeld and colleagues 

reported FXN mRNA levels restored to wild-type in a FRDA mouse model. However, 

this particular mouse model only has a 30% reduction in FXN, and none of the results 

were presented, which casts some doubt on the efficiency of upregulation (Gottesfeld, 

Rusche et al. 2013). Another study using HDAC inhibitors in human cells obtained 

from FRDA patients reported 1.5-2 fold upregulation of FXN protein following 
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treatment (Plasterer, Deutsch et al. 2013). More recently TALE proteins fused to a 

transcription activation domain were used to induce expression of FXN, and 

demonstrated a 2-fold increase in FXN mRNA and protein levels in patient cells in vitro 

(Chapdelaine, Coulombe et al. 2013). 

 

5.2.4  Aims of this project 

This project investigated the potential to use AOs targeted to the repeat region of FXN 

to increase transcription. 

 

Hypothesis: 

AOs targeted to the repeat region and/or flanking sequence of mutant FXN alleles will 

increase transcription by altering the DNA structure and making the region more 

accessible to the transcriptional machinery.   

 

5.3 Friedreich’s ataxia - specific methods 

 

5.3.1  Transfection optimisation experiment for FRDA fibroblasts 

Each new cell type requires transfection protocol optimization prior to oligomer 

evaluation. The cationic liposomes routinely used in our laboratory are Lipofectamine 

2000 (L2K) and LipofectinTM. The standard transfection protocol, as determined 

through optimisation experiments previously conducted in our laboratory, uses 

Lipofectamine 2000 at a 1:1 ratio (L2K:AO (µg)) for myogenic cells and MyoD-

transformed fibroblasts. Transfection of primary fibroblasts generally requires the use of 

Lipofectin with a 2:1 ratio (Lipo:AO), although the ratio may vary depending on the 

specific cells used. 
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FRDA fibroblasts were transfected with a fluorescent AO that had been designed to 

targeting the dystrophin gene transcript but was found to have no effect on splicing of 

the dystrophin pre-mRNA. The AO was synthesised in-house and labelled with a 

fluorescein isothiocyanate (FITC) tag (Sequence: 5’- CCGCUUUUAAAACCUGUUAAF 

-3’). Prior to transfection, cells were counted and plated as described (Section 2.2.1). 

The AO was transfected at the same concentration in each well (400nM) while the 

relative amount of cationic liposome was altered. Lipofectamine 2000 was tested at 

ratios of 0.75:1, 1:1 and 1.5:1. Higher ratios of L2K to AO appeared to be toxic to the 

cells and therefore were not used for any further studies. Lipofectin was tested at ratios 

of 1:1, 1.5:1 and 2:1, µg/µgAO. The cells were incubated for 24 hours after transfection, 

prior to fixation and examination. 

 

Cells were washed with PBS then incubated with ice-cold methanol for 30 seconds 

before a second wash with PBS. 200µl of 12.5µg/ml Hoechst 33342 in PBS was added 

to each well and left for 15 minutes. Cells were washed again with PBS and then 

examined using an excitation wavelength of 490 nm to visualise the AO localization, 

and 347 nm to visualise nuclei staining.  

 

5.3.2  qRT-PCR 

qRT-PCR primer sequences for amplifying across exons 3 - 5 described by Acquaviva 

et al., 2005 (Acquaviva, De Biase et al. 2005) were compared to the FXN reference 

sequence (NM_000144.4). Two differences were found, and primers were designed to 

anneal to the same target as that described (Acquaviva 2005) but corresponding to the 

NCBI reference sequence (Table 5.1). Primers were initially tested in an optimization 

qRT-PCR using total RNA from normal human fibroblasts, as well as in an RT-PCR to 

confirm that the primers were specific and generated the correct amplicon. The most 
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efficient concentration of FXN primer for the qRT-PCR reaction was 300nM, with an 

amplification efficiency of 97% (data not shown), and this concentration was used in all 

future experiments. qRT-PCR was performed as described in Section 2.2.4. 

 

Primer name Sequence 

FRDA F TGG GAG TGG TGT CTT AAC TGT C 

FRDA R CCC AGT CCA GTC ATA ACG CTT A 

Table 5.1: Primers used for qRT-PCR analysis of FXN expression 

 

5.4 Friedreich’s ataxia – Results 

 

5.4.1  Transfection optimisation 

Comparison of the two transfection reagents (Figure 5.1) demonstrates that Lipofectin is 

more efficient than Lipofectamine 2000 at transfecting the FDRA patient fibroblasts. 

The L2K-transfected cells showed considerable residual fluorescence outside of the 

cells, indicating not all of the lipoplexes entered the cells. The Lipofectin transfections 

did not result in any visible fluorescence outside of the cells, and at a ratio of 1.5:1 

(µg/µg Lipofectin:AO) all cells and, importantly, nuclei, were efficiently transfected. 

All future transfections in the FRDA fibroblasts used Lipofectin at a 1.5:1 (µg/µg 

Lipofectin:AO) ratio.  
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Figure 5.1: Optimisation of AO delivery following FITC-AO 

uptake. Different ratios of liposome:AO (µg:µg) were tested 

according to kit specifications. Each well was stained with hoescht 

and photographed under UV light for visualisation of the FITC tag. 

(a) Transfection with Lipofectamine 2000. (b) Transfection with 

Lipofectin. (c) Untreated controls. The red arrows indicate 

examples of efficiently transfected nuclei.  
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5.4.2  Repeat-targeting AOs 

The first generation AOs designed for this study were designed to target the GAA 

VNTR of either 7 or 9 repeats (21 and 27 bases respectively), in both the sense and 

antisense orientation (GAAn or CUUn) (Table 5.2). Repeat-targeting AOs were 

transfected into FRDA fibroblasts at 400nM, 200nM and 100nM, and the cells 

incubated for 24 hours after transfection. Three control AOs that had previously shown 

not to influence dystrophin pre-mRNA splicing were employed as unrelated controls, a 

21mer, a 25mer, and a 27mer (Table 5.3). Lipofectin-only controls were also included 

and corresponded to the amounts of Lipofectin used for the 21mers and 27mers. FXN 

transcript levels were determined using qRT-PCR and normalised to two housekeeping 

genes, Glyceraldehyde 3-phosphate dehydrogenase (GapDH) and TATA box binding 

protein (TBP) (Figure 5.2). Each sample from FXN-oligomer treated cells was 

compared to those from the Control AOs and Lipofectin-only treated controls 

corresponding to the AO length (21 or 27) and also compared to Control AO 2, a 25mer 

scrambled sequence (shown in Table 5.3). 

 
 
 
 

 

 

 

Table 5.2: AOs targeting the FXN GAA repeat region. AOs were designed to anneal to either the sense or 

antisense strands of the DNA.  

 

 

 

AO name Sequence 5’-3’ 

FA7-Sense gaa gaa gaa gaa gaa gaa gaa 

FA9-Sense gaa gaa gaa gaa gaa gaa gaa gaa gaa 

FA7-Antisense cuu cuu cuu cuu cuu cuu cuu 

FA9-Antisense cuu cuu cuu cuu cuu cuu cuu cuu cuu 

FXN5’S(-187-163)  ccg tgc ttt gca caa agc agg ctc t 
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AO Name Coordinates/information Sequence 5’-3’ 

Control 1 H38A(-21-1) cua aaa aaa aag aua gug cua 

Control 2 Scrambled control agu cua gac ccu ccg uua aug gag g 

Control 3 H47D(+17-10) aau guc uaa ccu uua ucc acu gga gau 

Control 4 (PMO) Standard control ccu cuu acc uca guu aca auu uau a 

 

Table 5.3: Control AOs used for normalisation of FRDA AO studies. Controls 1 and 3 are dystrophin-targeting 

AOs that were found to have no effect on dystrophin mRNA processing, chosen to correspond to the relative lengths 

of the test AOs (Table 5.2 above). Control 2 is a 25 bp scrambled sequence with no significant homology to any 

known targets. Control 4 is the PMO control recommended for use by GeneTools.   

 

Figure 5.2: qRT-PCR analysis of FXN mRNA expression in AO treated cells. The data represents the average 

fold change in FXN expression relative to the three controls (length-specific sham AO, a 25bp sham AO, and 

lipofectin-only control). Error bars represent the standard error of the mean. Samples FA7-A 200nM and FA9-A 

200nM were excluded from analysis because their threshold cycle values (Ct) were outside of the standard curve.   

 

 

The sense AOs were tested again in duplicate in patient cells over 5 concentrations, and 

FXN expression was normalised according to the length-appropriate control AO as well 

as the 25mer sham AO. Data from Lipofectin-only controls were excluded from 

analysis due to significant cell death in the treated cultures. On this occasion, the cells 

were incubated for 48 after transfection, to allow for the possibility that 24 hours was 

insufficient time for an AO effect on FXN expression levels. 
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Figure 5.3: qRT-PCR analysis of FXN mRNA expression in AO-treated cells. The data represents the average 

fold change in FXN expression relative to two sham-AO controls. The error bars show standard error of the mean. 

 

 

Sense and antisense repeat-targeting AOs were annealed according to the protocol 

described in Section 2.2.2 and transfected into patient cells as duplexes. Cells were 

transfected, RNA extracted and analysed by qRT-PCR as described (Figure 5.4).  

 

Figure 5.4: qRT-PCR analysis of FXN mRNA expression in AO-treated cells. The data represents the average 

fold change in FXN expression relative to two sham-AO controls. The error bars show standard error of the mean. 

Sample FA7-Antisense 200nM was excluded from analysis due to FXN Ct values that were outside of the standard 

curve. 
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5.4.3  PMO transfection to upregulate FXN expression 

Since we had found that AOs of the 2’O-methyl PS chemistry were less effective for 

splice manipulation than PMOs, the suitability of PMO sequences to alter FXN 

expression in patient cells was explored.  The longer (27mer) repeat-targeting antisense 

sequences were synthesised as PMOs and transfected using (a) complementary DNA 

oligonucleotides with a phosphorodiester backbone, or (b) 2’O-methyl modified bases 

with a phosphorothioate backbone as leashes (Figure 5.5). Both methods used lipofectin 

for AO delivery.   

 

 

Figure 5.5: qRT-PCR analysis of FXN mRNA expression in FRDA fibroblasts treated with PMOs. PMOs were 

transfected following annealing to a complimentary primer (leash) or 2’O-methyl (AO) to allow delivery as cationic 

duplexes. The data represents the fold change in FXN expression relative to a sham PMO control. 

 

 

5.5 Friedreich’s ataxia – Discussion 

 

The rationale for this study was that AOs targeted to the mutant DNA repeat sequence 

would bind to the DNA, made accessible during a round of transcription and keep the 

repeat region in an open configuration, allowing the transcription machinery better 

access for increased FXN transcription and subsequent mRNA levels. It would appear 
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that, at least for the AO sequences tested as both 2’O-methyl oligomers and PMOs, that 

targeting the repeat region did not alter the expression of FXN. 

 

FRDA is an unusual disease in regards to the mechanism of pathology. It is 

transcription of FXN that is disrupted, rather than mRNA processing or translation, and 

in this case, it is the ‘toxic’ DNA that needs to be targeted.  Theoretically, an AO 

targeting only triplet repeats in either orientation could be able to bind all across the 

repeat region, as well as other GAA repeats in the genome. However, it appears that the 

AOs tested in this study were unable to increase FXN expression because they were 

unable to strand invade the DNA. Both 2’O-methyl and PMO oligomers are usually 

directed to RNA, and while they are able to anneal to DNA sequences (Yamada, 

Okaniwa et al. 2011), it is less clear how they interact with DNA within chromatin. In 

addition, the target DNA resides in a duplex, which makes the requirements for 

interaction more complex.  It is possible that RNA oligomers may behave differently to 

the RNA analogues tested here, and this could be the basis for a future study.  

 

The 2’O-methyl AOs, which do not induce RNase H activity, are usually targeted to 

pre-mRNA and can redirect the splicing machinery and change splicing patterns. In this 

study, our approach attempted to induce a different mechanism, not previously 

explored. Although it is possible that the transcriptional machinery cannot proceed 

beyond the AO annealing site, it is more likely that the DNA strand invasion was 

inefficient. Future studies could benefit from the use of different AO chemistries such 

as PNAs (PNAs), neutrally charged AOs with a backbone consisting of N-(2-

aminoethyl)glycine units (Shakeel, Karim et al. 2006). These AOs are highly stable and 

have the ability to invade DNA. PNAs are often used to inhibit transcription and 

translation, but they also have been used to enhance transcription. PNAs targeted 
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upstream of the 5’ flanking region of the γ-globin gene were shown to increase 

transcription (Wang, Xu et al. 1999). However, targeting upstream of the transcription 

start site presumably acts to open up the DNA allowing transcription to occur. This 

employs a different mechanism than could be relevant for Friedreich’s ataxia, where the 

DNA structure itself is inhibiting progression of the transcriptional machinery. For a 

strategy to be successful in increasing FXN transcription, PNAs would need to invade 

the DNA in the repeat region but still allow the machinery to continue. Whether PNAs 

can be used for this purpose is unknown; this will be the basis for future studies. 

 

FRDA is a recessive disease, and although carriers of the FXN mutation have a 

reduction in FXN expression of 50%, they do not manifest any of the clinical 

characteristics of the disease. A recent study on the levels of FXN mRNA and protein in 

31 FRDA patients found that the levels of FXN varied significantly between patients 

(Plasterer, Deutsch et al. 2013). On average, FRDA patients expressed 38.5% of the 

FXN levels found in normal controls, but the patient with the least amount of FXN had 

only 5%, while the patient with the highest had over 90% of normal expression levels 

(Plasterer, Deutsch et al. 2013). In an analysis of the stability of FXN expression over 

time, they examined five patients and a related carrier for each patient, and in this case 

the FXN expression levels were reported to be around 20% of normal for the patients 

and 60% for the carriers. The authors discuss that the absence of symptoms in carriers 

indicates that 50% of normal FXN levels should be sufficient to ameliorate the disease. 

However, they make no comment on the fact that their average values for FXN 

expression (38.5%) is close to 50%, and there are patients with much higher expression 

that still manifested the disease (>90% expression). Nevertheless, the presence of some 

FXN in cells and the data regarding FRDA carriers suggests that an increase in FXN 

expression of 2-4 fold would have a positive effect on phenotype. From the work 
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presented in this thesis, it would appear that the AOs used in this study will not increase 

FXN transcription to therapeutic levels. The 2’O-methyl AOs and PMOs are currently in 

clinical trials as splice switching agents for DMD, and we wished to establish if other 

applications were possible for these oligomers.  The PNA application to FRDA remains 

the subject of further studies.  
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Chapter 6 

 
Huntington’s disease 
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6.1 Introduction 

 

6.1.1 Clinical characteristics of Huntington’s disease 

Huntington’s disease (HD) is a neurodegenerative disorder characterised by chorea and 

progressive cognitive decline. The disease was first clearly described and distinguished 

from other types of chorea in the classical 1872 publication by George Huntington, 

republished in 2003 (Huntington 2003). Huntington’s father and grandfather were both 

physicians who had observed multiple cases of this condition, which provided some 

longitudinal observations. In his report, Huntington noted three main characteristics of 

the disease: (i) the hereditary nature, (ii) a tendency to insanity and high suicide rates, 

and (iii) manifestation of the disease only in adult life (Huntington 2003). He also noted 

that affected individuals could produce unaffected offspring. The phenotype of 

Huntington’s disease is characterised by shaking and involuntary movements as a result 

of muscle and neural degeneration. Huntington noted that the phenotype was 

progressive, eventually affecting all voluntary muscles.  

 

HD is a dominant inherited disease with an incidence of 5-10 cases per 100,000 people 

(Walker 2007, Finkbeiner 2011). The average age at the onset of HD is around 40 years, 

although there are rare cases that deviate from this mean and the age of onset may be 

anywhere from 3 years old to 80 or older (Nance and Myers 2001). There are currently 

no effective treatments for HD, and patients succumb to the disease 10-15 years after 

the onset of symptoms. 

 

George Huntington’s early observations about this disease can now be understood at the 

cellular and molecular level. HD results in the gradual degeneration of neurons, most 

strikingly in the striatum but also in other regions including the cortex, thalamus and 
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subthalamic nucleus (Vonsattel, Myers et al. 1985). Neurodegeneration seems to be 

cell-type specific, with medium spiny neurons preferentially lost. In regards to the 

tendency to insanity, this can be explained by the slowing of neuronal function that 

leads to an inability to process thoughts and the corresponding physical responses in the 

rapid manner that is natural for normal functioning brains. Aside from the neurological 

effects, HD also affects motor function, resulting in the characteristic chorea, muscle 

rigidity and weakness.  

 

6.1.2  Huntingtin 

The Huntingtin gene 

The gene responsible for Huntington’s disease was first localized to 4p16.3 in 1983 

(Gusella, Wexler et al. 1983), and isolated 10 years later in 1993 (MacDonald, Ambrose 

et al. 1993).  Spanning around 170kb, this large gene was found to contain a 

polymorphic trinucleotide repeat, (CAG)n in exon 1 that was observed to be larger than 

the normal range (5-30 repeats) in Huntington’s disease (HD) patients. The Huntingtin 

gene (HTT) consists of 67 exons with a coding region of 9429nt, which is expressed as 

two alternatively polyadenylated transcripts. The predominant transcript is 10,348 nt in 

length and is ubiquitously expressed, while the alternate transcript is 13,467 nt in length 

and is predominantly expressed in adult and fetal brain (Lin, Rommens et al. 1993).  

 

The Huntingtin protein 

The protein, translated from the HTT mRNA, is 3142 aa in length and 347 kDa. HTT is 

ubiquitously expressed and is necessary for both embryonic development and viability 

of adult neurons and testis, where it is expressed at high levels (Strong et al., 1993, 

Sharp et al., 1995). Mostly found in the cytoplasm, HTT associates with the plasma 

membrane, endocytotic and autophagic vesicles, the endoplasmic reticulum, golgi 



 241 

apparatus and mitochondria (For review, see Imarisio et al., 2008). Although hundreds 

of HTT-interacting proteins have been identified, the normal cellular role of HTT is still 

poorly understood.  

 

HTT is thought to act as a scaffold protein, mediating interactions and catalyzing 

various cellular reactions and signaling pathways. A predominant feature of the HTT 

protein is the presence of a number of HEAT repeats (Huntingtin, Elongation factor 3, 

protein phosphatase 2A, TOR1) located in the first half of the protein (Takano and 

Gusella, 2002). These motifs are repeat sequences of around 38 amino acids known to 

be involved in protein-protein interactions. In addition to the defined HEAT sequences, 

it seems that HTT contains a number of degenerate HEAT-like sequences spanning the 

entire protein (Takano and Gusella, 2002). Initial studies found 10 functional HEAT 

motifs in HTT, but Takano and colleagues identified 36 potential HEAT or HEAT-like 

motifs, strengthening the idea of HTT acting as a scaffold protein.  

 

Some of the known roles for HTT in normal cells include transcriptional regulation 

(Sugars and Rubinsztein, 2003), protein trafficking (Gauthier et al., 2004), synaptic 

function (Cattaneo et al., 2005) and anti-apoptotic activity (Rigamonti et al., 2000). 

Brain-derived neurotrophic factor (BDNF) is secreted by cortical neurons for absorption 

by striatal neurons, which require BDNF for survival (Baquet et al., 2004, Altar et al., 

1997). HTT has been found to play a vital role in the transport of BDNF along 

microtubules (Gauthier et al., 2004). Disruption of this process results in neuronal 

toxicity, and thus wild-type HTT is thought to contribute to neural protection through its 

interaction with BDNF. Although there remains much to be discovered regarding the 

normal functions of HTT, it is clear that wild-type HTT contributes to brain function 

and improved brain cell survival (Cattaneo et al., 2005).  
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Insights from a HTT-null mouse model 

A HTT-null mouse model was used to further investigate the functions of HTT 

(Dragatsis, Levine et al. 2000). Conditional mutagenesis was used to generate HTT-null 

mice at embryonic day 15 and postnatal day 5. The reason these mice were mutated 

after a period of development is because the HTT-null mutation is embryonic lethal. An 

abnormal limb clasping phenotype was observed as well as motor deficits. The loss of 

Huntingtin had a catastrophic effect on the mouse brains, with tissue degeneration in 

much of the brain and extensive neuronal damage (Dragatsis, Levine et al. 2000). The 

absence of HTT also resulted in reduced sperm production and sterility in male mice, 

highlighting a role for HTT in spermatocyte development. The experiments conducted 

by Dragtasis and colleagues (Dragatsis, Levine et al. 2000) are important because they 

demonstrate the that the presence of wild-type HTT is crucial, and suggest that some of 

the pathology seen in HD may be attributed to a reduction in normal HTT and not only 

the dominant effects of the mutant allele. 

 

Complex interactions and molecular pathways 

The proposed role for HTT as a scaffold protein explains why the normal role of HTT 

has been difficult to define, as many of its activities are likely to be indirect. For 

example, Huntingtin-associated protein 1 is enriched in neurons that interacts with HTT 

and facilitates interactions with microtubule motor proteins by binding kinesin light 

chain (McGuire, Rong et al. 2006). HTT directly interacts with the dynein intermediate 

chain and regulates the directionality of vesicle transport in neurons. Phosphorylation of 

HTT favours transport in the anterograde direction (away from the cell body), which in 

turn leads to an increased release of BDNF from cortical neurons (Colin, Zala et al. 

2008). This example demonstrates the complexity of HTT function and how HTT acts 

as a key player in many important pathways, especially in the brain. 
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HTT regulates transcription by interacting with transcription factors. HTT binds to 

repressor element-1 (REST), sequestering it in the cytoplasm and activating 

transcription of REST-targeted genes (of which BDNF is one) (Zuccato, Tartari et al. 

2003). HTT also interacts with various components of the spliceosome (Faber, Barnes 

et al. 1998). Another well-characterised partner is Huntingtin-interacting protein 1 

(HIP1), which is a membrane protein that is most highly expressed in the brain and is 

thought to be involved in the assembly of the cytoskeleton and vesicle trafficking 

(Chopra, Metzler et al. 2000). The mutant polyQ region of HTT inhibits efficient 

interactions between HIP1 and HTT.  

 

6.1.3  Molecular mechanisms of disease pathology 

HTT mutation 

Huntington’s disease is a dominant disease resulting from the expansion of the CAG 

(polyglutamine, polyQ) region in exon 1 of HTT. Normal alleles have between 5-30 

repeats, repeats of more than 35 will result in HD, and between 30-35 repeats is 

intermediate and may or may not result in the manifestation of the disease. Importantly, 

an inverse correlation between the length of the repeat and the age of onset of the 

disease is seen at the higher range of repeats, such that very large expansions can result 

in juvenile onset, defined as the manifestation of symptoms before 21 years of age 

(Duyao, Ambrose et al. 1993, Nance and Myers 2001). Those with a much later age of 

onset (>50) are likely to have repeats in the intermediate range, which have variable 

penetrance. Although HTT function in normal cells remains poorly defined, significant 

has been devoted to elucidating Huntington’s disease pathology and how the HTT 

polyglutamine mutation affects the protein and results in the phenotype observed in HD 

patients. However, while investigations into the molecular effects of the mutation may 

reveal some details about normal HTT function, HD is a dominant disease that is 



 244 

thought to be at least partially caused by a gain-of-function from the abnormal 

polyglutamine. In addition, the mutant RNA is also thought to contribute to disease 

pathology. The current knowledge regarding the molecular mechanisms of the complex 

disorder that is HD is discussed. 

 

Wild-type function of polyglutamine tracts 

PolyQ tracts are found in many human genes, and elsewhere in the genome, and are 

thought to be involved in stabilising protein-protein interactions through induction of 

structural changes (Schaefer, Wanker et al. 2012). Evidence suggests that polyQ regions 

function at both the RNA and protein level, as functional PolyQ regions have also been 

found in the 5’UTRs of protein encoding genes. Evidence for a general role for polyQ 

tracts in protein-protein interactions is their over-representation in proteins involved in 

transcriptional regulation, protein binding, RNA signalling and chromatin maintenance; 

by the observation that proteins with longer polyQ regions tend to have more interaction 

partners; and that multiple polyQ proteins are often found within human protein 

complexes (Schaefer, Wanker et al. 2012) 

 

Sequence characteristics (HTT) 

The presence of a proline-repeat region (polyP) immediately following the polyQ is also 

a common occurrence (Schaefer, Wanker et al. 2012). In addition, the use of the codon 

CCG, normally a rare occurrence (13% of prolines in human polypeptides), is over-

represented in the context of an upstream polyQ region (43% of prolines in this 

context). Shaefer and colleagues suggest that the GC-rich nature of these transcripts 

(CAG,:,CCG) is likely to have an effect on the function of the polyP/polyQ region at 

the RNA level  (Schaefer, Wanker et al. 2012).  
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The HTT polymorphic polyP region consists of 6–12 CCG repeats immediately 

downstream of the polyQ region (Kiliszek, Kierzek et al. 2012). Sequence analysis and 

molecular modelling of the HTT polyQ/polyP region found that the CAG and CCG 

repeat regions interact with each other to form an autonomous RNA secondary structure 

with a stem-loop formed by the short intervening sequence (de Mezer et al., 2011). 

Aside from a role in the structural integrity of the HTT transcript, another study 

investigating the effect of removing the proline-rich region suggested that this region is 

important for the cytoplasmic localisation of HTT (Rockabrand, Slepko et al. 2007).  

 

Another important functional part of the HTT protein is the first 17aa (encoded by exon 

1) that were found to mediate co-localisation of HTT with mitochondria (Rockabrand, 

Slepko et al. 2007). In the context of the mutant polyQ and polyP regions this 

association is enhanced, and this part of the protein as a whole mediates association 

with the endoplasmic reticulum and golgi apparatus, influences the subcellular 

localisation of HTT, affects the stability of the protein and plays a role in the protein 

aggregation seen in HD. Antibodies directed against these regions were found to 

decrease aggregation of mutant HTT exon 1 (fused to GFP for analysis) (Khoshnan, Ko 

et al. 2002), demonstrates the importance of the protein domain encoded by exon 1 in 

normal HTT function, and in HD pathology.   

 

HTT expression and cell-specific toxicity in HD  

HTT is ubiquitously expressed and widely distributed throughout the brain, but only the 

medium spiny neurons of the striatum are severly affected in HD. Within the brain, 

expresssion of HTT is high in the neocortex, cerebellar cortex, striatum and 

hippocampus, but the distribution of HTT does not explain the specificity of toxicity of 

the mutant protein (Fusco, Chen et al. 1999). 
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There are two alternatively spliced transcripts arising from the HTT gene, both of which 

are present in all cell types. The longer, less predominant transcript has an additional 

3,360nt in the 3’UTR arising from the use of an alternative polyadenylation site (Lin, 

Rommens et al. 1993). The larger transcript predominants in the human brain. As 

discussed earlier, differences in the 3’UTR result in transcripts being regulated and 

expressed differently, and the longer 3’UTR is more likely to be regulated by miRNAs, 

due to an increased potential for binding sites.  

 

Another feature of HTT is the presence of a 21aa translation-inhibiting uORF in the 

5’UTR (Lee, Park et al. 2002). This, along with the presence of an alternative 3’UTR 

expressed in the brain gives us a clue about how the specificity in toxicity seen in HD 

arises. It is likely that transcripts interact with different populations of regulatory factors 

in each cell type, such that the HD mutation has a more severe effect in some cells 

compared to others. 

 

Effects of mutant polyQ in HD 

Transcription  

Widespread disruption of transcriptional pathways occurs in HD due to abnormal 

sequestration of transcription factors by the polyQ tract (for review see (Sugars and 

Rubinsztein, 2003). In vitro mouse experiments demonstrated that Sp1 and various 

members of the transcription machinery, including TFIID and TFIIF, are inhibited by 

mutant Huntingtin (Zhai, Jeong et al. 2005). This has numerous downstream effects, 

altering the expression of many genes that are controlled by the various transcription 

factors. A study comparing changes in gene expression in mice expressing either a full-

length mutant HTT protein or a truncated N-terminal fragment found that the N-

terminal fragment resulted in significantly more transcriptional changes than the full 
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length mutant, indicating that cleavage is required for this toxicity (Chan, Luthi-Carter 

et al. 2002). The expression of caspases (proteases involved in apoptosis) is increased in 

HD, and they are thought to play a role in HTT cleavage (Wellington, Ellerby et al. 

1998, Ona, Li et al. 1999).  

 

MBNL1 transcription factor is known to interact with CUG trinucleotide repeats, and 

expansion of these repeat regions results in sequestration of MBNL1, triggering 

alterations in splicing of MBNL1-associated gene transcripts (Yuan, Compton et al. 

2007). It was proposed that MBNL1 may also interact with CAG repeats, and this was 

shown to be the case as intranuclear RNA foci co-localised with MBNL1 were detected 

in cells expressing mutant CAG repeats (albeit at a lower number than observed in 

CUG-containing transcripts) (Mykowska, Sobczak et al. 2011). FISH was used to 

confirm the colocalisation of MBNL1 with mutant HTT. Interestingly, AOs targeted to 

the CAG repeat in the HTT mRNA when tested at high concentrations, were found to 

induce similar changes in alternative splicing to that induced as a result of sequestration 

of MBNL1 by mutant HTT RNA (Mykowska, Sobczak et al. 2011). This suggests that 

the repeat-targeting AOs, which consist of a CUG repeat, also sequester MBNL1. This 

presents a problem for this strategy as using these AOs will not ameliorate the toxicity 

that results from the sequestration of MBNL1. Another prominent transcriptional 

pathway that is disrupted in HD is the cAMP response element pathway that has a role 

in neuronal survival (McCampbell, Taylor et al. 2000). These results provide further 

evidence that the HTT RNA, not just the protein, contributes to HD pathology. 

 

As well as sequestering transcription factors within the polyQ region, mutant HTT has 

been found to localise at gene promoters (Kegel, Meloni et al. 2002), and polyQ tracts 

have been shown to be involved in the activation of transcription (Atanesyan, Gunther 
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et al. 2012). One study used a ChIP-on-chip approach to determine the genomic targets 

of wild-type and mutant HTT, and found that HTT also binds to intronic and intergenic 

regions (Benn, Sun et al. 2008). Mutant HTT promoter occupation showed a distinct 

pattern, indicating that specific genes are involved rather than random associations. 

HTT is thought to interact with DNA and alter conformation and transcription factor 

binding, leading to profound transcriptional dysfunction. In addition, wild-type HTT 

has also been found to occupy gene promoters, so it is likely that HTT has additional 

undefined roles in transcription (Benn, Sun et al. 2008). 

 

Another transcription factor targeted by mutant HTT is the RE1-silencing transcription 

factor (REST). REST has been found to regulate a number of brain-specific miRNAs, 

and subsequesntly these miRNAs have been confirmed to have altered (lower) 

expression in HD (Johnson, Zuccato et al. 2008). This means that disruption of REST in 

HD leads to an increase in the expression of certain genes that are targeted by the 

miRNAs, while repressing the expression of other genes such as BDNF (Johnson, 

Zuccato et al. 2008). Mutant HTT has also been found to alter histone acetyltransferase 

activity, and this may further contribute to transcriptional deregulation (Sadri-Vakili and 

Cha 2006), where affected genes may be up- or down-regulated. A study found that an 

estimated 3,000 genes were exclusively expressed in the presence of mutant HTT () 

compared to some 1,380 genes exclusively expressed in the presence of wild-type HTT, 

which is indicative of a gain-of-function (Benn, Sun et al. 2008). Of the genes that were 

expressed in both cell lines, genes were more likely to be down-regulated in the 

presence of mutant HTT. The effect of mutant HTT on transcription is evidently highly 

complex and multi-factorial. 

 

 



 249 

Protein interactions 

The large number of proteins interacting with HTT means that inevitably there are 

going to be a large number of problems, should this protein be disrupted. In particular, 

the polyQ region is a scaffold for protein interactions, and the length of this region 

therefore has a significant impact on its function, as an increase in length is likely to 

increase the number of protein interactions and thus result in a gain-of-function. The 

complexity of interactions with polyQ regions at both the protein and transcript level 

explains why polyQ diseases often involve a multitude of pathogenic features. Aside 

from the polyQ region, the surrounding sequence also interacts with numerous proteins, 

and these interactions may be disrupted in HD. 

 

There has been a substantial investigation of proteins that interact with HTT and modify 

HD pathology. For example, a study using high-throughput genomic screens identified 

234 previously unidentified potential interactors representing a wide range of functions 

including signal transduction, transcription, and other functions that correlate with the 

pathways that have been demonstrated to be disrupted in HD (Kaltenbach, Romero et al. 

2007). PolyQ containing peptides have also been found to induce expression of proteins 

involved in stress response, such as heat shock proteins (Sherman and Goldberg 2001), 

to interfere with phosphorylation of various proteins as well as HTT itself (Warby, 

Chan et al. 2005), and to disrupt cellular signaling pathways mediated by epidermal 

growth factor and nerve growth factor (Song, Perides et al. 2002).  

 

Protein aggregation 

The first 17 aa of HTT are thought to bind to the nuclear exporter promoter region and 

facilitate nuclear export. Expansion of the repeat region interferes with this process, 

resulting in the accumulation of mutant HTT in the nucleus (Imarisio, Carmichael et al. 
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2008). Aggregation typically occurs in polyQ regions and studies have shown that the 

repeat length and flanking sequences have an impact on polyQ aggregation (Thakur, 

Jayaraman et al. 2009). However, mutant HTT polyQ sequences were found to 

spontaneously aggregate by a different mechanism compared to wild-type polyQ 

peptides. Aggregation of HTT polyQ results in the formation of neuronal intranuclear 

aggregates (NIAs) (Saudou and Humbert 2008). The role of these NIAs is unknown, 

although their heightened presence in non-degenerating neuronal regions suggests that 

they may actually have a protective effect, perhaps by containing the mutant protein so 

it can be degraded. 

 

Even if the presence of NIAs is protective in some way, NIAs of mutant HTT sequester 

polyQ-interacting proteins and ultimately prevent them from reaching their point of 

action. For example, MBNL1, normally distributed throughout the cell, is sequestered 

with NIAs from mutant HTT transcripts (de Mezer, Wojciechowska et al. 2011). 

Aggregation is therefore likely to significantly contribute to HD pathology. 

 

Mitochondrial dysfunction 

The first signs of HD pathology is the loss of medium-size spiny neurons in the striatum 

(Vonsattel, Myers et al. 1985). A study looking for alternative animal models for HD 

found that increased levels of 3-nitropropionic acid resulted in a similar specificity of 

neural degeneration (Borlongan, Koutouzis et al. 1997). 3-nitropropionic acid is a 

mitochondrial citric acid cycle inhibitor, suggesting that mitochondrial dysfunction may 

be involved in HD pathogensis. Later studies demonstrated that the HTT polyglutamine 

tract modifies energy production, and the mutant polyQ expansion reduces 

mitochondrial ATP and ADP-uptake (Lee, Ivanova et al. 2007). 
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Effect on muscle 

It was initially thought that the motor deficits seen in HD were simply the result of 

neural degeneration and the disruption of neural signalling to the muscles. However, 

there are a number of other ways in which the HD mutation may affect muscle function, 

for example, through the deregulation of mitochondrial function. One study looked at 

exercise recovery and noted a significant 44% decrease in the production of ATP in 

muscles in HD-affected patients (Lodi, Schapira et al. 2000). HD also results in altered 

expression of a number of muscle genes, and the changes induced in muscle were 

indicative of a change from fast-twitch to slow-twitch muscle fibre types (Strand, 

Aragaki et al. 2005). A recent study demonstrated HD disrupts chloride and potassium 

channels and causes the muscle to be hyperexcitable, meaning the action potential is 

more easily triggered, resulting in involuntary contractions (Waters, Varuzhanyan et al. 

2013).  

 

Toxic RNA 

Further evidence for the pathogenic role of mutant HTT RNA was demonstrated using a 

Drosophila model, in which expression of an untranslated CAG repeat of pathogenic 

length conferred some neuronal toxicity (Li, Yu et al. 2008). Sequence analysis and 

molecular modelling of the HTT polyQ/polyP region found that the CAG and CCG 

repeat regions interact to form an autonomous RNA secondary structure with a stem-

loop formed by the short intervening sequence (de Mezer, Wojciechowska et al. 2011). 

Although the overall structure of the transcripts stayed consistent with increasing CAG 

repeat length, it was noted that the longer the repeat sequences the less stable the 

structure became.  This is thought to be due to the fact that the CAG:CAG hairpin is 

less stable than the CAG:CCG hairpin because of the nature of the mismatches, where 

the A-A pairing favours local unwinding of the duplex (Kiliszek, Kierzek et al. 2010). 
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De Mezer and colleagues demonstrated that mutant HTT transcripts aggregate in the 

nuclei, implicating toxic RNA as a contributor to HD pathology. In addition, non-

coding RNA may also arise from the mutant allele and further contribute to pathology. 

 

HTT is required for normal functioning 

HTT is involved in numerous protein interactions, and mutant HTT causes a disruption 

to these interactions as well as induction of new interactions. Furthermore, this would 

disrupt many downstream processes and interrupt the cellular balance that is so 

important for normal functioning. Because of this, any potential therapies need to 

maintain wild-type HTT expression to be viable in humans. 

 

6.1.4  Therapies for HD 

Targeting the downstream effects 

HD is a complex disorder and targeting downstream effects could ameliorate at least 

some of the symptoms of HD. The only drugs currently used to treat HD are in this 

category and include drug cocktails targeting motor deficits and behavioural problems 

(Blass, Steinberg et al. 2001, Ondo, Tintner et al. 2002), neuroprotective agents 

(Kieburtz, Feigin et al. 1996, Tabrizi, Blamire et al. 2003, Puri, Leavitt et al. 2005), and 

drugs to induce neurogenesis (Cho, Benraiss et al. 2007). 

 

Targeted knockdown of repressor element 1 silencing transcription factor (REST) has 

been explored as a potential therapy for HD. REST is a global regulator of a multitude 

of neuronal genes, and the HTT mutation leads to increased levels of this transcription 

factor, subsequently disrupting the balance of neuronal gene expression (Soldati, Bithell 

et al. 2011). BDNF is targeted by REST, and is thus repressed in HD due to the increase 

in REST. BDNF plays a vital role in neuronal survival, so it is likely that this decrease 
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in BDNF expression contributes to HD pathology. siRNAs targeted to REST were 

shown to effectively knockdown expression of REST to wild-type levels, which in turn 

led to an increase in BDNF expression (Soldati, Bithell et al. 2011). 

 

Knocking down HTT 

Although targeting the downstream effects of the expanded polyglutamine may 

ameliorate the disease to some extent, therapies targeting the disease mechanism itself 

are desirable. The pathways and interactions that HTT and mutant HTT are involved in 

are highly complex and still being defined, so it is unlikely that indirect therapies will 

be able to stop all downstream pathological processes. Complete knockdown of HTT 

has been considered as a therapy, but now that we know more about the role of HTT in 

normal cells, it is probable that this would be detrimental because normal HTT is 

required in adult life. Specific knockdown of the allele carrying the polyQ expansion, if 

this were achievable, could be an effective therapy for HD. A number of different 

strategies could be used to knockdown expression of the disease causing HTT allele. 

 

Silencing   

Short interfering RNAs (siRNAs) and short-hairpin RNAs (shRNAs) are tools that can 

be used to knockdown expression of target genes. Short-hairpin RNAs are similar to 

siRNAs in that they act as double-stranded RNA molecules (although shRNAs consist 

of a single RNA strand folded into a hairpin rather than 2 separate strands). However, 

rather than being synthetically produced, shRNAs are transcribed in the nucleus from a 

DNA vector transfected into the cells. shRNAs act through the endogenous miRNA 

pathway to incorporate the target RNA into RISC and consequently does this much 

more efficiently than siRNA (Rao, Vorhies et al. 2009). In addition, shRNA can be 

continually transcribed within the cell and thus can have a sustained effect with a 
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relatively lower dose. Harper et al. evaluated shRNAs targeting sequences in exons 1-3 

of the human HTT transcript to knockdown HTT expression. Some were found to 

reduce HTT mRNA expression by ~85% and protein expression by ~55% (Harper, 

Staber et al. 2005). Another group also investigated the use of shRNAs targeting HTT 

by vector delivery into the R6/1 HD transgenic mouse (Rodriguez-Lebron, Denovan-

Wright et al. 2005). Delivery of two different shRNAs into the striatum were found to 

reduce HTT mRNA levels by 80%, although aggregated protein levels were only 

reduced by 25% and 38%, indicating there was a discrepancy between the reduction of 

transcript and protein expression. The authors proposed that this discrepancy may be 

due to differential kinetics of mRNA turnover compared to protein, but the difference is 

very substantial and poses a significant problem for this therapy. Both groups 

demonstrated that partial knockdown of HTT reduced the formation of the disease 

associated neuronal inclusions, with the in vivo study reporting a 31% knockdown in 

striatal NIIs (Rodriguez-Lebron, Denovan-Wright et al. 2005). shRNAs are reported to 

induce less off-target effects than siRNAs, but reduced levels of some specific striatal 

mRNAs were reported as a potential off-target effect of the vector used in this treatment 

(Rodriguez-Lebron, Denovan-Wright et al. 2005). 

 

Fiszer and colleagues investigated the potential of siRNAs targeted to the repeat and 

surrounding sequences (Fiszer, Mykowska et al. 2011). They identified two duplexes 

that resulted in 75% reduction in mutant HTT protein. Repeat-targeting duplexes 

displayed allele selectivity, which is likely reflecting that the mutant allele contains 

many more binding sites. Intriguingly, they also found that in combination with 

knockdown of the mutant transcript, the wild-type transcript seemed to be upregulated 

(Fiszer, Mykowska et al. 2011). The exact mechanism of this is unknown, but duplex 

RNAs have been shown to have the ability to upregulate gene expression by interfering 
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with non-coding regulatory RNAs (as discussed in chapter 1), and another possibility is 

that the silencing of mutant HTT indirectly increases expression of normal HTT (Fiszer, 

Mykowska et al. 2011). In either case, upregulation of the wild-type allele would be a 

beneficial aspect of this treatment. However, there was one major issue encountered by 

Fiszer and colleagues in the form of off-target effects on other CAG-repeat containing 

genes. Specificity of repeat targeting therapies is an imperative because of the high 

frequency of trinucleotide repeats in the genome. 

 

AO therapies 

Although RNAi strategies and non allele-specific knockdown of HTT were well 

tolerated and had a positive impact on HD pathology and protein aggregation, there is a 

concern that RNAi therapies will have unwanted effects. AO therapies using 

transcription-blocking AOs are also being investigated for their potential to 

downregulate mutant HTT. Triplet-repeat sequences are known to form hairpin 

structures, and Hu et al. (2009) reasoned that the nature of the HTT  mutation might 

enable selective recognition of the mutant mRNA by oligomers targeting the repeat 

region, due to the difference in size that results in a greater number of target sites 

(Aartsma-Rus, Fokkema et al. 2009). They found that a 5µm dose of a PNA targeting 

the 3’ end of the repeat resulted in almost 100% knockdown of the mutant HTT protein 

in cultured fibroblasts, but only a 50% knockdown of the normal protein. HTT mRNA 

levels were not decreased, which is consistent with the PNA acting to selectively inhibit 

translation. One issue with this approach discussed by the authors is that discrimination 

between the alleles may be difficult in patients with shorter expanded CAG repeats. 

However, the use of a single stranded oligomer reduces the chance of off-target effects 

and shows promise for treatment of this disease.  
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SNPs have also been exploited in an attempt to increase the specificity of AO-induced 

knockdown, and antisense RNA AOs were designed that were very efficient at 

selectively knocking down mutant HTT transcripts in vitro and in vivo (Carroll, Warby 

et al. 2011). In a HD mouse model, Carroll and colleagues demonstrated complete 

knockdown of mutant HTT (protein and mRNA) while expression of normal HTT was 

maintained (Carroll, Warby et al. 2011). One disadvantage of this approach, discussed 

previously, is that not all patients possess the same SNPs, and while one of the AOs 

reportedly could be used in 49% of the HD population, personalised therapy may be 

required for other patients. It has also been estimated that 25% of the HD population do 

not have a SNP associated with the mutant allele and would not be suited to this 

treatment (Sah and Aronin 2011).   

 

RNase H activity results in the cleavage and degradation of a specific target mRNA 

once an appropriately designed DNA AO has annealed to a target RNA strand. This 

occurs naturally in cells but can be induced by the use of AOs of certain chemistries. 2'-

methoxyethoxy (MOE) gapmers (modified 20mers consisting of a phosphorothioate 

backbone with 5 MOE bases at the 5’ and 3’ ends) targeting the repeat region or SNPs 

were found to be effective in reducing mutant HTT mRNA levels through RNase H 

induction by 75% in three different HD mouse models and resulted in restoration of 

motor functions and extended survival (Kordasiewicz, Stanek et al. 2012). They were 

also able to show sustained knockdown for up to three months in the brains of treated 

monkeys following delivery to the CNS, although the level of reduction was less (25-

50%). 

 

Non-RNase H-inducing AOs have also been investigated as a potential therapy for HD. 

Modified 2’O-methyl bases on a phosphorothioate backbone targeting the CAG repeat 
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were shown to selectively reduce expression of mutant HTT in vitro (81% knockdown 

in HTT fibroblasts) (Evers, Pepers et al. 2011). The exact mechanism is not known, but 

the authors suggest that structural differences between the mutant and normal transcripts 

could cause the mutant transcript to be more accessible to the AOs (Evers, Pepers et al. 

2011). The effective AO, (CUG)7, was also shown to reduce mutant ataxin-1 mRNA in 

spinocerebellar ataxia 1 and other CAG-repeat disorders, and the authors emphasize that 

one AO could potentially be used to treat multiple disorders (Evers, Pepers et al. 2011). 

Although the results from this study are encouraging, some caution is warranted; 1) 

although there is some specificity, normal HTT levels are also reduced following AO 

treatment, (2) knockdown is not complete, 3) the AOs were only tested at one 

concentration (100nM), which may be suboptimal and no dose dependent effects were 

demonstrated, 4) although it was claimed that none of the transcripts from the normal 

alleles of other CAG containing genes are affected by the AO, normal HTT expression 

was reduced, so it is likely that may be off-target effects from this treatment. 

 

6.1.5  Aims of this project  

Many potential therapies have been investigated for HD, including different AO 

strategies, with varying success. The AO therapies currently being developed are either 

(a) RNase H inducing, (b) SNP targeting, or (c) repeat-targeting.  

 

Hypothesis: 

 

1) The nature of the HTT mutation will affect splicing factor binding, and alter 

interactions with other regulatory molecules, thereby allowing splice switching Aos 

to differentiate between the normal and expanded alleles. 
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2) Splice-switching AOs targeted to exon 1 will prevent correct processing of the 

expanded allele. 

 

Splicing is a complex and intricate process, and it is known that splicing factors often 

interact with each other, so the positioning of factor binding sites can be crucial. The 

expanded CAG repeat extends the length of exon 1 considerably, and it was considered 

likely that splicing factor interactions could be altered as a result. Although non-RNase 

H inducing AOs have been used with some success to knockdown HTT transcripts, they 

mostly target the repeat itself, which could have off-target effects, or they target SNPs, 

which will not be relevant for all patients. The splice intervention approach explored 

here is novel in that we targeted motifs outside the repeat region, and if successful could 

potentially benefit all HD patients. 

 

6.2 Huntington’s disease - specific methods 

 

6.2.1 PCR amplification of the HTT transcript 

RNA from treated and untreated patient cells was isolated as described (Section 2.2.3) 

and cDNA was synthesised (Section 2.2.4, although DNase treatment was not used in 

the HD experiments as it was found to significantly reduce the cDNA yield). RT-PCR 

amplification of the HTT transcript proved challenging initially, because of the high GC 

content of the target region and the CAG repeat. The optimisation process is described 

in detail in Section 6.3.1 and the PCR conditions are shown in Table 6.1. 100ng of 

cDNA (estimated from the RNA concentrations) was added to each reaction. 
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98°C 3 mins 
 98°C 30 secs 
 55°C 30 secs x40 

72°C 3 mins   
 72°C 10mins 
 

Table 6.1: Cycling conditions for TAKARA-La PCR amplification of HTT across exons 1-6. 

 

A number of primer sets were evaluated, and the most commonly used primer set 

amplified exons 1 – 6. 
Primer name Sequence 

HTT 1FO GCG ACC CTG GAA AAG CTG AT 

HTT 1FI GCC TTC GAG TCC CTC AGG T 

HTT 3F GGG CAT CGC TAT GGA ACT TT 

HTT 1R CGG CTG AGG CAG CAG CGG CT 

HTT 3R AAAGTTCCATAGCGATGCCC 

HTT 6RI ACTGATTCTTCGGGTCTCTTGC 

HTT 6RO AGCTGCAGCCAAGGTCTCCT 

Table 6.2: Primers used in Huntington’s disease research. The most commonly used amplifiers are shown in 

bold. 

6.2.2  HD cell strains 

HD patient cell strains were obtained from the Coriell Cell Repositories and are listed in 

Table 6.3. 
# Coriell number Cell type Mutation 

L1 GM13509 Lymphocytes 70 & 15 CAG repeats 
10 CCG 

L2 GM13508 Lymphocytes 58 & 22 CAG repeats 
7 CCG 

F1 GM09197 Fibroblasts 180 & 16 CAG repeats 
10 CCG 

F2 GM04285 Fibroblasts Unknown, (39-47) & (10-17)  
9 CCG 

F3 GM04281 Fibroblasts 68 & 17 CAG repeats 
7 CCG 

Table 6.3: Huntington’s disease cell strains and mutation information. The number of CAG repeats for each of 

the two HTT alleles is shown in black in the mutation column, and the number of CCG repeats as determined by 

sequencing analysis is indicated in red. 
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The polymorphic CCG region has been documented, but the mutation information 

available from Coriell did not contain this information. The number of CCG repeats in 

the normal allele for each cell strain was determined by sequencing, but that number 

may vary between the two alleles (no differences were confirmed, but there were some 

issues with sequencing across the larger CAG repeat and with the products that were 

observed following AO treatment – this will be discussed in more detail later). PCR 

product sizes were estimated as accurately as possible using this information. 

 

6.2.3 AOs used in HTT studies 
Number AO coordinates Sequence 5’-3’ 

1 HTT1A(-10+15) uuc cag ggu cgc cau ggc ggu cuc c 

2 HTT1A(+11+35) ucg aag gcc uuc auc agc uuu ucc a 

3 HTT1A(+31+55) gcu gga agg acu uga ggg acu cga a 

4 HTT1A(+98+122) ggc ugu ugc ugc ugc ugc ugc ugc u 

5 HTT1A(+106+130) gcg gcg gcg gug gcg gcu guu gcu g 

6 HTT1A(+148+172) ccu gcg gcg gcg gcu gag gaa gcu g 

7 HTT1A(+168+192) cug agg cag cag cgg cug ugc cug c 

8 HTT1A(+188+212) ggc ggc ggg ggc ggc ugc ggc uga g 

9 HTT1A(+208+232) ggc cgg gug gcg gcg ggg gcg gcg g 

10 HTT1A(+228+252) cgg cuc cuc agc cac agc cgg gcc g 

11 HTT1D(+16-9) caa acu cac ggu cgg ugc agc ggc u 

12 HTT1D(+3-22) gcu gca gcg ggc cca aac uca cgg u 

13 HTT2A(+16+41) auu cac acg guc uuu cuu ggu agc u 

14 HTT2A(-5+20) uag cug aaa guu cuu ucu uuc uaa a 

15 HTT1(+132+156) agg aag cug agg agg cgg cgg cgg c 

16 HTT1(+193+217) ggg gcg gcg gcg ggg gcg gcu gcg g 

17 HTT1(+181+205) ggg gcg gcu gcg gcu gag gca gca g 

18 HTT1(+201+225) ugg cgg cgg ggg cgg cgg cgg ggg c 

Table 6.4: First generation HTT AOs. The coordinates of each AO were recorded according to the consensus 

sequence (NM_002111.7) on NCBI, which contains 15 CAG repeats. The actual coordinates will vary according to 

the number of repeats in each HD cell strain. **The AO coordinates will be used in text and on images where 

possible, but AOs are also numbered, which will be used in images where space is limited. The AO nomenclature is 

as described by Mann et al., 2001. 
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6.3 Huntington’s disease - Results 

 

6.3.1  PCR optimisation 

Amplification of the HTT transcript from patient cells was challenging, presumably 

because of the high GC content associated with the CAG and CCG repeat regions. 

Initial attempts at amplification of HTT exon 1 by one-step RT-PCR using SSIII reverse 

transcriptase and Platinum Taq DNA polymerase failed to yield any products of the 

predicted size in either HD patient fibroblasts or normal primary human fibroblasts. 

PCR using the TAKARA-La enzyme following cDNA synthesis also failed to amplify 

the desired products. 

 

Liu et al. reported a protocol for amplification of HTT using the Transcriptor enzyme 

for cDNA synthesis and TAKARA-La with a buffer optimised for amplification of GC-

rich sequences (Liu, Kennington et al. 2008). The HTT PCR was performed as 

described, but failed to amplify any products (data not shown). GapDH was 

successfully amplified to confirm the quality of the initial RNA preparation and cDNA 

synthesis, and this demonstrated that the Transcriptor cDNA synthesis failed (data not 

shown).   

 

Because the Transcriptor enzyme failed to efficiently produce cDNA, the cDNA was 

synthesised again as described in Section 2.2.4 using SSIII reverse transcriptase 

(Invitrogen). HTT exon 1 was then amplified with the TAKARA-La enzyme and 

optimised GC buffer (Clontech). Specific products of the correct size were visible in all 

reactions following separation by agarose gel electrophoresis (Figure 6.1). TAKARA-

La PCR conditions were optimised by varying cycle number, annealing temperature, 

denaturing temperature and amount of cDNA in the reaction. The final optimised 
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protocol resulted in successful amplification of both the normal and expanded alleles, 

and was demonstrated to be consistent in three different HTT patient cell strains, 

including one patient with a very large expansion (cell line H1, 16 & 180 repeats) (See 

Table 6.1 for conditions).  

 

 

Figure 6.1: PCR amplification of HTT in normal human fibroblasts and HD patient fibroblasts. HTT alleles with 

a normal number of repeats range in size from 130 bp (6 repeats) to 217 bp (35 repeats). Two different sized alleles 

are visible in the normal fibroblast samples that are within the normal range. The HD cell strain used here has 15 

repeats in one allele (157 bp) and 70 repeats in the expanded allele (322 bp). 

 

One limitation with the PCR in Figure 6.1 was the differing intensities of the two 

amplicons in the HD cells, a consequence of PCR bias where smaller products are 

generally preferentially amplified. In this case, where the only difference between the 

products is the CAG repeat length, it should be expected that this problem would arise. 

To rectify this limitation, primers amplifying a larger product were designed (exons 1 – 

6) so the relative size differences between the normal and expanded amplicons is 

reduced. Amplification using the new primer set produced cleaner product bands, with 

an improved ratio between the amplicons, although the smaller allele was still favoured 

(Figure 6.2). Following these optimisation experiments, this new primer set amplifying 

exons 1-6 was the standard set used to analyse HTT expression in subsequent 

experiments. 
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Figure 6.2: Comparison of HTT primer sets. N – normal fibroblast sample. The HTT cell line used here contains a 

larger expansion (16 & 180 repeats). The original primer set amplified within exon 1 (normal allele – 160bp, mutant 

allele – 652bp), and another primer set amplifying across exons 1-6 was tested (normal allele – 636bp, mutant allele 

– 1128bp). The extra band present in the normal fibroblast sample is likely to represent a heteroduplex artefact. 

 

6.3.2  First generation AOs – targeting HTT exons 1 and 2 

Fourteen AOs (25mers) were designed to bind to various sites in exon 1 and 2 of the 

HTT primary transcript  (Table 6.4 and Fig. 6.3). Each AO was transfected (as described 

in Section 2.2.2 (pg. 95-96) at 400nM, 200nM and 100nM for 48 hours, into three 

different Huntington’s disease cell strains (L1, L2 and H1, see Table 6.3). RNA was 

extracted and analysed by RT-PCR across exons 1-6 as described previously.  

 

Testing of the 14 first round AOs indicated that AOs H1(+148+162), H1(+188+212) 

and H1(+208+232) have altered HTT processing, with multiple smaller products 

present in comparison to the untreated samples (Figure 6.4). This effect is also seen in 

another cell strain L2 (data not shown).  
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Figure 6.3: Binding positions of first generation AOs targeting HTT exons 1 and 2. The sequence for HTT 

exons 1 and 2 is shown in bold (Obtained from the reference sequence, NM_002111.7, containing 19 CAG repeats). 

The sequence also includes 11bp of the 5’UTR, and 25bp of intronic sequence at each exon/intron junction, shown in 

red. The sequence is numbered relative to the translation start codon, where the first base is +1. AO binding sites are 

represented by the blue and purple bars. See Table 5.7 for AO coordinates. 

  

-11  gggagaccgccAUGGCGACCCUGGAAAAGCUGAUGAAGGCCUUCGAGUCCCUCAAGUCCUUCCAGCAGCAG

+61  CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAACAGCCGCCACCGCCGCCGCC

+132 GCCGCCGCCGCCUCCUCAGCUUCCUCAGCCGCCGCCGCAGGCACAGCCGCUGCUGCCUCAGCCGCAGCCGCC

+204 CCCGCCGCCGCCCCCGCCGCCACCCGGCCCGGCUGUGGCUGAGGAGCCGCUGCACCGACC|gugaguuuggg

     cccgcugcagcucc.....auuuccuucuuuuuuuuauuuuuag|AAAGAAAGAACUUUCAGCUACCAAGAA

+291 AGACCGUGUGAAUCAUUGUCUGACAAUAUGUGAAAACAUAGUGGCACAGUCUGUCAG

Figure **: Binding positions of AOs targeting Huntingtin exons 1 and 2. The sequence for Huntingtin exons 

1  and 2 is shown in bold, as well as 11bp of the 5’UTR and 25bp of the intron at each exon|intron junction (non-

coding sequence shown in red font). The sequence is numbered relative to the translation start codon, where the 

first base is +1. AO binding sites are represented by the blue and purple bars. See Table ** for AO coordinates. 

This sequence contains 19 CAG repeats, which is in the normal range. 

1
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4
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Figure 6.4: RT-PCR analysis of AO-treatment in two different HD patient cell strains. Each AO treatment was 

tested at 400nM, 200nM and 100nM (shown left to right). Sizes correspond to the predicted size of each HTT allele in 

the different cell strains according to the mutation information supplied by Coriell; (a) Cell strain L1, alleles containing 

70 (808bp) and 15 (643bp) CAG repeats; (b) Cell strain F1, alleles containing 180 (1128bp) and 16 (636bp) CAG 

repeats. AOs of interest are indicated by the red asterisk. 

 

a) Lymphocyte cell line L1

 H1(-10+15)      H1(+11+35)      H1(+31+51)     H1(+98+122) 

H1(+106+130)   H1(+148+162)  H1(+168+192)  H1(+188+212) 

H1(+208+232)   H1(+228+252)   H1D(+16-9)      H1D(+3-22) 

  H2(+16+41)       H2(-5+20)          Sham AO           UT             -ve

808 bp
643 bp

**

*

808 bp
643 bp

808 bp
643 bp

808 bp
643 bp

b) Fibroblast cell line F1

 H1(-10+15)      H1(+11+35)      H1(+31+51)     H1(+98+122) 

H1(+106+130)   H1(+148+162)  H1(+168+192)  H1(+188+212) 

636 bp

636 bp

* *

H1(+208+232)   H1(+228+252)   H1D(+16-9)      H1D(+3-22) 

  H2(+16+41)       H2(-5+20)              UT                -ve

636 bp

636 bp

*

1128 bp

1128 bp

1128 bp

1128 bp
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6.3.3  Sequencing of skipped products  

In order to identify the different sized amplicons that were present across all three cell 

strains, samples from cell strain L2 were separated on an agarose gel, individual 

products were isolated by the bandstab technique (Section 2.2.4) to isolate the products 

for sequence analysis (Figures 6.5 and 6.6).  

                                                        
Figure 6.5: Pre-bandstab gel, (L2 cell line). The PCR was repeated in duplicate on selected samples and products 

were separated by electrophoresis. The 762 bp product represents the mutant allele with 58 CAG repeats, and the 

654 bp product represents the normal allele with 22 CAG repeats. Bands were cut out of the gel for downstream 

analysis (three bands for each of the AO treatments and two from the UT sample). 

 

 

Figure 6.6: PCR analysis of samples generated by bandstab (L2 cell line). Three products from each AO 

treatment were isolated, products are labelled 1-6 for future reference. UT: untreated HD samples.  
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Samples were submitted to the Australian Genome Research Facility (AGRF) for 

sequencing, using a forward primer in exon 1 of HTT, and a reverse primer in exon 6. 

 

Sequencing data 

For all samples, the data from the sequencing reactions containing the forward primer 

were unreadable and inconsistent, likely due to the close proximity of the primer 

annealing site to the CAG repeat region. The sequences generated using the reverse 

primer in exon 6 were much cleaner and more consistent. All sequences aligned 

perfectly with the HTT consensus sequence from exons 2 – 6, so only the exon 1 

sequence is shown in the following analysis. The chromatograms showing the sequence 

of exon 1 only are shown in Appendix 6.1. 

 

The alignment of the HTT sequences generated by transfection of AO H1(+188+212) 

(products 1 – 3) are shown in Figure 6.7. The sequencing data indicates that part of 

exon 1, from bases 240 to 344, 105 nt in total, is missing from all three products. 

Product 1 has a disease-causing number of repeats (58) while the product 3 repeat 

number is within the normal range (22). It is difficult to discern how many repeats are 

present in product 2 because the sequence does not align precisely and the beginning, in 

the repeat region, is not well defined. However, the length of product 2, along with the 

sequencing data indicating that it is also missing 105bp.  
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ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG) 

1                      TNNTNNNTNTNNNNNNNNNNNNNNNNNN(CNG)58 

2                        NTNNTNNNGNNNNNNNNNNNTNNTNN(CAG)43? 

3                         NNCTTNNGNGTNCNNCAAGTCCTTC(CAG)22 

 

 

 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCCGCCGCCGCA 

CAACAGCCGCCACC................................................ 

CNNCAGCCGCCACC................................................ 

CAACAGCCGCCACC................................................ 

 

 

GGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGCCACCCGGCC 

.........................................................CGGCC 

.........................................................CGGCC 

.........................................................CGGCC 

 

 

CGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CGGCTGTGGCTGAGGAGCCGCTGCACCGACC  

CGGCTGTGGCTGAGGAGCCGNTGCACCGACC 

CGGCTGTGGCTGAGGAGCCGCTGCACCGACC  

 

Figure 6.7: Alignment of sequences from L1 cells treated with H1(+188+212). The HTT consensus sequence 

(NM_002111.7) is shown in black and the PCR products in blue. Sequence 1 contains 58 repeats, which is the mutant 

number for this particular cell line (L2). The number of repeats in the other PCR products are indicated next to the (CAG), 

determined as accurately as possible from the data. The dotted line represents bases that are missing from each transcript 

according to the sequencing data. The red highlighted sequence shows a region of complementarity at the junction of the 

missing sequence. 

 

The alignment of sequences induced by transfection with AO H1(+208+232) yielded similar 

results, with sequences 4 and 6 representing the mutant and normal alleles with the same 

105bp sequence removed (Figure 6.8). The intermediate sized product resulted in another 

alternate transcript, this time missing 60 bp from the same area as the other transcripts. 
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ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG) 

4                                                  (CAG)58 

5                      NNNTNNNNNNNNNNNNTTNNNNNNNTTN(CAG)22 

6                                     (CAG)25? 

 

 

 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCCGCCGCCGCA 

CNNCAGCCGCCACC................................................ 

CANCAGCCGCCNCCGCNGCNGCNGCCGCCGCNGCNTCNTNNNNNTCNT.............. 

CAACAGCCGCCACC................................................ 

 

 

GGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGCCACCCGGCC 

.........................................................CGGCC 

..............................................CNGCCGCCACCCGGCC 

.........................................................CGGCC 

 

 

CGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CGGCTGTGGCNGAGGAGCCGCTGCNCCGNCC 

 

 

Figure 6.8: Alignment of sequences from cells treated with H1(+208+232). The HTT consensus sequence 

(NM_002111.7) is shown in black and the PCR products in purple (labelled 4-6, corresponding to the gel image in Figure 

5.11). The number of CAG repeats in each PCR product is indicated. Sequence 4 contains 58 repeats, which is the mutant 

number for this particular cell line (L2). The dotted line indicates bases that are missing from the sequence in comparison 

to the untreated full-length sequence. The red highlighted sequence shows a region of homology at the junction of the 

missing sequence. 

 

The analysis of the sequencing data is summarised in Table 6.5. 
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AO Band number No. of repeats Information 

H1(+188+212) 1 58 Missing 105bp from exon 1 

 2 ~43? Missing 105bp from exon 1 

 3 22 Missing 105bp from exon 1 

H1(+208+232) 4 58 Missing 105bp from exon 1 

 5 22 Missing 60bp from exon 1 

 6 25? Missing 105bp from exon 1 

Table 6.5: Summary of data from S1. 

 

Discussion of sequencing results 

The data generated from the sequencing experiment are unusual as it indicates that the 

middle of exon 1 has been excised from some transcripts. Analysis of the transcript 

indicates there are no consensus splice sites or splice site-like sequences anywhere near 

this excision. Such altered gene transcript processing has not previously been observed 

in our laboratory, and to our knowledge has not been reported elsewhere. 

 

Closer examination of the sequence reveals that a region of 9 bases that occurs just 

before the excision is repeated immediately at the end of the sequence excluded after 

AO treatment. This suggested that the transcripts missing the 105 bases could be PCR 

artefacts, arising through errors during the amplification process. There is a possibility 

that there is slippage and miss-priming at that point during the PCR However, while the 

characteristics of the sequence suggest the products may be the result of the PCR, it is 

noteworthy that these products are only seen following transfection with the three 

particular AOs identified in Figure 6.4. If the PCR artefact arose purely because of the 

homologous region or other characteristics of the transcript, it could be expected that (a) 

the Δ105 base products would also be detected in other samples, including untreated 

patient samples, and (b) the ‘skipping’ patterns would not be consistent. In contrast, the 

results indicate a consistent and common mechanism in three different patient cell 
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strains, using three different AOs targeting one region. One possibility is that the AO 

itself was interfering with the PCR, (which would explain the specificity of the three 

AOs) but this would infer that much of the AO was retained after RNA extraction. This 

is explored in the next section.  

 

Since the forward sequencing primer initiates DNA extension close to the CAG repeat 

and the reverse sequence generally does not progress cleanly all the way to the end, and 

it is not possible to accurately determine the number of repeats, and the presence of a 

seemingly smaller number of repeats than is characteristic for these cells (eg, 43 repeats 

in band 2, instead of 58) is difficult to explain. It is likely that the sequencing reaction 

contained two different products, resulting in a mixed sequence. For future reference, 

the products identified in this sequencing experiment will be referred to as Δ105 and 

Δ60.  

 

6.3.4 In-depth evaluation of AO effects and consolidation of sequencing data 

Potential HTT-altering AOs H1(+148+162) (AO 6), H1(+188+212) (AO 8) and 

H1(+208+232) (AO 9) were transfected into L1 cells at concentrations ranging from 

400nM to 25nM and incubated for 48 hours prior to RNA extraction. 

 

 

Figure 6.9: RT-PCR analysis of AO-treated L1 patient cells. Each AO was tested at 400nM, 200nM, 100nM, 

50nM and 25nM (shown left to right). 
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The data shown in Figure 6.9 demonstrates that all three AOs are having a consistent 

effect on HTT, even at the lowest concentration of 25nM. PCR products generated from 

amplification of treated samples from cell strain L1 from the transfections shown in 

Figures 6.4 and 6.9 were isolated as described and sequenced. Sequencing alignments 

for selected products from the transfection in Figure 6.4 are shown in Appendix 6.2, and 

the data is summarised in Table 6.6 (shown at the end of this Section). Products 

consistent with those identified in the previous sequencing analysis (Δ105 and Δ60) 

were again identified in select treated L1 samples. One thing to note, the L1 cell strain 

contains 3 more CCG repeats than the L2 cell strain (the polymorphic region 

immediately following the CAG repeat). The consequence of this is that the product 

corresponding to Δ105 is actually missing 114 bp in this cell strain. However, the rest of 

the sequence including the breakpoint remains the same, so they will be continue to be 

referred to as Δ105 for ease of data consolidation. 

 

Cloning amplicons 

In order to confirm the identity of the Δ105 product, PCR amplicons from treated 

samples from the L2 cell strain were ligated into the pGEM-T Easy vector as described 

by the manufacturer (Promega) and transformed into chemically competent JM109 

cells, and the resulting insert-containing clones were sequenced. The sequencing 

analysis, performed with forward primers in exon 1 and reverse primers in exons 3 and 

6, confirmed the identity of the Δ105 product (Appendix 6.3). 

 

Evaluation of AO cocktails 

Combination of select AOs have been shown to act in a synergistic manner and 

efficiently modify pre-mRNA processing. Combinations of one effective AO (#6 – 

(H1(+148+162), #8 – H1(+188+212) or #9 – H1(+208+232)), and another AO, 
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annealing at the beginning of exon 1, that had no effect (#1, 2, 4 or 5) were evaluated in 

L2 cells. Selected AO combinations were not identified that could alter the outcome of 

HTT transcript splice switching relative to the use of the single AOs (data not shown). 

 

Combinations of transcript-altering AOs were tested to see if multiple AOs could alter 

the outcome from the individual AOs. Combinations of AOs H1(+148+162), 

H1(+188+212) and H1(+208+232) (6, 8 and 9) were transfected in L1 cells. AOs 8 and 

9 could not be tested in a cocktail because their binding sites overlap. AOs were also 

tested in combination with a control AO (scrambled sequence, 5’- 

UCGUCCGUCUCAGGCGGACUAUAGC -3’) in order to compare the effects.  

 

 

Figure 6.10: RT-PCR analysis of samples treated with AO cocktails. Cocktails were tested at a total 

concentration of 800nM, 400nM, 200nM and 100nM (shown left to right). C: control AO. 

 

 

The combination of AO H1(+148+162) and H1(+188+212) favoured the generation of 

Δ105 (determined by sequencing, data summarised in Table 6.6), with some of the 

intermediate bands seemingly eliminated by transfection at the higher AO 

concentrations. One thing to note is that there seem to be some smaller products present 

in the UTs here (this will be discussed later in this chapter).  
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Second generation AO evaluation 

A new panel of AOs were designed to bind in the region of interest in HTT exon 1. 

Annealing positions relative to the sequence and to the first generation AOs are shown 

in Figure 6.11. The new AOs are very GC rich and were evaluated in the L2 and F1 cell 

strains. Results were comparable for both cell strains, hence only the data for F1 is 

shown (Figure 6.12).   

 

The results from the second generation AO testing indicates that AOs 16 and 18 are 

inducing changes similar changes in HTT as the other AOs of interest. AOs were tested 

in duplicate in two different HD fibroblast cell strains (Figure 6.13). Selected transcripts 

were isolated by bandstab, reamplified, and sequenced, with the data summarised in 

Table 6.6. In this cell strain, AO 13 and 14, which target exon 2, appear to be inducing 

some smaller bands. Sequencing analysis confirmed that the smaller bands represent the 

normal allele with exon 2 removed from the mature mRNA (data not shown). 

Interestingly, this pattern of transcript modification following treatment with AOs 13 

and 14 does not occur in the other HD cell strains, suggesting the F1 cell strain either 

has a polymorphism that allows exon 2 to be more easily skipped, or the larger 

expansion in the mutant allele compared to the other HD cell strains alters the structure 

and enables more efficient disruption of splicing by AOs targeted to exon 2.  
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ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG)x 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCC 

 

 

 

 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

 

 

 

 

 

 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

 

 

Figure 6.11: Annealing sites of second generation AOs targeting HTT exon 1. The sequence of HTT exon 1 is 

shown. Annealing sites of the three first generation AOs are shown in blue below the respective binding sequence. 

Annealing sites of the 2nd generation AOs are shown in orange.  

 

 

Figure 6.13: RT-PCR analysis of HD patient cells (cell strain F1) treated with AOs. AOs were tested at 400nM, 

200nM and 100nM concentrations (shown left to right). 

AO 8 

AO 15 

AO 9 
AO 16 

AO 17 
AO 18 

AO 6 
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Figure 6.14: PCR analysis of HD patient fibroblasts treated with AOs. AOs were tested in cell line (a) F2 or (b) 

F3. Sizes for F2 are shown as a range as the exact number of CAG repeats is unknown. 

 

AO modification of normal HTT expression 

The effect of splice switching AOs on the HTT transcript in normal human fibroblasts 

was investigated.   

 

 

 

 

 

 

 

Figure 6.15: HTT-targeting AOs altering normal HTT expression. Normal human cells should have anywhere 

between 6 and 30 CAG repeats in exon 1 of HTT, so the expected PCR product size for the two HTT alleles is 

between 609 and 681bp. Each AO was tested at 400nM, 200nM and 100nM (shown left to right).   
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Summary of sequencing analysis 

As described throughout the results section, numerous different products did not match 

the predicted sizes for the full-length HTT alleles. The prevalence of the main two 

products (Δ105 and Δ60) is shown in Table 6.6. Some other aberrant products were also 

identified, but not more than once and were possibly PCR artefacts. 

 

 Product Δ105 Δ60 
AO 6 8 9 6+

8 
16 18 6 8 9 6+

8 
16  18 

Cell strain    
L1  2 3 1   1 1 1    
L2  3 2 1 1 1   1    
F1  1   1 1       
F2   1 -      -   
F3   1 -  2    -   

 

Table 6.6: Summary of sequencing data from HTT patient cells treated with AOs. The two main products, Δ105 

and Δ60, were detected multiple times in different cell lines. This table shows the number of times these products 

were identified   The (-) symbol indicates those AOs were not tested in that particular cell strain. 

 

The sequence of the most commonly identified product Δ105 and a summary of the 

AOs that induce this product is shown in Figure 6.16. 

 

Intronic PCR 

It was possible that the changes in HTT expression could have induced intron 1 

retention, which would not be detected by PCR/sequencing because intron 1 is nearly 

12kb. Two reverse primers designed to anneal in intron 1 of HTT were used to in 

separate reactions in an attempt to amplify HTT cDNA from exon 1 – intron 1 in treated 

and untreated HD patient samples. Only sporadic amplicons of incorrect lengths were 

generated, indicating that intron 1 is not included in the mature mRNA as a 

consequence of AO treatment (data not shown).    
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ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG)x 

ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG)x 

 

 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCC 

CAACAGCCGCCACC................................................ 

 

 

 

 

 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

.............................................................. 

 

 

 

 

 

 

 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

....CGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC  

 

 

 

 

 

Figure 6.16: Sequence of the smallest, most common aberrant HTT transcript identified by sequencing 

analysis of AO-treated samples. This sequence was identified from both alleles, regardless of CAG number. The 

dotted line represents missing bases. The red highlighted region shows a homologous 9bp sequence. The green 

highlighted sequence shows the predicted branch point. AOs are shown in red (ineffective AOs), orange (some effect 

initially, repeats indicated there was no effect), and blue (AOs that seem to induce changes in the HTT transcript.  

 

 

 

AO 6 

AO 8 

AO 15 

AO 7 
AO 9 

AO 16 

AO 17 
AO 18 

AO 10 
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6.3.5  In silico analysis 

In silico tools were utilised to investigate the sequence characteristics of HTT exon 1, in 

an attempt to elucidate the mechanism(s) responsible for generating the unexpected 

products generated when splice switching AOs were targeted to HTT exon 1.   

 

ESE-finder 

ESE-finder (http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi) was used to analyse 

HTT exon 1 and to predict potential splice motifs that might contribute cryptic splicing 

(Figure 6.17). 

 

 

ESE-finder score 

 

 

 

HTT exon 1 sequence 

 

Figure 6.17: ESE-finder analysis of HTT exon 1. Splicing proteins predicted to interact with the HTT exon 1 

sequence are represented by the coloured bars. Splicing factor identity is shown in the table.  

 

MFOLD  

The predictive mRNA folding software MFOLD was used to investigate mRNA folding 

of the HTT exon 1 region. This software is limited in that predictions following AO 

binding assume that any sequence that the AO binds to forms an ‘open’ structure, seen 
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as a loop in the data image. The predicted mRNA secondary structure of the normal 

HTT exon 1 sequence was predicted, and then AOs were added in order and the in silico 

structure changes observed. Although the addition of the AOs did change the structure 

of exon 1, there were also no obvious differences between AOs that altered splicing and 

those that did not (data not shown). 

 

Discussion of in silico data 

The ESE-finder predictions were unhelpful, as almost every base in HTT exon 1 is 

predicted to bind one or more splicing factors. It is likely that certain combinations of 

ESEs are required for a site to be important for splicing regulation, however, the 

prediction here does not provide any indication of the mechanism responsible to the 

‘mis-spliced’ transcripts.  

 

6.3.6 Investigation of potential PCR artefacts 

The initial experiments demonstrated consistent effects from some AOs, with induced 

products induced after transfection in multiple cell strains and in repeat experiments, but 

never in the untreated samples. However, the later experiments showed very sporadic 

signs of these aberrant bands in untreated as well as treated samples. The Δ105 product 

was only identified from an untreated sample once, and that sequence appeared to be 

mixed in the region immediately following the breakpoint, as evident by double peaks 

and undefined bases (data not shown). In two other experiments, smaller bands were 

identified missing (1) 93 bases from the same region of exon 1, and (2) 109 bases from 

exon 1. In contrast, both full-length HTT alleles from untreated samples were 

successfully sequenced multiple times from every HD cell strain described in this 

thesis, and it is clear looking at the PCR analysis of treated samples that there is a clear 

and consistent difference between untreated, those treated with the AOs targeting the 
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region of interest, and AOs that target other regions of HTT exon 1. The following 

section describes steps taken to investigate whether the effect seen from the HTT AOs is 

a PCR artefact or actual changes in the mRNA. 

 

AO carryover 

It was possible that residual AO in the RNA samples interfere with the PCR. In an 

attempt to determine whether the Δ105 base transcripts were artefacts from errors 

during the cDNA synthesis or amplification, a PCR using three untreated samples from 

the L2 cell strain was performed. Prior to cDNA synthesis, the RNA sample was spiked 

with either 100nM or 10nM of either H1(+188+212) or H1(+208+232). The cDNA 

synthesis and PCR was performed as described previously. 

 

Figure 6.18: AO contamination test. RNA aliquots from untreated L2 cells were spiked with 100nM or 10nM of 

either H1(+188+212) or H1(+208+232) prior to cDNA synthesis. The RNA samples spiked with 10nM AO were 

amplified in duplicate reactions. 

 

In the RNA sample extracted from untreated cells spiked with 100nM of H1(+208+232) 

there was one smaller product that could not be re-amplification for further 

examination. But most importantly the predominant products observed were the full-

length normal and HD causing alleles suggesting that the Δ105 bp products are not the 

result of AO carry-over influencing the PCR. 
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Modified cDNA synthesis 

As outlined previously, alternative cDNA methods and enzymes were tested during the 

optimisation process. The method utilised for these experiments has been the SSIII 

reverse transcriptase kit from Invitrogen, with random primers. It is possible that using 

a specific reverse primer instead of random priming for the cDNA synthesis may alter 

the outcome of the PCR. 

 

6.4 Discussion 

 

The aims of this project were to determine if splice switching AOs could specifically 

modify processing of the expanded disease-causing HTT transcripts, and leave the 

normal allele intact. Efficient splicing relies on the combination and spatial organization 

of relevant splice factor binding motifs. Proteins and noncoding RNAs involved in 

splicing often interact with one another after they bind to the RNA, a process that may 

be disrupted in mutated HTT alleles. The expanded (CAG)n region binds and sequesters 

transcription factors and other proteins, causing a multitude of downstream effects 

(Zhai, Jeong et al. 2005). The mRNA secondary structure is likely to be altered in the 

presence of the expanded repeats, and it has been shown that the longer the repeats, the 

more unstable the transcript (Kiliszek, Kierzek et al. 2010).  

 

Non-RNase-H inducing AOs have the potential to alter secondary structure when they 

interact with mRNA. Our hypothesis was that by targeting AOs around exon 1 and/or 

the beginning of exon 2, splicing of the expanded allele would be more amenable to 

disruption by preventing the recognition of either exon by the splicing machinery. 

Theoretically, any exon of HTT that, once removed, would render the transcript out-of-

frame, could be targeted. However, as discussed in the introduction, studies have found 
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that the RNA containing the expanded CAG repeat also contributes to the toxicity of the 

mutant allele, so strategies that remove downstream exons (e.g. exon 2, which we were 

able to remove) may not sufficiently ameliorate the symptoms of HD due to the 

presence of the mutant RNA. A recent study also found evidence that aberrant splicing 

in expanded HTT alleles leads to the translation of a mutant HTT protein containing 

exon 1 only, with a polyadenylation signal in intron 1 (Sathasivam, Neueder et al. 

2013). Detected in the brains of all HD mouse models, this protein contains the 

expanded PolyQ repeat, and has been shown to be highly pathogenic. It was previously 

thought that these and other N-terminal HTT fragments were the result of cleavage of 

HTT proteins, but this study demonstrated that alternative splicing also plays a role in 

HD (Sathasivam, Neueder et al. 2013). This revelation provides support for our 

hypothesis demonstrating that the splicing process has been altered by the presence of 

the mutant repeat region, at least in the mouse (fragments containing exon 1 originating 

from the normal allele were not detected). It is not yet known whether these fragments 

are present in human HD patients. 

 

Although redirection of splicing using AOs is a well-established approach for some 

gene transcripts, there is a lack of knowledge regarding the exact mechanisms by which 

this is achieved. Using dystrophin and the DMD exon skipping research as an example, 

it has been assumed that AOs exert their effects by blocking factor binding or 

preventing the splicing machinery from recognising the splice site for a particular exon, 

causing it to bypass the exon resulting in its exclusion from the mature mRNA. 

However, although some exons can be efficiently removed by targeting the acceptor or 

donor splice site, not all AOs targeted to these sites are effective at removing the exon, 

and this coupled with the fact that some exons can only be skipped using a cocktail of 
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AOs targeting multiple sites demonstrates the complexity of the splicing process. This 

will be discussed in more detail in the final discussion in Chapter 7.  

 

In regards to Huntington’s disease, an additional challenge arises in that it is exon 1 that 

requires skipping. Technically it is not possible to skip the first or last exon of a 

transcript 1 in the same way that other exons are skipped. The first part of HTT exon 1 

makes up the 5’UTR, and without the 5’UTR it is likely that the transcript would be 

degraded due to the lack of the 5’ cap. In other genes, where the 5’UTR is a distinct 

exon, skipping of the first coding exon should be possible as the splicing machinery 

could bind to the first exon (5’UTR), remove the first intron, and then (if the AO 

successfully blocked recognition of the first coding exon) continue along the transcript 

until it recognises the third exon (coding exon 2). In HD, AOs targeted to exon 1 would 

need to prevent the splicing machinery from binding and processing the initial exon, 

and it is likely that either (a) the splicing machinery would detach and the un-spliced 

transcript would be degraded, or (b) intron 1 is retained in the transcript. Either way, if 

allele-specific exon 1 splice modification was achieved, we would expect to see a 

reduction in the intensity of the expanded allele following PCR amplification.  

 

The results presented in this chapter were unanticipated. Although we were unable to 

prove that the products identified by PCR and sequencing analysis were real products 

and not PCR artefacts, the consistency across five different HD cell strains as well as in 

a normal cell strain suggests that the AOs are influencing processing of the HD 

transcript, but how these re-arrangements occur in the middle of exon 1, despite the 

absence of splice motifs, is perplexing.  
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6.4.1  Evidence for a PCR artefact 

The characteristics of the most commonly induced transcript Δ105 indicate that this 

product could be the result of errors during amplification in the PCR. The main 

supporting evidence for this is the presence of a 9bp region where the sequence is the 

same just before the breakpoint and just before the transcript ‘rejoins’ after the missing 

sequence. Artefacts can arise from incomplete strand extension during the elongation 

step and reinitiation of that strand at a common block of sequence (eg 9 bases) 

downstream.  If this occurs early in the PCR, the artefact may become a predominant 

amplicon due to preferential amplification of the shorter length. Splicing requires the 

presence of canonical or near-canonical splice sites for efficient recognition of exons 

and introns, so how the middle of the exon could be recognised as an intron (despite the 

absence of splice sites) is unknown. It is possible that the effect is induced during RNA 

Pol II transcription in the presence of the AOs and is unrelated to splicing.  

 

A novel therapy utilising trans-splicing to fix faulty genes by splicing on a segment of 

the gene at the 3’ end to replace a faulty region is currently being investigated for a 

number of diseases. However, a very recent study demonstrated that many by-products, 

previously dismissed as experimental artefacts, do actually reflect real transcripts, some 

of which were found to be translated into aberrant proteins (Monjaret, Bourg et al. 

2014). This demonstrates how important it is not to assume that unusually sized 

products represent artefacts. These aberrant products could be pathogenic, and they 

represent a significant problem with this type of therapy that has been overlooked by 

many researchers.  
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6.4.2  Evidence that the products represent real changes in the HTT transcript 

The consistent presence Δ105 in samples treated with the particular AOs of interest in 

this study indicate that some AOs must be having an impact on the HTT transcript in 

some way. If the effect seen was the result of errors in the PCR, it could be expected 

that the aberrant products would be seen in a non-consistent manner, and would be 

present in samples treated with the other AOs, and also in untreated samples. Although 

the products have very occasionally been observed in the untreated, the predominant 

bands correspond to the full-length mutant and normal alleles, and the same result is 

seen in samples treated with the other AOs (that have no effect compared to UT). 

Dystrophin-positive revertant fibres naturally arising from errors in splicing have been 

detected in DMD patients (as discussed in Chapter 3) (Thanh, Nguyen et al. 1995, 

Mendell, Rodino-Klapac et al. 2013), but they are present at low levels and are only 

detected through the use of high sensitivity PCR techniques In contrast, the AOs that do 

seem to specifically alter HTT processing have completely eliminated the normal bands 

in some experiments, and the smaller aberrant bands prevail. Spiking the cDNA 

synthesis and PCR reactions of untreated samples with AOs did not have the same 

effect as the transfection, demonstrating that the results are not caused by contamination 

from residual AOs in the RNA sample.  

 

We were unable to further study the HTT transcripts without using techniques that 

involved amplification. A southern blot approach was employed to assess cDNA 

synthesized from the 5’ end of the HTT transcript, but was unable to detect normal or 

modified transcripts. Protein studies could tell us if the altered transcripts have an effect 

on protein stability, but we considered overall size changes would have been difficult to 

detect such a small size difference using western blotting.  
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6.4.3  An alternative explanation 

Another possible explanation is that the generation of the Δ105 transcripts represent the 

combination of a real effect at the RNA level and PCR artefacts resulting from the 

change in the RNA. The smallest product Δ105 was successfully identified and 

sequenced in multiple cell lines, AO treatments, and experiments. Another transcript 

missing 60bp was also identified multiple times, but the sequencing data from these 

products was not as clean, and sometimes the sequencing failed altogether and these 

intermediate products were not able to be characterised. Cloning was attempted but 

there were no clones that matched the Δ60 product. In some of the transfections there 

also seemed to be other bands present, and although sequencing did identify some 

unique aberrant bands, more often than not these other small bands could not be isolated 

or sequenced. The presence of these unknown bands and the difficulties in isolating and 

sequencing them suggests that some of the products may be the result of errors in the 

PCR. For example, if the smallest product were a real product, the intermediate 

products could be PCR duplexes or other artefacts resulting from the presence of this 

shortened transcript. 

 

6.4.4  Hypotheses about how AOs could induce abnormal splicing and further in 

silico analysis 

The general absence of the abnormal products in untreated samples and samples treated 

with AOs outside of the region of interest indicate that the AOs of interest are inducing 

a pattern of abnormal splicing. AOs could achieve this by: 

(1) Inducing changes in the secondary structure that allow splicing to occur at 

non-consensus splice motifs; 

(2) Blocking interactions with splicing factors;  
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(3) Interfering with the progression of RNA polymerase 2 across exon 1, 

resulting in slippage during transcription. 

 

Although we were unable to unequivocally prove that the products seen in AO-treated 

samples following PCR amplification reflect real changes in the RNA using in vitro 

techniques, in silico techniques can be utilised to construct hypotheses about how 

splicing in the middle of an exon may be induced. As outlined in chapter 1, the 

consensus sequences for the motifs required for splicing are AG|GURAGU for the 5’ 

splice site (exon|intron), NCAG|G (intron|exon) for the 3’ splice site, and the more 

degenerate sequence YNCURAY for the branch point, which is located 18 to 40 nt 

upstream of the 3’ splice site and binds the U2 snRNP (Kramer 1996). A 

polypyrimidine tract is generally located between the branch point and the 3’ splice site. 

Figure 6.16 shows the sequence for Δ105. Assuming the missing sequence has been 

spliced out as if it were an intron, the “splice sites” are 5’: CC|GCCGCC and 3’: 

CACC|C. These sequences are highly GC rich and not related to the consensus 

sequences. The splice site scores were calculated using an online tool at 

http://rulai.cshl.edu/new_alt_exon_db2/HTML/score.html, and were determined to be -

19.6 for the 5’ splice, and -20.8 for the 3’ splice site. 

 

Prediction of splice motifs such as ESEs, shown in Figure 6.17, did not provide any 

useful information because of the degenerate nature of the binding sequences. This 

highlights the limitations of prediction software that rely only on sequence to predict 

complex interactions. It is likely that the correct combination of binding sites situated at 

a suitable proximity to one another is what facilitates efficient splicing, but current 

prediction tools are not advanced enough to incorporate this information. As the 

‘missing’ sequence seems to be acting like an intron, the sequence was analysed using 
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the human splice finder prediction software at http://www.umd.be/HSF/ to see if there 

were any predicted branch points. A branch point with a high score (95.46 consensus 

value) was predicted starting at base 69 of the missing segment (Figure 6.16). In 

addition to the consensus branch point, the region immediately following is highly C-

rich 26/39 bases (67% C), which could act as a polypyrimidine tract.  

 

Visualisation of the AO binding sites in relation to the predicted branch point reveals an 

interesting pattern. The initial AO testing indicated that AOs 6, 8 and 9 were altering 

HTT processing, but AO 7 had no effect, despite binding to the sequence in between 

AOs 6 and 8. The binding site for AO 7 incorporates the whole branch point, so it is 

possible that this AO has no effect because it masks the predicted branch point, 

preventing the site from being utilised by the splicing machinery. AO 17 overlaps AO 8 

by 18 bases, but also has no effect. AO 8 covers 5 out of the 7 bases of the predicted 

branch point, but AO 17 covers the whole site. If the sequence is being used as a branch 

point, it is possible that AO 8 is not sufficient to prevent binding of U2, but AOs 7 and 

17 are. However, experience in our laboratory using AOs to skip exons in the 

dystrophin gene has indicated that targeting branch points does not induce exon 

skipping, at least in the dystrophin pre-mRNA.    

 

Although initial experiments indicated that AO 6 was having an effect on HTT 

processing, repeat experiments in the same cell strain and in other HD cell strains 

indicated that the effect was not as consistent or sustained as AOs 8 and 9. AO 15 also 

seemed to have no significant effect on the HTT expression, compared to UT cells. It 

becomes clear that there is a small window of ~45 bases in which AOs induce the 

unusual effects characterised in this project. If this section of the transcript is being 

recognised as an intron, this part of the sequence may represent the polypyrimidine 
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tract. Despite these characteristics, it is plausible that the sequence does not act like an 

intron under normal circumstances, as demonstrated by the general lack of these 

products in untreated samples. So it must be the AOs that are somehow inducing this 

intron-like behaviour. It is possible that binding AOs to this region alters the structure 

and facilitates abnormal interactions with splicing proteins.   

 

Even though some characteristics of the HTT exon 1 sequence have been identified that 

could enable recognition of the region as an intron, the absence of splice sites must be 

taken into consideration. The consensus splice sequences have been determined by 

extensive research but there is limited research on the use and prevalence of non-

consensus splice sites. Early characterisation of non-consensus splice motifs discovered 

a new class of introns with the 5’ splice site [exon|ATATCCTT], and the 3’ splice site 

[YCCAC|exon] (Hall and Padgett 1994). The 3’ splice site described in the study by 

Hall and Padgett corresponds to the 3’ splice site identified in this work, CCAC. The 

authors identified at least 4 introns that utilised this 3’ splice sequence, and suggest that 

they may represent a different class of introns that could be spliced via the use of 

alternative splicing factors (Hall and Padgett 1994). A study investigating trans-splicing 

of Leukocyte Antigen-Related tyrosine phosphatase receptor (LAR), that splices 

alternative 3’UTRs located on different chromosomes, described the use of a 

nonconsensus YTC|C 3’ splice site (Zhang, Xie et al. 2003). They also note that the 

presence of long pyrimidine stretches adjacent to branch sites can promote splicing to 

non-AG 3’ splice motifs, and this correlates with the HTT sequence characteristics 

described in this thesis. As discussed in the review article in Chapter 1, chimeric RNAs 

result from the fusing of RNAs from two or more distinct genes. Alongside the 

conventional splicing process, there seem to be other less common mechanisms of 

splicing that utilize different combinations of splicing factors and signals.  
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GC content has also been found to affect splicing, and regions surrounding splice sites 

tend to be GC-rich (Zhang, Kuo et al. 2011). GC content affects secondary structure (as 

higher GC results in a more stable structure), which is important in splicing regulation. 

RNA secondary structure can mediate the splicing process by altering factor binding 

capabilities or affecting factor recognition rate. The high GC content of the ‘intron-like’ 

sequence in HTT exon 1 may be a contributing factor in the effect of the AOs in the 

region of interest.  Interestingly, alternative splice sites were found to have a higher GC 

content than constitutive splice sites (Zhang, Kuo et al. 2011), which is thought to 

promote splicing through the stable mRNA structure, but constitutive exons are not 

enriched with stable structures, indicating that secondary structure is more important for 

alternative splicing events.  

 

6.4.5  Future directions 

The results obtained in this thesis present us with a difficult decision about how or if we 

should continue AO studies for the HTT gene, especially if continuing to use splice-

switching oligomers. If the AOs are causing excision of the middle of the exon as 

sequencing suggests, then they will not be of therapeutic benefit to patients because the 

expanded allele is still present and both transcripts have been affected. Removing 105 

bp from exon 1 would result in the omission of 35 AA from the protein and the 

transcript would remain in-frame, potentially producing an aberrant protein. The Δ105 

transcript has lost the polymorphic CCG repeat region immediately following the polyQ 

region. The CCG region has been shown to interact with the CAG repeat region, 

resulting in a much more stable hairpin than the CAG:CAG hairpin, which contains A:C 

mismatches (de Mezer, Wojciechowska et al. 2011). Removing the CCG region is 

therefore likely to destabilise the transcript, which could be a problem for the normal 

allele. Although these AOs will not be useful for HD patients, the results may 
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demonstrate the induction of an unusual and uncharacterised splicing event, which 

would be worth further investigation.  
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Chapter 7 
 

General Discussion and Conclusions 
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7.1  Introduction 

 

There is growing interest worldwide in the use of AOs in the treatment of inherited 

disorders. The aims of this thesis were to explore new and novel applications of AOs to 

ameliorate human disease by manipulating specific gene expression. This study used 

mainly AOs composed of 2’O-methyl modified bases on a phosphorothioate backbone 

that do not induce RNase-H activity (Dias and Stein 2002). The transcripts of four 

genes involved in human neuromuscular diseases were targeted, DMD (Duchenne 

muscular dystrophy), PYGB (McArdle’s disease), FXN (Friedreich’s ataxia) and HTT 

(Huntington’s disease). There has been extensive research on the genetic cause of each 

of these diseases that provided the basis for developing strategies to alter expression of 

each of these genes using appropriately designed AOs.  The studies presented here 

expose some of the problems that arise in using AOs to alter gene expression when the 

potential disease mechanisms are not well defined, which is the case for HD and FRDA. 

Targeted manipulation of gene expression is an emerging field that is more relevant 

than ever, as our knowledge of the intricacies of gene regulation increases. However, 

there are still major gaps in our knowledge that need to be addressed before AO 

therapies can be become widely applicable.  

 

As previous chapters have discussed the results obtained for each disease, this chapter 

will focus on discussing the broader implications of the findings as they relate to genetic 

therapies and personalised medicine. 
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7.2  Rare diseases 

 

This thesis was focused on discovering genetic treatments for rare diseases, conditions 

that affect 1 in 2000 individuals or less (Kole 2009). While the number of people with 

each disease is relatively small, there are at least 6000 genetic disorders that meet the 

definition of rare inherited conditions, so collectively this may overall rare diseases 

affect 6-7% of the population (Kole 2009). As a consequence, rare diseases as a group 

represent a major health issue, which hitherto had received scant attention (Schieppati, 

Henter et al. 2008). Treatment of rare genetic diseases in the past has been limited for a 

variety of reasons, including a lack of understanding of the genetic cause of the disease, 

problems in accurate diagnosis and a reluctance on the part of governments and 

pharmaceutical companies to invest in rare diseases because of the small patient 

population (Schieppati, Henter et al. 2008). However over the past decades, rare 

diseases have gained more recognition, thanks to new research insights and pressure 

from patient support groups, and the emergence of new technologies that allow a better 

understanding of pathogenesis of rare disease, which in turn has led to the development 

of more effective treatments and specific therapies. While significant improvements 

have been achieved, patients and families across Australia still express a high level of 

dissatisfaction with the health services, information, and financial support they receive 

(Anderson, Elliott et al. 2013). Many rare genetic diseases still lack any effective 

treatment. 

 

Despite the obstacles that remain regarding understanding the origins and treatment of 

rare genetic diseases, advances in the field and in the attitudes of pharmaceutical 

companies towards rare diseases have changed dramatically over the previous two 

decades. In the past few years, an estimated 35% of new drugs approved by the FDA 
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target rare diseases, and rare diseases are increasingly recognised as attractive targets 

for pharmaceutical companies, because they often involve smaller clinical trials and 

may have the advantage of a faster path to drug development and approval (Melnikova 

2012). In addition, the prevalence of rare diseases is actually on the increase, which 

likely reflects improvements in diagnosis (Wastfelt, Fadeel et al. 2006). 

 

Over 80% of rare diseases have a genetic cause (Kole 2009). It is likely that the most 

effective way of treating such diseases is to target the genetic cause itself where 

possible, rather than the secondary consequences of the mutation, as is the current 

practice for many conditions. For example, until recently the only pharmaceutical 

option for muscular dystrophy has been the use of corticosteroids to preserve muscle 

function and strength, at least for a period (Angelini and Peterle 2012). In an effort to 

treat inherited diseases where therapy options are limited, a number of drugs, mostly 

small molecules, have been identified by high-throughput screening methods, and 

although efficacy has been reported in some cases, the precise mechanism by which 

these drugs work is often not known (Gregori-Puigjane, Setola et al. 2012). Although 

they may have the desired effect in terms of reducing disease symptoms, if the 

therapeutic mechanism is unknown the probability exists that these drugs will exert off-

target effects. High-throughput screening commonly assesses toxicity, thereby 

eliminating drugs with serious side effects, but drugs with less obvious long-term off 

target effects are not necessarily identified in the initial in vitro screen.  

 

Therapies for rare genetic diseases targeting an aberrant gene at the DNA or RNA level 

may have advantages over treatments directed at the protein. For conditions such as 

Huntington’s disease for example, therapies directed at the protein level are unlikely to 

ameliorate all symptoms of the disease because of the presence of toxic RNA (Li, Yu et 
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al. 2008). As discussed in Chapter 6, HTT RNA has numerous interacting partners, and 

expression of the expanded trinucleotide repeat has been shown to exert a toxic effect at 

the RNA level as well as at the protein level (Li, Yu et al. 2008). Depending on the 

nature of the mutation, genetic defects have the potential to disrupt non-coding RNA as 

well as coding sequences, such that regulation in trans as well as cis may be affected. 

Aberrant long non-coding RNAs have been implicated in the progression of a number 

of rare diseases (Jin-Hua He 2014). Targeting DNA or RNA may therefore be more 

specific and effective than targeting the affected protein or downstream pathways or, 

indeed, secondary symptoms. The use of genetic therapies including AOs is particularly 

suited to rare inherited diseases because they can be tailored to a specific mutation, 

allowing the development of personalised treatment platforms. The increase in our 

knowledge of the intricacies of gene regulation, and the huge number of regulatory 

RNAs and other elements involved in maintaining expression of a specific gene isoform 

at the correct level, indicate that gene-specific RNA therapies may be the therapy of 

choice with minimal side effects.  

 

7.3  AO-mediated manipulation of gene expression 

 

7.3.1  Advantages of using AOs to alter gene expression 

AOs are particularly useful tools in genetic research, in that they have the capacity to 

alter gene expression in different ways, including up- or down-regulation and modify 

splice forms. AOs represent a new frontier of personalised genetic medicine, in that a 

treatment can be specifically tailored to an individual, the target gene and the specific 

genetic defect. Recognising the significance of dystrophin positive ‘revertant fibres’ in 

muscle from DMD patients was the initial catalyst for the development of the concept 

of using AOs to induce skipping of exons flanking a frame shifting deletion to restore 
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the reading frame (Wilton, Dye et al. 1997). Revertant fibres occur naturally in DMD 

muscle, albeit at too low a level to have a significant impact on muscle function 

(Nicholson, Johnson et al. 1993), and have been shown to result from endogenous exon 

skipping (Chelly, Gilgenkrantz et al. 1990). Thus, inducing specific exon skipping using 

AOs targeted to the dystrophin primary transcript was recognised as a potential 

technique to emulate naturally occurring sporadic alternative splicing events. 

 

Specificity 

As discussed previously, one major advantage of using AOs to manipulate the 

expression of disease genes is that they can be designed to be more specific than other 

types of therapies, because they anneal to particular target RNA sequences. AO 

backbone chemistry affects the specificity, toxicity and potential for off-target effects, 

independent of the AO sequence (Bennett and Swayze 2010), and as a consequence, 

AOs can be modified as required to enhance targeting and efficacy. Toxicity studies and 

clinical trials, including the ongoing Sarepta Therapeutics sponsored trial of eteplirsen 

in DMD have found the PMO chemistry to have minimal toxicity. AOs may also be 

effective at far lower doses than some of the other types of therapies currently being 

used to treat genetic disorders.  

 

Depending on the disease or condition of interest, some AOs may be relevant to a 

significant number of patients, while others will only be applicable to a single 

individual. This is both a benefit and a limitation of AO therapy. It is a limitation in that 

designing personalised strategies for individuals is time consuming and costly. 

However, if the outcome is a specific, effective and low toxicity therapy, the benefits 

should outweigh the limitations, especially for severe, life limiting diseases with high 

morbidity such as DMD and spinal muscular atrophy.  For most rare inherited diseases 
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such as DMD, there are no other effective treatment options and the process of 

designing AOs for many different exons and in some cases, specific deep intronic 

mutations is onerous. However much of this work in AO design has already been 

completed and the potential benefits and applications are equally enormous if the 

regulatory agencies grant class approval for some AO chemistries.  The PMO drug 

eteplirsen targets dystrophin exon 51 within the DMD deletion hotspot, and is 

applicable to DMD patients with frame-shifting deletions that flank exon 51.  This type 

of deletion accounts for about 10% of all DMD cases, the primary reason this exon was 

chosen for the first clinical trials.  However, DMD patients with ‘private’ mutations, 

such as cryptic splices, will need individualised AOs that will be applicable to these 

patients alone.  Bringing such compounds to the clinic will require new paradigms in 

drug development and validation (Wilton and Fletcher 2011) because it is not possible 

for conventional placebo-controlled trials to be conducted on small numbers, let alone 

individuals afflicted with such rare mutations. This will be discussed further in Section 

7.5. 

 

Non-RNaseH-activating AOs to alter gene regulation 

AOs can be used to manipulate gene expression by targeting regulatory mechanisms. As 

we have gained a better understanding of gene regulation, it has become increasingly 

clear that RNAs play a major role in controlling expression and modulating pathways. 

RNA analogues are arguably the most natural way to interfere with this system, 

mimicking small non-coding regulatory RNAs. AOs can be used to silence genes, 

decrease or increase gene expression, activate genes or modify the relative abundance of 

different isoforms of a target gene product in a specific cell type.  
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This thesis focused on the use of 2’O-methyl AOs to manipulate the in vitro expression 

of a number of target genes for potential therapeutic development, and was built on the 

foundation of AO induced exon-skipping for DMD. The 2’O-methyl oligomer 

chemistry was studied for several reasons: (1) these AOs can be synthesised in-house in 

a cost effective manner, (2) these compounds can be readily transfected into cultured 

cells as lipoplexes and (3) to date, all sequences validated using this chemistry are as 

effective when synthesised as the more costly but clinically relevant PMOs.  For in vitro 

use, the 2’O-methyl AOs have several advantages, the most important of which is they 

allow the testing of a large number of sequences in order to more finely map the 

specific target region. AO length and the specific binding site can have a major impact 

on the efficacy of a particular AO (Harding, Fall et al. 2007), and designing overlapping 

sequences for a target region allows identification of the optimum sequence for the 

intended purpose. Many published reports indicate that the 2’O-methyl AOs are likely 

to have limited efficacy in vivo – as evidenced by the suspension of the Glaxo Smith 

Kline sponsored Prosensa trial in DMD in September 2013 (Adams, Harding et al. 

2007, Heemskerk, de Winter et al. 2009). In contrast, parallel clinical studies have 

demonstrated that PMOs of the targeting the same exon have comparable effects on 

RNA in vivo as the 2’O-methyls AOs have in vitro (Mitrpant, Adams et al. 2009).  

 

Gene down-regulation by RNAi as a therapeutic strategy has shown promise, but may 

result in unintended off-target effects. The use of engineered siRNAs to knockdown 

gene expression harnesses a process that occurs naturally in the cell. However, off target 

effects of RNAi are well documented (Birmingham, Anderson et al. 2006, Nielsen, 

Shomron et al. 2007, Ui-Tei, Naito et al. 2008). Non-specific down-regulation of genes 

with 3’UTR homology to the siRNA has been demonstrated by microarray analysis and 

sequencing of transcripts with altered expression, and appears to require only 8 
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nucleotides of homology for interaction (Jackson and Linsley 2010). This effect is 

similar to that induced by miRNAs, and could have significant detrimental 

consequences, altering the expression of many unrelated genes. Off-target effects of 

siRNAs can be reduced by using lower concentrations (Caffrey, Zhao et al. 2011) or by 

careful sequence optimisation (Naito and Ui-Tei 2013), but have not been eliminated 

completely. Acting via a different mechanism, single stranded 2’O-methyl oligos and 

other non RNase-H inducing AOs do not enter the siRNA pathway. A study by Jackson 

et al., demonstrated that adding a 2’O-methyl modified base at position 2 of the guide 

strand in an siRNA reduced off-target effects (Jackson, Burchard et al. 2006). Targeted 

knockdown of a gene by skipping an exon to render the transcript out-of-frame, or 

blocking initiation elements to prevent translation, may result in fewer off-target effects 

than RNAi. 

 

The major role of non-coding RNAs in controlling gene regulation, especially at the 

untranslated regions, suggests that RNA analogues may be good candidates for altering 

regulation by targeting the 5’ and 3’UTRs in a controlled manner, by blocking factor 

binding, non-coding RNA interactions or by altering mRNA secondary structure. 

Targeting miRNAs with oligonucleotides has become a commonly used experimental 

technique, but in terms of ameliorating human disease, it perhaps makes more sense to 

block the binding site of a specific miRNA rather than targeting the miRNA itself, in 

order to avoid impacting on other transcripts and networks. miRNAs are known to 

regulate many genes, and consequently removing one miRNA has the potential to 

disrupt the regulation of many genes, in addition to the target transcript. While there are 

several mechanisms that can be evoked to knockdown gene expression, up-regulating 

expression is more complex, but AOs provide one tool to achieve this end (Described in 

Section 1.4.2 in Chapter 1). Future research is likely to result in more in-depth 
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characterisation of regulatory pathways, and, in turn, will enable the development of 

more efficient ways in which to manipulate these pathways and treat diseases.   

 

Individual regulatory mechanisms often have a subtle impact on gene expression. While 

interfering with the regulatory system of a target gene may not be suitable for some 

diseases and conditions, in other cases, 2-fold up-regulation of a specific gene could 

have a significant therapeutic benefit as, for example, in Friedreich’s ataxia where the 

target gene codes for an enzyme (Plasterer, Deutsch et al. 2013). Interfering with 

noncoding RNAs is likely to be an effective way of modifying gene expression with 

minimal side effects. Other treatments that upregulate genes could have negative effects 

if the gene expression has no constraints, leading to overexpression. Diseases like 

McArdle’s disease, in which other tissue specific isoforms are expressed from distinct 

genes, could benefit from upregulating a non-muscle isoform in muscle. This approach 

could theoretically be applied to other tissues depending on the nature of the disease. 

Targeting gene regulation as a way to treat a disease is a promising and logical 

therapeutic approach, but requires a greater understanding of the processes and factors 

involved so that strategies and AOs can be designed in a more efficient manner.  

 

7.3.2  Limitations of AO therapies 

Delivery 

Inder M. Verma, a professor in the Laboratory of Genetics and American Cancer 

Society Professor of Molecular Biology, is one of the world's leading authorities on the 

development of gene therapy vectors was once quoted there are only three great 

challenges for effective gene therapy: delivery, delivery and DELIVERY.  Although he 

was referring to viral vectors in conventional gene replacement therapies, the same 

limitations apply to AO therapy. Delivery to the right tissue(s) at the required dosage is 
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vital to the efficacy of AO therapy. For example, although DMD primarily affects 

skeletal muscle, the degeneration of cardiac muscle is also a symptom of the disease 

(Verhaert, Richards et al. 2011). Delivery to the heart is proving to be a significant issue 

for AO-induced exon skipping therapy, as many conventional AO chemistries are able 

to induce exon skipping to some extent in skeletal muscle but are not able to induce 

efficient skipping in heart muscle (Lu, Rabinowitz et al. 2005, Alter, Lou et al. 2006).  

 

New chemistries and modifications have the potential to improve AO uptake by cells, 

such that the target tissues receive the required dose. Cell-penetrating peptides can be 

conjugated to PMOs, adding a charge and enhancing systemic delivery (Fletcher, 

Honeyman et al. 2007, Yin, Moulton et al. 2008, Moulton and Moulton 2010). A recent 

study demonstrated that treatment of mdx mice with an antisense PMO conjugated to a 

peptide tag reduced cardiac hypertrophy and prevented cardiac failure in treated 

animals, the incidence of cardiac failure falling to 0% compared to 60% in untreated 

mice (Kole, Krainer et al. 2012). Preliminary studies in our laboratory have also 

demonstrated exon skipping can be induced in the heart of mdx mice using PMO 

chemistry with a P007 peptide tag (Fletcher, Viola et al. 2013). These recent results 

indicate that with new technologies, we will be able to design stable and efficient AOs 

that reach their intended targets, including the heart and also the brain, where delivery is 

also a challenge but can be enhanced by using peptides (Regberg, Eriksson et al. 2013). 

The development of new cell penetrating peptides must also address the issue of safety, 

as currently used CPPs have been found to cause toxicity in the kidneys at high doses 

(Amantana, Moulton et al. 2007).  
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Undefined mechanisms 

Non-RNaseH inducing AOs are commonly recognised as steric blockers. This is 

because they are thought to block the splicing machinery from binding to the pre-

mRNA, resulting in changes in the splicing pattern. However, the mechanism by which 

AOs achieve exon skipping is somewhat more complex than simply blocking the 

assembly of the spliceosome at the splice site, as not all AOs targeted to the crucial 

acceptor or donor splice sites induce exon skipping. It is likely that for a canonical exon 

to be excluded from the mRNA, a number of additional requirements need to be met, 

such as displacement of splicing enhancers or a sufficient change in structure at the 

splice sites to prevent normal spliceosome assembly and function. The pseudo-exon in 

intron 47 of dystrophin, activated by a single base change (Section 3.3) was surprisingly 

difficult to remove initially in that a very specific and limited region presented an 

effective target. An AO covering the splice site from -5 to +20 is effective at removing 

the pseudo-exon from the mature mRNA, but moving the AO binding site 5 bases  

(single stranded RNA) upstream relative to the pre-mRNA to -10+15 abolished activity, 

despite both AOs covering the splice site. Logic suggests that the first AO must be 

affecting the pre-mRNA in a different way to the other AO, potentially by displacing an 

additional factor or by changing the three dimensional structure, which in turn leads to a 

change in splicing factor binding.  Alternatively there may be some secondary structure 

in the pre-mRNA that does not allow -10+15 to anneal efficiently.  In silico analysis of 

the pseudo-exon region provides some insights into how the different AOs may affect 

the accessibility of the mRNA, which may in turn affect splice factor binding, but the 

predictive data is not consistent when AOs of different lengths are analysed.  

 

Although the exact mechanism by which splicing changes are achieved is unknown, 

steric-blocking AOs are obviously effective at altering splicing to exclude or include 
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exons. This is supported by the extensive work carried out using exon skipping for 

DMD and also exon inclusion as a treatment for SMA. Exon inclusion mediated by 

AOs is thought to be effected by preventing the binding of splicing silencers, allowing 

recognition of the normally excluded exon 7 (Singh, Shishimorova et al. 2009). The 

complexity of splicing is indicated by the variation in AO-induced skipping efficiency 

of the different dystrophin exons, some being skipped with 100% efficiency at very low 

AO concentrations, while others show only 50% exon skipping, even at the highest AO 

concentrations (Wilton, Fall et al. 2007). Targeting the acceptor splice site works well 

to exclude some exons (the donor site less so) but for others, exonic sequences are the 

most amenable targets, where the AOs presumably interfere in splicing factors binding 

to exonic splicing enhancers. The problem with not defining the exact processes 

involved to exclude an exon from the mRNA is that it is difficult to predict which sites 

should be targeted for the most efficient splice manipulation. The current trial-and-error 

approach commonly yields effective lead sequences but also requires the testing of a 

large number of AOs. From the DMD studies conducted in our laboratory, a trend 

towards the acceptor site being the most effective target is suggested, but testing still 

generally involves using many AOs targeted to the exon and flanking sequence to 

determine the most effective target for each exon. Despite studies exploring skipping of 

almost all of the dystrophin exons, there is currently no definitive pattern that can be 

relied on in designing AOs to skip exons.  

 

Many researchers have attempted to use prediction software to determine the best target 

site for AO binding to induce exon skipping, but these tools have limited practicality. 

For example, target accessibility may be a factor in determining whether an AO has the 

desired effect or not, because if an mRNA-targeting AO cannot bind then it cannot have 

an effect. However, RNA folding predictive tools are inaccurate because they ignore the 
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fact that the pre-mRNA interacts with noncoding RNAs and protein factors, events 

which are likely to alter the secondary structure and therefore the accessibility of the 

target region as it is extruded from the RNA polymerase. A recent study compared five 

different RNA folding programs using the well-characterised Hepatitis C virus IRES as 

a model, and found that none of the programs were able to correctly predict the RNA 

structure (Restrepo, Arroyave et al. 2013). In silico tools have mostly been used in this 

thesis for the retrospective analysis of the effect of AOs but with limited apparent 

benefit. Predictive tools to identify potential interacting splicing factors and branch 

points within the HTT gene transcript allowed us to begin to explore our results on HTT 

splice manipulation. Predictions of the different effects of AOs on RNA folding failed 

to show any obvious patterns. In regards to the effect of a particular AO on RNA 

folding or secondary structure, current RNA predictive software requires too many 

assumptions to be reliable. For example, the software presumes that the binding of an 

AO to a mRNA will form a loop structure, and any potential interactions with splicing 

factors or noncoding RNAs are ignored. A new collaboration between our laboratory 

and bioinformaticians at the Centre for Comparative Genomics at Murdoch University 

is aiming to develop better analytical techniques to predict RNA folding, factor binding, 

and the effect of AOs, by assessing real AO data. One example of the ways in which we 

are working to enhance in silico predictions is the use of sliding window analysis to 

look at RNA folding in greater depth – this method predicts RNA folding energies and 

structures based on a sliding window of 10-50 bases (as if the transcript is being 

extruded from RNA polymerase II), as opposed to the MFOLD method that predicts 

folding of the input sequence as a whole. Advances in future technologies as well as the 

comprehensive analysis of large data sets will hopefully allow the development of more 

useful predictive tools.   
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Because the mechanisms of steric-blocking AOs are not well defined, the nature of 

interacting factors that these AOs interfere with is unknown. One aim of this thesis was 

to investigate the potential to use steric-blocking AOs for purposes other than 

manipulating splicing, such as upregulating target gene expression at the transcriptional 

and/or translational level. Future research will undoubtedly uncover more information 

about the mechanisms of AO-induced changes. 

 

In vitro vs. in vivo 

As discussed briefly in Chapter 4, a potential challenge with manipulation of gene 

regulation using AOs is the differences in gene expression in vitro compared to in vivo. 

Culturing cells is known to cause changes in gene expression (for examples see 

(Corcoran, Fair et al. 2006, De Minicis, Seki et al. 2007, Lisle, Choi et al. 2008), and 

this is a potential problem for AO therapy because it could lead to changes in gene 

expression in vitro that do not reflect those seen in vivo. Animal models may be useful 

for some applications but when the target is involved in a regulatory process, there are 

likely to be species-specific differences that could mean that AOs produce results in 

animals that are different to those seen in humans (Mitrpant, Adams et al. 2009, 

Davidson 2010, Romero, Ruvinsky et al. 2012). Cell growth and differentiation 

processes are characterised by widespread changes in gene expression, and in culture, 

cells often differentiate with varying rates. This project involved the transformation of 

fibroblasts into myoblasts using the MyoD virus and the differentiation of myoblasts 

into myotubes. Although the use of patient fibroblasts is more likely to reflect in vivo 

gene expression than the use of animal cells or artificial expression constructs the use of 

myoblasts would be more desirable; unfortunately the invasiveness of muscle biopsy 

means it is not always feasible to obtain muscle cells from patients. Efforts are 

underway to improve cell culture techniques in order to more accurately replicate in 
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vivo gene expression (Astashkina, Mann et al. 2012, Ogawa, Fukui et al. 2012), which 

will hopefully improve screening processes. Regardless, cell culture will never be able 

to completely replicate in vivo conditions.  

 

7.3.3  Manipulation of splicing 

Alternative splicing is widespread, affecting around 95% of human gene transcripts 

(Pan, Shai et al. 2008, Barash, Calarco et al. 2010). Recent evidence has found that 

splicing and alternative splicing occurs concurrently with transcription (Kornblihtt, 

Schor et al. 2013), indicating that factors that influence transcription will also control 

splicing, adding to the complexity of the splicing process. The rate of transcription also 

influences splicing (de la Mata, Mu et al. 2011). Although splice silencers and 

enhancers play a role in selecting alternative splicing patterns, the redundancy of factor 

binding sites suggests other regulatory mechanisms must be involved.   

 

Dysregulation of alternative splicing has been implicated in numerous diseases and is 

associated with various cancers and ageing, the latter being associated with widespread 

changes in alternative splicing (Colak, Kim et al. 2013, Mazin, Xiong et al. 2013, Tang, 

Lee et al. 2013). As the extent of alternative splicing across the genome is further 

characterised, it is likely that aberrant changes in splicing will be shown to be linked to 

additional diseases and conditions (Ward and Cooper 2010). Imbalance of isoforms can 

contribute to disease. For example, mutations that alter splicing of the MAPT gene, 

which produces Tau, a protein that is highly expressed in neuronal axons, disrupts the 

balance of Tau isoforms, leading to aggregation and neuronal degeneration (D'Souza 

and Schellenberg 2005). Mutations altering Tau splicing have been implicated in 

Alzheimer’s disease and some other forms of dementia. AOs may in theory be used to 

manipulate the expression of different isoforms to counteract pathogenic imbalances. 
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The critical role of RNA in regulating splicing is becoming more and more apparent 

(Khanna and Stamm 2010, Anko, Muller-McNicoll et al. 2012, Fica, Tuttle et al. 2013). 

Small nucleolar RNAs (snoRNA) are small RNAs that reside in introns and are released 

during pre-mRNA processing. snoRNAs act to guide RNA-modifying enzyme 

complexes to mRNA targets (Khanna and Stamm 2010). Deep sequencing analysis has 

detected the presence of shorter RNAs derived from known snoRNAs (Cole, Sobala et 

al. 2009, Taft, Glazov et al. 2009) that are 20 – 25 nucleotides in length. Small 

noncoding RNAs have also been reported to affect chromatin modification, and mRNA 

itself has been found to recruit histone-modifying enzymes and influence splicing 

patterns (Zhou, Luo et al. 2013). 

 

As the pathogenic effect of mutations on splicing becomes better understood (Ward and 

Cooper 2010), further studies are required to develop techniques to manipulate splicing 

as therapies. AOs currently provide the most specific and malleable way to achieve this. 

Although gene expression may be somewhat altered in vitro, early studies demonstrated 

that the splicing factor assembly in vitro is comparable to that in vivo, so that cell 

culture can be used to assess splicing changes induced by AOs (Bennett, Pinol-Roma et 

al. 1992). This is also evident from research on exon skipping in DMD, where the effect 

of optimised AOs in vitro against the normal dystrophin exons has been shown to 

reflect that in vivo with restoration of dystrophin expression in DMD individuals and 

animal models. Manipulation of splicing using steric blocking AOs is the best-

established use of these compounds. It has been estimated that ~10% of inherited 

diseases are the result of splice-site mutations (Wang and Cooper 2007), and that up to 

25% may be caused by mutations that alter splicing via other means (Cooper, Wan et al. 

2009). Changes in splicing has been associated with many complex disorders, including 
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cancer, where mutations in the splicing factors themselves are a common occurrence 

(Padgett 2012).  

 

This thesis confirms that the splicing process is highly complex and that there are 

numerous factors and mechanisms involved in splicing that remain undefined. Our lack 

of understanding of how splicing is regulated is illustrated by the study on AO splice 

intervention in Huntington’s disease. The data presented may represent the outcome of 

an undefined splicing phenomenon, but equally could be caused by other mechanisms 

(e.g. PCR artefacts). Splicing generally occurs concurrently with transcription (Tilgner, 

Knowles et al. 2012), and the fact that these processes are concurrent may play a role in 

the unusual processing seen in the altered HTT mRNA following AO application. The 

DMD pseudo-exon mutation targeted in Chapter 3 is an example of an exon has a 

narrow window for AO targeting. In this case, a single base change was sufficient to 

induce a strong acceptor splice site, with other required sites (donor splice site and 

branch point) already present. Although the pseudo-exon has a narrow binding window 

for efficient exon skipping, studies suggest that low levels of natural exon skipping are 

present and sufficient to provide some therapeutic benefit to this patient. This is 

evidenced by the fact that the patient we investigated has less severe symptoms than 

would be expected for a DMD patient at 21 years of age. The precise mechanisms by 

which this natural exon skipping occurs is unknown and presumably reflects errors in 

the splicing process, such as those that lead to the revertant fibres.  RFs also occur in 

normal tissue (mRNAs have been detected (Wilton, Dye et al. 1997) but protein studies 

are not possible for obvious reasons (positive staining on a positive background).  
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7.3.4  Using AOs to manipulate other regulatory processes 

Aside from splice switching, steric-blocking AOs have been used to down-regulate 

expression of target genes by blocking translation (Boiziau, Kurfurst et al. 1991). This 

is achieved by targeting an AO to the 5’UTR near the initiation codon (Dryselius, 

Aswasti et al. 2003). The use of AOs in this way seems to have been mostly limited to 

the development of antiviral drugs (Geller, Deere et al. 2003, Holden, Stein et al. 2006, 

Tilley, Mellbye et al. 2007, Swenson, Warfield et al. 2009). A recent study 

demonstrated knockdown of an essential survival gene in the malaria parasite 

Plasmodium falciparum using PNA oligonucleotides coupled with a cell penetrating 

peptide (Kolevzon, Nasereddin et al. 2014). These authors showed that the PNAs 

interact with the pre-mRNA putatively to either prevent export from the nucleus or 

block translation. Although many reports have speculated on the potential of steric-

blocking AOs to prevent translation, studies using this technique to knockdown 

translation of human genes are limited. PMOs have been used to knockdown expression 

of c-myc to reduce cellular proliferation in tumors (Hudziak, Summerton et al. 2000, 

Iversen, Arora et al. 2003). Despite the limitations of RNAi, siRNA technology appears 

to be more successful in gene knockdown and currently seems to be the preferred 

method. However, as advances are made in AO design and chemical structure, the 

efficiency of translation blockade using steric-blocking AOs will hopefully improve.  

 

Our studies investigated the potential use of steric-blocking AOs for other purposes, 

including targeting DNA, knocking down gene expression by induced non-productive 

splicing, and targeting mRNA regulatory mechanisms, such as miRNA interactions, in 

an attempt to upregulate protein expression. AOs have been used to manipulate splicing 

and induce a frame shift, and consequently gene knockdown (Disterer and Khoo 2012).  

2’O-methyl phosphorothioate AOs and PMOs were able to knockdown myostatin 
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expression in vivo and in vitro in normal mice by inducing exon skipping that rendered 

the transcript out of frame, leading to NMD (Kang, Malerba et al. 2011). This approach 

has been used in parallel with AO-induced exon skipping in DMD cells, as knockdown 

of myostatin increases muscle growth and, it has been suggested could benefit patients 

with DMD when combined with a dystrophin-correcting therapy (Kemaladewi, 

Hoogaars et al. 2011).  

 

7.4 Lessons for future research using AOs to manipulate gene 

expression 

 

7.4.1 Technical limitations – Lessons for future studies 

Reliably detecting small changes in gene expression is technically challenging, and this 

thesis has revealed a number of significant limitations to currently used experimental 

techniques, including qRT-PCR and cell culture. Understanding the nature of these 

limitations and how they may be overcome is vital to improving experimental design 

for future studies using AOs to manipulate gene expression, especially if there are only 

subtle changes from basal expression. 

 

The use of appropriate controls 

One reoccurring problem here relates to the need to use appropriate robust controls, 

without which there can be a lack of consistency of data within and between 

experiments. To assess changes in gene expression, careful thought must be given to the 

number, nature and types of controls required. Our studies show that using qRT-PCR to 

assess changes in dystrophin levels following AO treatment requires the use of two 

housekeeping genes, and even then the results can vary, depending on which of these 

housekeeping genes are used for comparison. This has been reported in previous studies 
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investigating miRNA expression (Peltier and Latham 2008, Dreher, Rossing et al. 

2010). The importance of selecting appropriate housekeeping genes for comparative 

purposes has been commented on by others (Vandesompele, De Preter et al. 2002, 

Pfaffl, Tichopad et al. 2004, Peltier and Latham 2008, Eisenberg and Levanon 2013), 

but no consensus has been reached on the most appropriate because, firstly, there is 

intrinsic variability in gene expression, secondly because some housekeeping genes may 

be more relevant to specific cell types and finally experimental noise in the assay. It is 

clear that the use of multiple housekeeping genes is mandatory for efficient and reliable 

analysis of gene expression.  

 

Similarly, the use of sham-AO controls is necessary for assessment of changes in levels 

of gene expression to control for the effect of transfecting the cells with a liposome/AO 

complex. However, in our studies, even using three different control AOs did not seem 

to be sufficient to produce consistent results, due to the variation in gene expression 

among control-AO treated cells. As discussed in Chapter 3, qRT-PCR and the 

associated analytical methodology (Pfaffl 2001) result in this technique being 

insufficiently sensitive to reliably detect small changes in gene expression. However, 

these limitations aside, a number of other factors may contribute to the inconsistencies 

seen between and within experiments. For example, some of the control AOs used for 

dystrophin stabilisation seemed to specifically knock down dystrophin expression. The 

reasons for this are unclear. It is difficult to conceive how AOs that have scrambled 

sequences or bind to unrelated targets could specifically downregulate dystrophin 

expression, given that the relative amounts of liposome and AOs were similar and 

analysis was always done at the same AO concentrations.  
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Determining which control AOs to use to achieve the most consistent outcomes is 

difficult and no consensus has been reached. Just as multiple housekeeping genes are 

required to be assessed, so multiple sham-AOs are ideally required to ensure 

reproducibility. It remains debatable which control AO is the most appropriate; 

scrambled AOs that do not bind specifically to any known sequence, or sham-AOs 

binding to known targets that seem to have no effect on the level of the target transcript. 

It could be argued that AOs that bind to RNA are the best controls to use because they 

interact with a known target rather than being unbound, which could result in off-target 

effects. On the other hand, AOs that do interact with a known target could have 

unintended consequences that were not predicted on initial screening. A commonly used 

control utilised in this thesis was the Gene Tools control AO sequence (5’ 

ccucuuaccucaguuacaauuuaua 3’) synthesised as a 2’O-methyl AO (http://www.gene-

tools.com/). This control AO targets a human beta-globin intronic mutation that leads to 

inappropriate splicing and beta-thalassemia. Microarray analysis has indicated that this 

control induces fewer changes in gene expression than a scrambled control AO (Gene 

Tools and Phalanx Biotech Group, unpublished collaboration). However, the sequence 

for this AO is not random, as it contains just a single G nucleotide and has a GC content 

of only 32%. This could affect binding efficiency and may have unintended 

consequences.  

 

DMD exon skipping uses a positive assay (induction of novel transcripts) and hence 

negative control assays are no longer necessary. However, AO manipulation of levels of 

a target mRNA may only result in subtle changes and therefore sensitive assays are 

needed.  
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Limitations of cell culture 

Natural variation in gene expression is especially pronounced when analysing low-

abundance transcripts since slight variations in the actual number of mRNA transcripts 

have a greater impact on measures of gene expression. An example of this is seen in 

Chapter 3, which shows significant variation between replicate samples treated with the 

same AOs at the same concentration (Figure 3.28). Aside from this intra-experimental 

variation, differences between experiments could be the result of slight changes in 

mRNA expression during the proliferation and transfection of cells. This is potentially a 

major limitation to the use of cell culture to explore the effect of AOs on gene 

expression.  

 

Our normal methodology is to induce the differentiation of primary human myoblasts 

into myotubes prior to transfection, but for the purposes of the current study, a number 

of different primary human cell strains were used. Myoblast differentiation is a 

multistep process that involves withdrawal from the cell cycle, activation of numerous 

muscle-specific genes, and the elongation, alignment and fusion of cells to form 

myofibres (Pownall, Gustafsson et al. 2002, Charge and Rudnicki 2004, Tapscott 2005). 

The use of different cell strains, despite the fact that they are all obtained from normal 

subjects, could lead to different levels of gene expression because differentiation occurs 

at different rates with concomitant effects on the level of gene expression (Affara, 

Daubas et al. 1980). The cells may have been extracted from different muscles, and 

other factors such as age, gender, and the reason the biopsy was taken could also be 

confounding factors. Realistically though, if a treatment has a measurable and consistent 

effect on a target gene, it should be possible to detect the change in multiple cell strains 

derived from different people, unless the treatment is a personalised therapy specific to 
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a mutation, such as in the case of exon skipping for some DMD patients, or if the gene 

is already expressed at the maximum level appropriate for that cell type. 

 

7.4.2  Advances in experimental techniques and technologies 

This thesis identified a number of technical issues that must be addressed so that future 

studies can yield unambiguous data. In particular, there were limitations to the use of 

commonly used assays such as qRT-PCR and western blot, which limited the ability to 

detect fractional changes in gene expression. Advances in experimental techniques have 

the potential to yield more accurate and reliable measurements of changes in gene 

expression and detect even the most subtle of changes induced by AOs.   

 

qRT-PCR involves multiple steps, a fact that amplifies the potential for errors or 

inconsistencies between samples. A recent method has described the use of crude cell 

lysates as a template for reverse transcription, thereby eliminating the steps of RNA 

extraction and cDNA synthesis (Van Peer, Mestdagh et al. 2012). This method is 

reported to enhance sensitivity while retaining accuracy. Similarly, digital droplet PCR 

provides enhanced specificity and reliability compared to qRT-PCR (Hindson, Ness et 

al. 2011). This technique requires samples to be partitioned into droplet particles, and 

then PCR is used to define each particle as positive (a target sequence is detected) or 

negative (no sequence detected). This technique eliminates some of the issues revealed 

in the current study associated with variable PCR efficiency in qRT-PCR, and allows 

accurate and specific quantification of nucleic acids in a particular sample without the 

requirement of housekeeping genes for normalisation. qRT-PCR is reportedly able to 

reliably detect changes in gene expression of 2-fold and above, while digital droplet 

PCR is reported to be able to detect changes as small as 30% (Eastburn, Sciambi et al. 

2013). A technology such as picoinjection, which injects reagents into droplets in an 
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automated manner, can enhance the high-throughput analysis of RNA samples by 

digital droplet RT-PCR (Eastburn, Sciambi et al. 2013). Current limitations of this 

technology include high cost and the inability to process large numbers of samples 

simultaneously, but future advances are likely to reduce cost and enhance high-

throughput applications (Hindson, Ness et al. 2011). Digital droplet PCR may be 

especially useful in the study of rare diseases where baseline gene expression may be 

low and where changing gene expression by as little as 30% could provide significant 

therapeutic benefit. The accuracy and reliability of digital droplet PCR compared to 

qRT-PCR makes it a desirable technique for future research of the type undertaken in 

our laboratory.  

 

Western blot analysis is a well established and accepted technique used for analysing 

expression levels of a protein of interest. However, this technique involves multiple 

steps and has similar limitations to qRT-PCR in that housekeeping genes are required 

for normalisation, and fractional changes in expression may be hard to detect. 

Improvements in protocols and equipment could enhance the accuracy and sensitivity of 

western blotting. Use of microfluidics, where lysates are analysed in a glass 

microchannel filled with polyacrylamide gel, limits the number of separate steps 

required for analysis (Hughes and Herr 2012). In this technique, benzophenone, a light-

responsive molecule, is incorporated into the gel and fluorescently tagged antibodies are 

used for the detection of target proteins. This technique has been shown to enhance 

detection and quantification compared to the traditional western blot (Hughes and Herr 

2012). 
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7.4.3  Animal models to test AO therapies – how useful are they? 

Animal models are widely used in research on human diseases, with murine models the 

most common (Commission 2013). However, there are inevitable limitations associated 

with using animal models because they often fail to show the same level of complexity 

as seen in the corresponding human disease (Britton and Koch 2005). Despite this, 

animal models are invaluable for assessing toxicity and identifying side effects of 

particular drugs. However, when testing for efficacy it is essential that models that most 

closely emulate human disease be used. For example, the mdx mouse commonly used 

for DMD research presents with a much less severe phenotype than human DMD 

patients (Hoffman, Brown et al. 1987), and a recent study comparing changes in gene 

expression associated with human inflammatory disease with those induced in 

commonly used murine inflammatory disease models found that the models differed in 

some significant respects (Seok, Warren et al. 2013).   

 

Animal models may be particularly unsuitable for studies attempting to modulate gene 

expression by interfering with regulatory processes, because murine regulatory and 

splicing factors are significantly different from those in humans. Many animal models 

have been genetically engineered to contain specific human genes and disease-causing 

mutations (Rosenthal and Brown 2007). However, differences in regulatory systems 

between humans and mice may result in different expression of the transgene, and could 

affect drug efficacy. The use of genetically modified pigs has been shown to better 

mimic human disease (Fan and Lai 2013), but using pigs is more costly and time 

consuming than using murine models. Despite their many limitations, animal models 

are still in general use (Guenet 2011), and are likely to be so for the foreseeable future. 

Future research will benefit from a reassessment of the requirements for drug testing in 
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animal models because of their high cost and the difference described above, which 

often means that drug studies are of limited validity (Seok, Warren et al. 2013).   

 

7.4.4  AO design 

In silico techniques 

The use of in silico techniques to design AOs for various purposes, including splice-

switching, has been investigated (Zhang, Mao et al. 2003, Saetrom 2004) and shown to 

have limited value. The reason for this is that in silico AO design generally relies on 

mRNA folding and ESE predictions to determine the best sites for AO interference. 

Advances in RNA folding analysis (Mathews, Moss et al. 2010, Seemann, Sunkin et al. 

2012) and AO in silico design are reported (Ramlan and Zauner 2013) but there are still 

limitations of these technologies because of the complexity of in vivo RNA:AO 

interactions. These tools may be useful for analysis in hindsight to pinpoint which 

motifs a particular effective AO is interfering with or to look at changes in structure, but 

from our experience even using these tools retrospectively is of limited value. AO-

induced exon skipping in DMD has indicated that while some effective AOs do block 

predicted enhancer splice motifs, others anneal to regions that contain no predicted 

motifs. A study that used in silico tools such as ESE-finder and MFOLD to analyse the 

characteristics of 66 dystrophin-targeting PMOs indicated that the most effective PMOs 

were around 30bp in length and overlapped regions of open conformation (Popplewell, 

Trollet et al. 2009). However, looking in depth at this data suggests that not all PMOs 

conformed to these parameters (viz. at least 30mers with overlapping regions of open 

conformation). Previous analysis in our laboratory has shown that AOs between 25-31 

bases tend to be the most efficient at exon skipping (Harding, Fall et al. 2007), but 

because of the higher cost of the longer AOs and the general observation that 25mers 

often work as well as if not better than 30mers, 25mers are typically used in the first 
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screen and microwalking then used to refine oligomer length. While it is logical to 

target splice sites for initial AO design, an empirical approach ensures that the most 

effective target site is characterised to achieve the best result possible.  Future advances 

will hopefully incorporate other information such as known factor binding or mRNA 

folding parameters to generate more accurate and less redundant predictions.  

 

7.5 The future of AO therapies 

 

A decade ago, use of AOs to modify gene expression was considered a scientific 

curiosity rather than something that could be applied to treat disease. Advances in AO 

chemistry have enhanced consistent production, increased stability, improved delivery 

and efficacy. The Sarepta Therapeutics sponsored DMD exon skipping trials have 

unequivocally demonstrated that PMOs delivered systemically can induce widespread 

exon skipping (Mendell, Rodino-Klapac et al. 2013) and a functional benefit, 

demonstrating that AOs can be used in a clinical setting to reduce disease severity. The 

DMD trials have shown that AOs are well tolerated, inducing minimal side effects. The 

latest data release from Sarepta also reported pulmonary stabilization at 120 weeks 

(http://www.fiercebiotech.com/press-releases/sarepta-therapeutics-announces-

eteplirsen-demonstrates-stability-pulmonary-0).  

 

7.5.1 Current trials 

The current DMD eteplirsen trials are showing great promise, demonstrating it is 

possible to restore dystrophin in DMD muscles and stabilise muscle function in boys 

who would normally suffer from an accelerated loss of muscle function and integrity 

(Mendell, Rodino-Klapac et al. 2013). However, it is clear that a change in the way 

therapies and trials for rare diseases are assessed by the regulatory authorities is 
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required.  The need for a change has been emphasised by researchers for many years 

(Lilford, Thornton et al. 1995) with the view that funding and approval of drugs for rare 

diseases should be considered a special circumstance (Hughes, Tunnage et al. 2005). 

The Orphan Drug Act, implemented in the USA in 1983 (with similar policies now in 

place in Australia, Europe, and Japan), is designed to relieve some of the financial 

pressures on drug development for rare diseases (Wastfelt, Fadeel et al. 2006, 

Tambuyzer 2010). This has been fairly successful in increasing the number of drugs 

approved and the number of trials being undertaken (Melnikova 2012).  

 

A number of requirements currently apply to clinical testing that may not be suitable, 

appropriate or even achievable in testing AO therapies for rare diseases. Large, placebo-

controlled trials are just not possible for many rare diseases, especially when the therapy 

is tailored to a specific mutation, and in addition, therapies such as exon skipping in 

DMD cannot be tested in normal subjects because the drug could generally disrupt 

normal gene function (except in the case of in-frame exons, but functionality may still 

be compromised). It could also be argued that using placebo controls in trials for severe 

diseases such as DMD or SMA is unethical, especially when the natural progression of 

the disease is well established. Currently for DMD, trials have been focusing on one 

oligomer that can be used to correct dystrophin expression in a number of different 

patients with amenable mutations in the same region. Although the specific mutation 

varies, the sequence of the AO is the same and consequently the trial involves a single 

compound. It has been estimated that around 12 AOs targeting exons in the DMD 

mutation hotspots will treat about 40% of cases, but many other DMD patients require 

AOs tailored to their individual mutation, and the rarity of these mutations means that 

future trials may only be able applicable to one or two individuals. It would be far easier 

if AOs targeted to a specific gene could be thought of as essentially the same drug, 
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gaining class-specific approval. Under these circumstances, providing that initial safety 

requirements are met, the trials could involve patients with different mutations who are 

administered different AO sequences. Hopefully, future research will provide greater 

insights into AOs and their effects in vivo. One issue that will need to be addressed is 

the long term safety of AOs given that, if successful, AO therapy may require lifelong 

administration.  

 

Some questions have been raised by the current Sarepta-sponsored clinical trial of exon 

skipping in DMD, in particular the small number of trial participants. Although the 

patients in this trial all respond to AO-induced exon skipping of dystrophin exon 51 

with increased dystrophin after treatment, their individual deletions vary. Because of 

this and other factors, there is variation in the way the patients have responded to 

treatment with some patients producing more dystrophin than others, and patients 

showing variable benefits in terms of functionality as measured by the 6-minute walk 

test (Mendell, Rodino-Klapac et al. 2013). This may be caused by variation in the 

stability and function of the induced shortened protein, although other factors may be 

involved. The FDA, in its evaluation of eteplirsen for accelerated approval for treatment 

of DMD patients with suitable mutations has questioned the suitability of dystrophin as 

a biomarker to measure treatment efficacy. The concern is that there is limited 

information about how much dystrophin is required to produce therapeutic benefit in 

DMD patients. This issue may also confounded by the relative functionalities of the 

different induced dystrophin isoforms. There is a significant volume of research on new 

and more reliable biomarkers for measuring disease progression and treatment efficacy 

(Verwey, van der Flier et al. 2009, Pletcher and Pignone 2011, Goodsaid 2012, Guest, 

Gottschalk et al. 2013, McGhee, Royle et al. 2013). However, it appears that those 

questioning the validity of dystrophin as a biomarker for DMD are researchers whose 
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treatments have been unable to show an increase in dystrophin. Obtaining information 

on the best biomarkers to use in DMD in addition to dystrophin will hopefully improve 

the structure and validity of future trials and allow treatment efficacy to be convincingly 

assessed.  

 

The Sarepta-sponsored DMD clinical trial has indicated that PMOs are safe, do not 

illicit an immune response, and are not hepatotoxic (Mendell et al., 2013). Sarepta has 

approached the FDA seeking accelerated approval of eterplirsen but the FDA has cited 

the negative results of the exon-skipping trial conducted by GlaxoSmithKline (GSK) 

and Prosensa as reason for doubts about whether the current Sarepta trial provides 

sufficient evidence for the efficacy of AO therapy 

(http://www.reuters.com/article/2013/11/12/us-sarepta-fda-dmd-idUSBRE9AB0L 

320131112). The GSK/Prosensa trial of drisapersen, a 2’O-methyl AO taregeted to exon 

51, failed to meet the primary end point, with no significant improvement in patients 

compared to placebo-treated controls (http://www.gsk.com/media/press-

releases/2013/gsk-and-prosensa-announce-primary-endpoint-not-met-in-phase-iii-

.html). While the results from this trial are disappointing for both patients and 

researchers, it is not totally unexpected. It has been demonstrated that PMOs are far 

superior to 2’O-methyl AOs for in vivo treatment of mdx mice (Fletcher, Honeyman et 

al. 2007, Heemskerk, de Winter et al. 2009). In cultured cells, 2’O-methyl AOs 

complexed with a liposome efficiently enter and transfect cells. Naked PMOs are 

limited by their uptake efficiency, but advances in cell penetrating peptides have 

significantly enhanced the uptake of these compounds (Fletcher, Honeyman et al. 2007, 

Yin, Moulton et al. 2008, Moulton and Moulton 2010). In our laboratory, we have 

confirmed that PMOs are more effective than 2’O-methyl AOs at inducing exon 
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skipping in vivo, whether delivered by intramuscular injection or systemically (Alter, 

Lou et al. 2006, Fletcher, Honeyman et al. 2006).  

 

7.5.2  Conclusions 

There are two major conclusions from this work. The first is that the methodologies, 

qRT-PCR and western blot, used to assess changes in gene expression induced by AOs 

may lack the sensitivity necessary to accurately detect subtle changes in gene 

expression. The problem is potentially compounded if a single housekeeping gene is 

used for reference. For future studies, it is important that care is given to the selection of 

multiple housekeeping genes of relevance to the cell type under investigation. 

Moreover, qRT-PCR simply lacks the sensitivity to be a valid instrument to measure 

subtle changes in gene expression (<2-fold).  

 

The second major finding of the thesis relates to AO design and the gaps in our 

knowledge regarding the intricacies of gene expression, regulation, splicing and the 

mechanisms of AO action. Whereas AO design to induce exon skipping in DMD has 

proven on the whole straightforward, exon skipping as a strategy to ameliorate disease 

is not relevant to most inherited disorders. However, it has been estimated that many 

disease-causing mutations affect splicing, causing events such as intron and alternative 

exon retention, pseudo-exons, or exon skipping (Ward and Cooper 2010), and splice-

switching using AOs could be applied to these conditions to supress or restore abnormal 

sequences. For alternative strategies such as up- or down-regulation of target genes, 

induction of different mechanisms of gene expression manipulation will be required. It 

is this approach, determining novel applications of AOs to interfere with regulatory 

mechanisms, for example to treat BMD and McArdle’s disease, or to induce exon 

skipping for the purpose of down-regulating a mutant allele, which was the strategy 
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used for HD. The AOs that were designed for these purposes were based on our current 

knowledge of gene regulatory processes and the use of predictive bioinformatic 

software, techniques which in theory could have led to the identification of a number of 

AOs with in vitro activity. In reality, this approach failed to detect any effects of the 

designed AOs in BMD (targeting normal dystrophin gene which may be at maximum 

expression already), McArdle’s disease (trying to re-activate another gene or suppress 

its inhibition by masking potential miRNA binding sites) and FRDA (targeting toxic 

DNA) cell strains and in the case of HD, the results were totally unexpected. Contrary 

to predictions, AOs targeted to HTT exon 1 did not remove the exon and instead 

induced unusual expression patterns in which the middle of the exon was removed from 

the mature mRNA. In addition, in the DMD patient cell strain, only targeting a narrow 

window led to efficient removal of the pseudo-exon. What these findings underline is 

that our current knowledge of splice manipulation is incomplete, including limitations 

to the validity of current predictive software.  

 

Research is now expanding to investigate the use of AOs in many other diseases with a 

focus on rare disorders. Despite the limitations revealed in this thesis, the versatility of 

AOs means that they could be considered a platform technology with the capacity to 

target many different kinds of mutations. A greater understanding of the RNA 

regulatory network is likely to further enhance AO design resulting in faster and more 

efficient drug development. Inevitably, not all genes and mutations will be responsive to 

AO treatment but many will and utilising AOs will undoubtedly provide new insights 

into gene regulation and splicing mechanisms.  We anticipate fold changes will be more 

clinically relevant than fractional changes, hence the experimental data generated here 

indicate these approaches of gene manipulation are unlikely to be clinically relevant.  
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Perhaps new AO chemistries would be more effective, improvements in AO targeting 

and design, but the 2OMeAO AOs are unlikely to be clinically relevant. 
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Appendix 3.1 – In silico analysis of a pseudo-exon insertion in dystrophin intron 47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.1: Bioinformatic analysis of the pseudo-exon in DMD intron 47. The pseudo-exon is shown in blue. (A) 

predicted splice motifs and free energy of RNA structures based on sliding windows, (B) predicted splice motifs and 

free energy of RNA structures in the mutant transcript. The black arrows indicate the cryptic acceptor splice site and 

donor site as predicted by two in silico prediction programs, and the grey arrow indicates the position of the base 

change that activates the cryptic acceptor. The circle indicates a cluster of potential branch points. 

 

 

 
Appendix 3.2 – Second generation AO evaluation 
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AO Number AO coordinates Sequence 5’-3’ 

14 Dys3'A(+2513+2537) aac aca aua uau uau gau acu caa g 

15 Dys3'A(+2538+2562) gua aau guu aca gug uug gug uua a 

16 Dys3'(+2538+2557)  ugu uac agu guu ggu guu aa 

17 Dys3'(+105+129) gaa uau uau aaa aac cau gcg gga a 

18 Dys3'(+131+155) uua cug ucu aau ccu cuu ugu ugu a 

19 Dys3'(+252+276) uug cau aga gcu gua aaa ccu gcc a 

20 Dys3'(+353+377) uaa auu uuu aaa caa ccc aaa aug c 

21 Dys3'(+378+402) uua caa ucu uuc uuu aua acu guu a 

22 Dys3'A(+423+447) uua ggg guu uuu aua aac aac uuu u 

Table S.1: Second generation AOs targeting the dystrophin 3’UTR. 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 4.1 – ClustalW alignment of the three human glycogen  
phosphorylase isoforms 
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PYGM acttactgtcattaaaccagtatgatgatggagtggggaatgcctcagtttctcccaccg 60 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM ccgagggcctataggactacagttcccagggccccgtgctgcaggctagcggcctcccgc 120 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM caatgctggccagtaacctgagcatccctctccaaaaggtcacttcagggctccttgagg 180 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM gacagcaacagggggagcctagagctgctcagcttcggtgggggtggagtgagggctgtg 240 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM gccctgcctcacacaacctccctcacaccacccctgcaatgcagggtcgtgggccccttt 300 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM ctcaaagacatccagtggcctctgctagttgcacctcttccgtcaggggacactgacttg 360 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM gctcctgcaccacagcctgcagggggtcctggttccttttgccacaacacatggcctccc 420 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM atcctggttcagccactgacagacagctccccaatccagcactctgcctgctccttcttg 480 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

 

 

PYGM tatccaaccctccaaaaggcagggacaagggacagaagaccatgtgcaaggcctggagga 540 

PYGL ------------------------------------------------------------ 
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PYGB ------------------------------------------------------------ 

                                                                             

PYGM agtgggtcagcacaggcctgtgaacaagccaggccagtcttggcggcccaagtggagctc 600 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM acctctccctcccctctcctctcctccccttgccctcaaaatagctccctgagctgccag 660 

PYGL ------------------------------------------------------------ 

PYGB ------------------------------------------------------------ 

                                                                             

PYGM gccaagaccctcccattgcaggggaggcggggcgtgctgcccagagccaggctttaaatc 720 

PYGL ----aaactttcgtgc-gcgttgaaagctgctggcgcggc---ggggcggactcca---c 50 

PYGB ------------------------------------------------------------ 

                                                                           

PYGM cccttgaggctggggagctccactccttggctggaggcagtgctgaggccgccgtcccct 780 

PYGL ccct----gcccggcagcccagcgcct---ccggccgcacttcca-----gctctctgcg 98 

PYGB ------cgccagagcagctgcaccatc---ccggcgttcgcgtgt-----gccgccgctt 46 

              *   * ***    *       * **                **   *     

 

PYGM ctaccatcagtccagtccggcccgccctc-ctgcagccATGTCCCGGCCCCTGTCAGACC 840 

PYGL cagcccgccgcgcagcccg--ccgccc------cagccATGGCGAAGCCCCTGACGGACC 150 

PYGB tcctcctccatctcttttcctccgcctccgccggcgcgATGGCGAAGCCGCTGACGGACA 106 

         *  *             *****         ** *** *   *** *** * ***  

 

PYGM AAGAGAAAAGAAAGCAAATCAGTGTGCGTGGCCTGGCCGGCGTGGAGAACGTGACTGAGC 900 

PYGL AGGAGAAGCGGCGGCAGATCAGCATCCGCGGCATCGTGGGCGTGGAGAACGTGGCAGAGC 210 

PYGB GCGAGAAGCGGAAGCAGATCAGCGTGCGCGGCCTGGCGGGGCTAGGCGACGTGGCCGAGG 166 

       *****  *   *** *****  * ** *** * *  **  * *   ***** * ***  

 

PYGM TGAAAAAGAACTTCAACCGGCACCTGCATTTCACACTCGTAAAGGACCGCAATGTGGCCA 960 

PYGL TGAAGAAGAGTTTCAACCGGCACCTGCACTTCACGCTGGTCAAGGACCGCAACGTGGCCA 270 

PYGB TGCGGAAGAGCTTCAACCGGCACTTGCACTTCACGCTGGTCAAGGACCGCAATGTGGCCA 226 

     **   ****  ************ **** ***** ** ** *********** ******* 

 

 

 

PYGM CCCCACGAGACTACTACTTTGCTCTGGCCCATACCGTGCGCGACCACCTCGTGGGGCGCT 1020 

PYGL CCACCCGCGACTACTACTTCGCGCTGGCGCACACGGTGCGCGACCACCTGGTGGGGCGCT 330 
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PYGB CGCCCCGCGACTACTTCTTCGCGCTGGCGCACACGGTGCGCGACCACCTCGTGGGCCGCT 286 

     *  * ** ******* *** ** ***** ** ** ************** ***** **** 

 

PYGM GGATCCGCACGCAGCAGCACTACTATGAGAAGGACCCCAAGAGGATCTACTACCTGTCTT 1080 

PYGL GGATCCGCACGCAGCAGCACTACTACGACAAGTGCCCCAAGAGGGTATATTACCTCTCTC 390 

PYGB GGATCCGCACGCAGCAGCACTACTACGAGCGCGACCCCAAGCGCATTTATTATCTTTCCC 346 

     ************************* **      ******* *  * ** ** ** **   

 

PYGM TAGAGTTCTATATGGGACGGACGCTACAGAACACCATGGTGAACCTGGCCTTAGAGAATG 1140 

PYGL TGGAATTTTACATGGGCCGAACATTACAGAACACCATGATCAACCTCGGTCTGCAAAATG 450 

PYGB TGGAATTCTACATGGGTCGCACGCTGCAGAACACGATGGTGAACCTGGGCCTTCAGAATG 406 

     * ** ** ** ***** ** **  * ******** *** * ***** *   *  * **** 

 

PYGM CCTGTGACGAGGCCACCTACCAGCTGGGCCTGGACATGGAGGAGCTGGAGGAAATTGAGG 1200 

PYGL CCTGTGATGAGGCCATTTACCAGCTTGGATTGGATATAGAAGAGTTAGAAGAAATTGAAG 510 

PYGB CCTGCGATGAAGCCATCTATCAGTTGGGGTTAGACTTGGAGGAACTCGAGGAGATAGAAG 466 

     **** ** ** ****  ** *** * **  * **  * ** **  * ** ** ** ** * 

 

PYGM AGGATGCGGGGCTGGGCAACGGGGGCCTGGGCCGGCTGGCAGCCTGCTTTCTTGACTCCA 1260 

PYGL AAGATGCTGGACTTGGCAATGGTGGTCTTGGGAGACTTGCTGCCTGCTTCTTGGATTCCA 570 

PYGB AAGATGCTGGCCTTGGGAATGGAGGCCTGGGGAGGCTGGCAGCGTGTTTCCTTGACTCAA 526 

     * ***** ** ** ** ** ** ** ** **  * ** ** ** ** **  * ** ** * 

 

PYGM TGGCAACACTGGGCCTGGCCGCCTATGGCTACGGGATTCGCTATGAGTTTGGGATTTTTA 1320 

PYGL TGGCAACCCTGGGACTTGCAGCCTATGGATACGGCATTCGGTATGAATATGGGATTTTCA 630 

PYGB TGGCTACCTTGGGCCTGGCAGCATACGGCTATGGAATCCGCTATGAATTTGGGATTTTTA 586 

     **** **  **** ** ** ** ** ** ** ** ** ** ***** * ********* * 

 

PYGM ACCAGAAGATCTCCGGGGGCTGGCAGATGGAGGAGGCCGATGACTGGCTTCGCTACGGCA 1380 

PYGL ATCAGAAGATCCGAGATGGATGGCAGGTAGAAGAAGCAGATGATTGGCTCAGATATGGAA 690 

PYGB ACCAGAAGATTGTCAATGGCTGGCAGGTAGAGGAGGCCGATGACTGGCTGCGCTACGGCA 646 

    * ********       ** ****** * ** ** ** ***** *****  * ** ** * 

PYGM ACCCCTGGGAGAAGGCCCGGCCCGAGTTCACGCTACCTGTGCACTTCTACGGCCATGTGG 1440 

PYGL ACCCTTGGGAGAAGTCCCGCCCAGAATTCATGCTGCCTGTGCACTTCTATGGAAAAGTAG 750 

PYGB ACCCCTGGGAGAAAGCGCGGCCTGAGTATATGCTTCCCGTGCACTTCTACGGACGCGTGG 706 

     **** ********  * ** ** ** *  * *** ** *********** **    ** * 

PYGM AGCACACCAGCCAGGGTGCCAAGTGGGTGGACACACAGGTGGTACTGGCCATGCCCTACG 1500 

PYGL AACACACCAACACCGGGACCAAGTGGATTGACACTCAAGTGGTCCTGGCTCTGCCATATG 810 
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PYGB AGCACACCCCCGACGGCGTGAAGTGGCTGGACACACAGGTGGTGCTGGCCATGCCCTACG 766 

     * ******  *   **    ****** * ***** ** ***** *****  **** ** * 

 

PYGM ATACGCCCGTGCCTGGCTATCGCAACAATGTTGTCAACACCATGCGCCTCTGGTCTGCCA 1560 

PYGL ACACCCCCGTGCCCGGCTACATGAATAACACTGTCAACACCATGCGCCTCTGGTCTGCTC 870 

PYGB ACACCCCAGTGCCCGGCTACAAGAACAACACCGTCAACACCATGCGGCTGTGGTCCGCCA 826 

     * ** ** ***** *****    ** **    ************** ** ***** **   

 

PYGM AGGCTCCCAATGACTTCAACCTCAAGGACTTCAATGTCGGTGGCTACATCCAGGCTGTGT 1620 

PYGL GGGCACCAAATGACTTTAACCTCAGAGACTTTAATGTTGGAGACTACATTCAGGCTGTGC 930 

PYGB AGGCTCCCAACGACTTCAAGCTGCAGGACTTCAACGTGGGAGACTACATCGAGGCGGTCC 886 

      *** ** ** ***** ** **    ***** ** ** ** * ******  **** **   

 

PYGM TGGACCGAAACCTGGCGGAGAACATCTCTCGTGTCCTGTACCCCAATGATAATTTCTTCG 1680 

PYGL TGGACCGAAACCTGGCCGAGAACATCTCCCGGGTCCTCTATCCCAATGACAATTTTTTTG 990 

PYGB TGGACCGGAACTTGGCTGAGAACATCTCCAGGGTCCTGTATCCAAATGATAACTTCTTTG 946 

     ******* *** **** ***********  * ***** ** ** ***** ** ** ** * 

 

PYGM AAGGGAAGGAGCTGCGGCTGAAGCAGGAGTATTTCGTGGTGGCTGCCACCCTCCAGGACA 1740 

PYGL AAGGGAAGGAGCTAAGATTGAAGCAGGAATACTTTGTGGTGGCTGCAACCTTGCAAGATA 1050 

PYGB AGGGGAAGGAGCTGCGGCTGAAGCAGGAGTACTTCGTGGTGGCCGCCACGCTCCAGGACA 1006 

     * ***********  *  ********** ** ** ******** ** **  * ** ** * 

 

PYGM TCATCCGTCGCTTCAAGTCTTCCAAGTTCGGCTGCCGTGATCCCGTGCGCACGAACTTCG 1800 

PYGL TCATCCGCCGTTTCAAAGCCTCCAAGTTTGGCTCCACCCGTGGTGCAGGAACTGTGTTTG 1110 

PYGB TCATCCGCCGCTTCAAGTCGTCCAAGTTCGGCTGCCGGGACCCTGTGAGAACCTGTTTCG 1066 

     ******* ** *****  * ******** **** *         *   * **    ** * 

 

PYGM ATGCCTTCCCAGATAAGGTGGCCATCCAGCTCAATGACACCCACCCCTCCCTGGCCATCC 1860 

PYGL ATGCCTTCCCGGATCAGGTGGCCATCCAGCTGAATGACACTCACCCTGCACTCGCGATCC 1170 

PYGB AGACGTTCCCAGACAAGGTGGCCATCCAGCTGAACGACACCCACCCCGCCCTCTCCATCC 1126 

     *  * ***** **  **************** ** ***** *****  * **  * **** 

PYGM CCGAGCTGATGAGGATCCTGGTGGACCTGGAACGGATGGACTGGGACAAGGCGTGGGATG 1920 

PYGL CTGAGCTGATGAGGATTTTTGTGGATATTGAAAAACTGCCCTGGTCCAAGGCATGGGAGC 1230 

PYGB CTGAGCTCATGCGGATCCTGGTGGACGTGGAGAAGGTGGACTGGGACAAGGCCTGGGAAA 1186 

     * ***** *** ****  * *****  * **     **  ****  ****** *****   

PYGM TGACAGTGAGGACCTGTGCCTACACCAACCACACGGTGCTGCCCGAGGCCCTGGAGCGCT 1980 

PYGL TCACCCAGAAGACCTTCGCCTACACCAACCACACAGTGCTCCCGGAAGCCCTGGAGCGCT 1290 
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PYGB TCACGAAGAAGACCTGTGCATACACCAACCACACTGTGCTGCCTGAGGCCTTGGAGCGCT 1246 

     * **   ** *****  ** ************** ***** ** ** *** ********* 

 

PYGM GGCCGGTGCACCTCTTGGAGACGCTGCTGCCGCGGCACCTCCAGATCATCTACGAGATCA 2040 

PYGL GGCCCGTGGACCTGGTGGAGAAGCTGCTCCCTCGACATTTGGAAATCATTTATGAGATAA 1350 

PYGB GGCCCGTGTCCATGTTTGAGAAGCTGCTGCCGCGGCACCTGGAGATAATCTATGCCATCA 1306 

     **** ***  * *  * **** ****** ** ** **  *  * ** ** ** *  ** * 

 

PYGM ACCAGCGCTTCCTCAACCGGGTGGCGGCCGCATTCCCAGGGGACGTAGACCGGCTGCGGC 2100 

PYGL ATCAGAAGCATTTAGATAGAATTGTGGCCTTGTTTCCTAAAGATGTGGACCGTCTGAGAA 1410 

PYGB ACCAGCGGCACCTGGACCACGTGGCCGCGCTGTTTCCCGGCGATGTGGACCGCCTGCGCA 1366 

     * ***       *  *     * *  **    ** **    ** ** ***** *** *   

 

PYGM GCATGTCGCTGGTGGAGGAGGGCGCAGTGAAGCGCATCAACATGGCACACCTGTGCATCG 2160 

PYGL GGATGTCTCTGATAGAAGAGGAAGGAAGCAAAAGGATCAACATGGCCCATCTCTGCATTG 1470 

PYGB GGATGTCTGTGATCGAGGAGGGGGACTGCAAGCGGATCAACATGGCCCACCTGTGTGTGA 1426 

     * *****  ** * ** ****  *     **  * *********** ** ** **  *   

 

PYGM CGGGGTCGCACGCCGTCAACGGCGTGGCGCGCATCCACTCCGAGATCCTCAAGAAGACCA 2220 

PYGL TCGGTTCCCATGCTGTGAATGGCGTGGCTAAAATCCACTCAGACATCGTGAAGACTAAAG 1530 

PYGB TTGGGTCCCATGCTGTCAATGGTGTGGCGAGGATCCACTCGGAGATCGTGAAACAGTCGG 1486 

       ** ** ** ** ** ** ** *****    ******** ** *** * **         

 

PYGM TCTTCAAAGACTTCTATGAGCTGGAGCCTCATAAGTTCCAGAATAAGACCAACGGCATCA 2280 

PYGL TATTCAAGGACTTCAGTGAGCTAGAACCTGACAAGTTTCAGAATAAAACCAATGGGATCA 1590 

PYGB TCTTTAAGGATTTTTATGAACTGGAGCCAGAGAAGTTCCAGAATAAGACCAATGGCATCA 1546 

     * ** ** ** **   *** ** ** **  * ***** ******** ***** ** **** 

 

PYGM CCCCTCGGCGCTGGCTGGTTCTGTGTAACCCCGGGCTGGCAGAGGTCATTGCTGAGCGCA 2340 

PYGL CTCCAAGGCGCTGGCTCCTACTCTGCAACCCAGGACTTGCAGAGCTCATAGCAGAGAAAA 1650 

PYGB CCCCCCGCCGGTGGCTGCTGCTGTGCAACCCGGGGCTGGCCGATACCATCGTGGAGAAAA 1606 

     * **  * ** *****  * ** ** ***** ** ** ** **   *** *  ***   * 

PYGM TCGGGGAGGACTTCATCTCTGACCTGGACCAGCTGCGCAAACTGCTCTCCTTTGTGGATG 2400 

PYGL TTGGAGAAGACTATGTGAAAGACCTGAGCCAGCTGACGAAGCTCCACAGCTTCCTGGGTG 1710 

PYGB TTGGGGAGGAGTTCCTGACTGACCTGAGCCAGCTGAAGAAGCTGCTGCCGCTGGTCAGTG 1666 

     * ** ** ** *   *    ******  *******   ** ** *      *  *   ** 

PYGM ATGAAGCTTTCATTCGGGATGTGGCCAAAGTGAAGCAGGAAAACAAGTTGAAGTTTGCTG 2460 

PYGL ATGATGTCTTCCTCCGGGAACTCGCCAAGGTGAAGCAGGAGAATAAGCTGAAGTTTTCTC 1770 
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PYGB ACGAGGTGTTCATCAGGGACGTGGCCAAGGTCAAACAGGAGAACAAGCTCAAGTTCTCGG 1726 

     * ** *  *** *  ****  * ***** ** ** ***** ** *** * *****  *   

 

PYGM CCTACCTAGAGAGGGAATACAAAGTCCACATCAACCCCAACTCACTCTTCGACATCCAGG 2520 

PYGL AGTTCCTGGAGACGGAGTACAAAGTGAAGATCAACCCATCCTCCATGTTTGATGTCCAGG 1830 

PYGB CCTTCCTGGAGAAGGAGTACAAGGTGAAGATCAACCCCTCCTCCATGTTCGATGTGCATG 1786 

       * *** **** *** ***** **  * ********   ***  * ** **  * ** * 

 

PYGM TGAAGCGGATTCACGAATATAAACGACAGCTCCTCAACTGCCTCCATGTCATCACCCTGT 2580 

PYGL TGAAGAGGATACATGAGTACAAGCGACAGCTCTTGAACTGTCTGCATGTGATCACGATGT 1890 

PYGB TGAAGAGGATCCACGAGTACAAGCGGCAGCTGCTCAACTGCCTGCACGTCGTCACCCTGT 1846 

     ***** **** ** ** ** ** ** *****  * ***** ** ** **  ****  *** 

 

PYGM ACAACCGCATCAAGAGGGAGCCCAATAAGTTTTTTGTGCCTCGGACTGTGATGATTGGAG 2640 

PYGL ACAACCGCATTAAGAAAGACCCTAAGAAGTTATTCGTGCCAAGGACAGTTATCATTGGTG 1950 

PYGB ACAATCGAATCAAGAGAGACCCGGCCAAGGCTTTTGTGCCCAGGACTGTTATGATTGGGG 1906 

     **** ** ** ****  ** **    ***   ** *****  **** ** ** ***** * 

 

PYGM GGAAGGCTGCACCTGGGTACCACATGGCCAAGATGATCATCAGACTCGTCACAGCCATCG 2700 

PYGL GTAAAGCTGCCCCAGGATATCACATGGCCAAAATGATCATAAAGCTGATCACTTCAGTGG 2010 

PYGB GCAAGGCAGCGCCCGGTTACCACATGGCCAAGCTGATCATCAAGTTGGTCACCTCCATCG 1966 

      * ** ** ** ** ** ** ***********  ******* *   *  ****  *  * * 

 

PYGM GGGATGTGGTCAACCATGACCCGGCAGTGGGTGACCGCCTCCGTGTCATCTTCCTGGAGA 2760 

PYGL CAGATGTGGTGAACAATGACCCTATGGTTGGAAGCAAGTTGAAAGTCATCTTCTTGGAGA 2070 

PYGB GCGACGTCGTCAATCATGACCCAGTTGTGGGTGACAGGTTGAAAGTGATCTTCCTGGAGA 2026 

       ** ** ** **  *******    ** **   *    *    ** ****** ****** 

 

PYGM ACTACCGAGTCTCACTGGCCGAGAAAGTGATCCCAGCTGCAGACCTCTCTGAGCAGATCT 2820 

PYGL ACTACAGAGTATCTCTTGCTGAAAAAGTCATTCCAGCCACAGATCTGTCAGAGCAGATTT 2130 

PYGB ACTACCGTGTGTCCTTGGCTGAGAAAGTGATCCCGGCCGCTGATCTGTCGCAGCAGATCT 2086 

     ***** * ** **  * ** ** ***** ** ** **  * ** ** **  ******* * 

PYGM CCACTGCGGGCACTGAAGCCTCAGGCACCGGCAACATGAAGTTCATGCTCAACGGGGCTC 2880 

PYGL CCACTGCAGGCACCGAAGCCTCGGGGACAGGCAATATGAAGTTCATGCTAAATGGGGCCC 2190 

PYGB CCACTGCAGGCACCGAGGCCTCAGGCACAGGCAACATGAAGTTCATGCTCAACGGGGCCC 2146 

     ******* ***** ** ***** ** ** ***** ************** ** ***** * 

PYGM TGACCATTGGCACCATGGACGGGGCCAATGTGGAGATGGCAGAAGAGGCGGGAGAGGAAA 2940 

PYGL TAACTATCGGGACCATGGATGGGGCCAATGTGGAAATGGCAGAAGAAGCTGGGGAAGAGA 2250 
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PYGB TCACCATCGGCACCATGGACGGCGCCAACGTGGAGATGGCCGAGGAGGCCGGGGCCGAGA 2206 

     * ** ** ** ******** ** ***** ***** ***** ** ** ** ** *  ** * 

 

PYGM ACTTCTTCATCTTTGGCATGCGGGTGGAGGATGTGGATAAGCTTGACCAAAGAGGGTACA 3000 

PYGL ACCTGTTCATCTTTGGCATGAGGATAGATGATGTGGCTGCTTTGGACAAGAAAGGGTACG 2310 

PYGB ACCTCTTCATCTTCGGCCTGCGGGTGGAGGATGTCGAGGCCTTGGACCGGAAAGGGTACA 2266 

     ** * ******** *** ** ** * ** ***** *      * ***   * *******  

 

PYGM ATGCCCAGGAGTACTACGATCGCATTCCTGAGCTTCGGCAGGTCATTGAGCAGCTGAGCA 3060 

PYGL AGGCAAAAGAATACTATGAGGCACTTCCAGAGCTGAAGCTGGTCATTGATCAAATTGACA 2370 

PYGB ATGCCAGGGAGTACTACGACCACCTGCCCGAGCTGAAGCAGGCCGTGGACCAGATCAGCA 2326 

     * **    ** ***** **     * ** *****   ** ** * * ** **  *   ** 

 

PYGM GTGGCTTCTTCTCCCCCAAACAGCCCGACCTGTTCAAGGACATTGTCAATATGCTCATGC 3120 

PYGL ATGGCTTTTTTTCTCCCAAGCAGCCTGACCTCTTCAAAGATATCATCAACATGCTATTTT 2430 

PYGB GTGGCTTTTTTTCTCCCAAGGAGCCAGACTGCTTCAAGGACATCGTGAACATGCTGATGC 2386 

      ****** ** ** *****  **** ***   ***** ** **  * ** *****  *   

 

PYGM ACCATGACCGGTTTAAAGTCTTCGCAGATTATGAAGACTACATTAAATGCCAGGAGAAAG 3180 

PYGL ATCATGACAGGTTTAAAGTCTTTGCAGACTACGAAGCCTATGTCAAGTGTCAAGATAAAG 2490 

PYGB ACCATGACAGGTTCAAGGTGTTTGCAGACTATGAAGCCTACATGCAGTGCCAGGCACAGG 2446 

     * ****** **** ** ** ** ***** ** **** ***  *  * ** ** *   * * 

 

PYGM TCAGCGCCTTGTACAAGAACCCAAGAGAGTGGACGCGGATGGTGATCCGGAACATAGCCA 3240 

PYGL TGAGTCAGCTGTACATGAATCCAAAGGCCTGGAACACAATGGTACTCAAAAACATAGCTG 2550 

PYGB TGGACCAGCTGTACCGGAACCCCAAGGAGTGGACCAAGAAGGTCATCAGGAACATCGCCT 2506 

     *        *****  *** ** *  *  ****     * ***  **   ***** **   

 

PYGM CCTCTGGCAAGTTCTCCAGTGACCGCACCATTGCCCAGTATGCCCGGGAGATCTGGGGTG 3300 

PYGL CCTCGGGGAAATTCTCCAGTGACCGAACAATTAAAGAATATGCCCAAAACATCTGGAACG 2610 

PYGB GCTCGGGCAAGTTCTCCAGTGACCGGACCATCACGGAGTATGCACGGGAGATCTGGGGTG 2566 

      *** ** ** ************** ** **     * ***** *   * ******   * 

PYGM TGGAGCCTTCCCGCCAGCGCCTGCCAGCCCCGGATGAGGCCATCTGAGCC--TCCAGACC 3358 

PYGL TGGAACCTTCAGATCTAAAGATTTCTCTATCCAATGAATCTAACAAAGTCAATGGAAATT 2670 

PYGB TGGAGCCCTCCGACCTGCAGATCCCGCCCCCCAACA---TCCCCCGGGACTAGGCACACC 2623 

     **** ** **    *      *  *     *  *         *   * *     * *   

PYGM AGACCCCAAACCAGCCCTTGAGTCTGTCACACTCTCTTGGGCCAGCCCCAGCACCTCATG 3418 

PYGL GAACTCTAGAATTGTCTCTAGAA--AACATAGCTTCTTAC-TGAACTTGAACATTTT-TA 2726 
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PYGB CTGCCTTGGCGGGACCAGCGGGCATTTGTTTTCTTGCTGACTTTGCACCTCCTTTTTTCC 2683 

        *           *                  *  *       *     *   *     

 

PYGM CAGAGGGTGGGGTACTGGAGTTAGATCTCTAAGCCCCTCCTGGAACCCTCATTTTCCCCA 3478 

PYGL CAACATTC-----ACTGGTTTTTGTTTTGTTAGCTAAT----AATCTATAATAGT----- 2772 

PYGB CCAAACACTTTG-CCAGCCACTGGTGGTCCCTGCTTTTCTGAGTACCATGTTTCCAGGAG 2742 

     *             * *    * *   *    **   *       *  *  *         

 

PYGM ---CTCTCAATGTCCCAGTGTCCAGCGTGACTAAGGACACGGGCCCCCTTCCGTCCTCGG 3535 

PYGL ------TGAGTATCTCTGGGAATGGGGAGGGAAATTATATGTAATAGAGCTTAAAAATAA 2826 

PYGB GGGCCATGGGGGTCAGGGTGGTTTTGAGAGAGCAGGGTAAGGAAGGAATGTGCTAGAAGT 2806 

           *     **   * *             *    * *                     

 

PYGM GCTCCCGGTCCCCTCCTATTTATGGGGTCTGA-CCAACTGCACCCACTCCCTAATAAATT 3594 

PYGL AGTGTCAATTTCCAAGGGCTAAAAAAAAAAAA-AA------------------------- 2860 

PYGB GCTCCTAGTTTCT---TGTAAAGGAAGCCAGAGTTGACAGTACAAAGGGTCGTGGCCAGC 2863 

       *     *  *         *         *                             

 

PYGM CATTCTCCTTGGGAGCCTCCTTAAAAAAAAAAAAAAAAAA-------------------- 3634 

PYGL ------------------------------------------------------------ 

PYGB CCTGCAGCTTCAGCACCTGCCCCACCCAGAGTGGGAGTCAGGTGGAGCCACCTGCTGGGC 2923 

                                                                           

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB TCCCCCAGAACTTTGCACACATCTTGCTATGTATTAGCCGATGTCTTTAGTGTTGAGCCT 2983 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB CTGGATTCTGGGGTCTGGGCCAGTGGCCATAGTGAAGCCTGGGAATGAGTGTTACTGCAG 3043 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB CATCTGGGCTGCCAGCCACAGGGAAGGGCCAAGCCCCATGTAGCCCCAGTCATCCTGCCC 3103 

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB AGCCCTGCCTCCTGGCCATGCCGGGAGGGGTCGGATCCTCTAGGCATCGCCTTCACAGCC 3163 

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 
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PYGB CCCTGCCCCCTGCCCTCTGTCCTGGCTCTGCACCTGGTATATGGGTCATGGACCCAGATG 3223 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB GGGCTTTCCCTTTGTAGCCATCCAATGGGCATTGTGTGGGTGCTTGGAACCCGGGATGAC 3283 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB TGAGGGGGACACTGGAGTGGGTGCTTGTGTCTGCTGTCTCAGAGGCCTTGGTCAGGATGA 3343 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB AGTTGGCTGACACAGCTTAGCTTGGTTTTGCTTATTCAAAAGAGAAAATAACTACACATG 3403 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB GAAATGAAACTAGCTGAAGCCTTTTCTTGTTTTAGCAACTGAAAATTGTACTTGGTCACT 3463 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB TTTGTGCTTGAGGAGGCCCATTTTCTGCCTGGCAGGGGGCAGGTCTGTGCCCTCCCGCTG 3523 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB ACTCCTGCTGTGTCCTGAGGTGCATTTCCTGTTGTACACACAAGGGCCAGGCTCCATTCT 3583 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB CCCTCCCTTTCCACCAGTGCCACAGCCTCGTCTGGAAAAAGGACCAGGGGTCCCGGAGGA 3643 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB ACCCATTTGTGCTCTGCTTGGACAGCAGGCCTGGCACTGGGAGGTGGGGGTGAGCCCCTC 3703                                                                    

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB ACAGCCTTGCCCCTCCCCAAGGCTGGCAACCTGCCTCCCATTGCCCAAGAGAGAGGGCAG 3763 

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 
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PYGB GGAACAGGCTACTGTCCTTCCCTGTGGAATTGCCGAGAAATCTAGCACCTTGCATGCTGG 3823 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB ATCTGGGCTGCGGGGAGGCTCTTTTTCTCCCTGGCCTCCAGTGCCCACCAGGAGGATCTG 3883 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB CGCACGGTGCACAGCCCACCAGAGCACTACAGCCTTTTATTGAGTGGGGCAAGTGCTGGG 3943 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB CTGTGGTCGTGCCCTGACAGCATCTTCCCCAGGCAGCGGCTCTGTGGAGGAGGCCATACT 4003 

                                                                             

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB CCCCTAGTTGGCCACTGGGGCCACCACCCTGACCACCACTGTGCCCCTCATTGTTACTGC 4063 

                                                                           

PYGM ------------------------------------------------------------ 

PYGL ------------------------------------------------------------ 

PYGB CTTGTGAGATAAAAACTGATTAAACCTTTGTGGCTGTGGTTGGCAAAAAAAAAAAAAAAA 4123 

                                                                             

PYGM ----------------------------------- 

PYGL ----------------------------------- 

PYGB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 4158 

                                                    
 

Appendix 4.1: Alignment of the glycogen phosphorylase isoforms. The start codon is highlighted in yellow, and the stop  

codons are highlighted in red.
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Appendix 6.1: Sequencing chromatograms for bandstab PCR products, S1. Chromatograms for HTT exon 1. 
 



Appendix 6.2: Sequencing alignments, L1 cell strain 
 
ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG)70 

1           (CAG)66-74 

2           (CAG)21 

3                                            TCCTTC(CAG)15 

4          TCCTTC(CAG)15 

 

 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCC 

............................................................CC 

.............................................................. 

CAACAGCAGCCGCAGCAGCAGCCGCCGCAGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCC 

CAACA......................................................... 

 

 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

.CCGCCGCAGGCACAGCCGCTGCTGCATCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

 

 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

 

 

 
Appendix 6.2, Figure 1: Alignment of sequences characterised from cells treated with H1(+148+172), S2. The 

HTT consensus sequence (NM_002111.7) for exon 1 is shown in black and the sequences of the PCR products in 

blue/purple (labelled 1-4 corresponding to the gel image in Figure 5.15). The number of CAG repeats is indicated 

next to the (CAG). The dotted line represents bases that are missing from the transcript of interest compared to the 

full-length normal transcript. 
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ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG)70 

5           (CAG)70 

6         TCCTTC(CAG)15 

7                                            TCCTTC(CAG)17 

8                 TATGCTTTCGAGTCCCTGCAGTCCTTC(CAG)15 

 

 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCC 

..............................................................           

CAACAGCAGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCC 

CCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCGCCGCCGCCGCCTCCGCCGC. 

CAACAGCCGC.................................................... 

 

 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

..............................................CCGCCGCCCCCGCCGC 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

.............................................................. 

..............................................................  

 

 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

 

Appendix 6.2, Figure 2: Alignment of sequences characterised from cells treated with H1(+188+212), S2. The 

HTT consensus sequence (NM_002111.7) for exon 1 is shown in black and the sequence of the PCR products in 

blue/purple (labelled 5-8 corresponding to the gel image in Figure 5.15). The number of CAG repeats is indicated 

next to the (CAG). The dotted line represents bases that are missing from the transcript of interest compared to the 

full-length normal transcript. 
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ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTC(CAG)70 

9           (CAG)70 

10           (CAG)11 

11                                           TCCTTC(CAG)15 

12                   TGCTTTCGAGTCCCTGCAGTCCTTC(CAG)15 

 

 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCC 

CAACAGCCGC.................................................... 

CAACAGCCGCCACCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCCTCTTCTTCCTCAGCC           

CAACAGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCATCAGCTTCATCAGCC 

CAACAGCCGC.................................................... 

 

GCCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

.............................................................. 

GCCGCCGCAGGCGCAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGC 

GC............................................................ 

.............................................................. 

 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CCCCCGGCGCGGCTGTGGCTGAGGAGCCGCTGCACCGAGA 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

CACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGACC 

 

Appendix 6.2, Figure 3: Alignment of sequences characterised from cells treated with H1(+208+232), S2. The 

HTT consensus sequence (NM_002111.7) for exon 1 is shown in black and the sequences of the PCR products in 

blue/purple (labelled 9-12 corresponding to the gel image in Figure 5.15). The number of CAG repeats is indicated 

next to the (CAG). The dotted line indicates bases missing from that particular sequence. 

 

 

 

Appendix 6.3: Sequencing analysis from L2 PCR product clones 

 

Sequencing chromatogram HTT exon 1 




