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ABSTRACT 

Over 40 diseases, primarily affecting the nervous system, are caused by expansion of simple repetitive 

sequences found throughout the human genome, termed repeat expansion diseases. Expansions can 

occur in coding and non-coding regions of the genome, leading to several proposed mechanisms of 

disease, accumulation of either toxic RNA or toxic protein, although gain-of-function mechanisms are 

suggested causes of pathogenesis. 

Currently, there is no cure nor effective treatment strategy for any repeat expansion diseases. However, 

for many of these expansion diseases, splice-switching antisense oligonucleotides (AOs) may offer 

promise as a therapeutic strategy, as these compounds have already demonstrated efficacy in the 

treatment of other types of genetic disorders. Antisense oligonucleotides are short synthetic nucleic acid 

analogues, designed to target specific pre-mRNA sequences by reverse-complementary Watson-Crick 

binding, thereby modifying processing and/or abundance of the transcript and the sequence of the 

encoded protein. While there are a number of applications for AOs, this study focuses on their utility for 

preventing translation of toxic protein isoforms, either by altering the target transcript to encode a 

truncated protein isoform, or by disrupting the reading frame to downregulate endogenous protein 

production. 

The first part of this study focused on ameliorating the toxic polyglutamine tract found in the ataxin-3 

protein that causes spinocerebellar ataxia type 3 (SCA3). One of nine known polyglutamine disorders, 

SCA3 is a clinically heterogeneous disease, primarily exemplified by progressive ataxia impairing the 

speech, balance and gait of affected individuals. SCA3 is caused by expansion of a glutamine-encoding 

tract located at the 5′ end of the penultimate exon (exon 10) of the ATXN3 gene transcript, resulting in 

conformational changes in ataxin-3 and a toxic gain-of-function. Here, we describe highly efficient 

removal of the toxic polyglutamine tract of ataxin-3 in vitro by phosphorodiamidate morpholino oligomers 

(PMOs). Additionally, these PMOs induced a potentially beneficial downregulation of both the expanded 
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and non-expanded protein isoforms. As SCA3 has a typical age of onset in the fourth decade, the 

observed downregulation could delay age of onset by reducing the amounts of the toxic aggregates. 

Although we induce downregulation of both isoforms, we believe that the proportion of the truncated 

protein may be sufficient for overall function of ataxin-3, as some studies have shown ataxin-3 protein to 

be partially dispensable.  

Recently, several in vitro and in vivo studies have found that targeted knockdown of transcription 

elongation factors SUPT4H1, and to a lesser extent SUPT5H, can reduce aggregation of expanded 

transcripts and protein, and alleviate the disease phenotype in animal models of various expansion 

diseases. We therefore sought to investigate in vitro, the potential of AO-mediated SUPT4H1 

downregulation as a therapeutic strategy. We found that our AOs were able to significantly downregulate 

SUPT4H1, with minimal changes to the rest of the transcriptome. We then assessed whether this 

downregulation of SUPT4H1 lead to a reduction in expanded ATXN3 mRNA and/or ATXN3 protein 

expression, however, unfortunately in the models available and under the current study, no modification 

to the ATXN3 transcript or protein was observed. This lack of effect may be due to the relatively short, 

expanded repeat lengths in SCA3 cell lines, and we therefore recommend that future studies assess 

genes with larger expansions, such as the 100-1000s repeat tracts frequently observed in myotonic 

dystrophy type 1 (DMPK). 

In order to create an efficient screening process for finding clinic-ready AOs, it is important to have a 

detailed understanding of the principles of AO design. We therefore present a comprehensive rationale 

for efficiently design and in vitro delivery of splice modulating AOs. These approaches and 

recommendations provide a streamlined methodology for any researcher developing AO therapeutics. 

The results presented in this thesis indicate that morpholino oligomers will provide superior benefit for 

the treatment of spinocerebellar ataxia type 3, without the toxic effects that result from other antisense 

oligomer chemistries. Additionally, AO-induced SUPT4H1 knockdown may yet demonstrate therapeutic 
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application for a multitude of expansion diseases, pending further investigation into the whole 

transcriptome effects and in vivo efficacy of this strategy. Lastly, our guidelines for therapeutic AO 

development should aid other researchers in creating the most efficacious and safe AOs for clinical trials. 

The work presented in this thesis contributes to the greater body of knowledge about the applications of 

AOs, as well as the need for reliable and systematic protocols in AO research and interpretation. With 

ongoing collaboration from our industry partners, Sarepta Therapeutics, there is hope that the work 

presented here will provide a solid foundation for further research into AO therapeutics for the treatment 

of neurodegenerative expansion diseases. 
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Gene expression can be defined as the process by which genetic information stored in DNA is converted 

into gene products. These products may be functional proteins encoded by genomic regions that are 

transcribed, processed and translated into polypeptides, but may also arise from outside the classically 

defined “coding regions” – in fact, it is now known almost all of the genome is transcribed into RNA [1]. 

Intergenic and intragenic non-coding regions contribute to the control of gene expression, and evidence 

of pervasive transcription throughout the genome from both sense and antisense strands implicates a 

functional role for nearly all regions of the genome [2]. Much of the human genome was once classified 

as “junk DNA”, however we now know that many such regions are transcribed into a staggering 100 

distinct types of RNA, all of which are integral facets of the control of gene expression [3].  

Our understanding of gene expression has significantly improved over the past few decades. In the 

1960s, it was proposed that each gene was responsible for the expression of a single protein [4], but now 

it is known that through pre-mRNA processing and translational mechanisms such as alternative splicing, 

phosphorylation, and acetylation, one gene can give rise to many different protein isoforms, some with 

diametrically opposed roles and functions [5]. Advances in molecular research techniques have also 

shown that genomic elements outside of protein-coding regions can greatly influence gene expression 

[3,6].  

While the genomes of different individuals of the same species differ, these differences are most 

frequently small alterations such as single nucleotide changes, but other types of genetic variation are 

prevalent and can have unique and characteristic effects. All known species carry ‘microsatellites’, 

stretches of 1-6 nucleotide repeating sequences, throughout their genomes. Although microsatellites are 

not inherently disease causing, they can affect genome function and gene expression, and may change 

in number over the lifespan of an individual, or across successive generations [7].  

Repeat expansion disorders are a group of approximately 40 diseases caused by both coding and non- 

coding microsatellite repeats that become unstable and expand beyond a threshold length, and includes 
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the spinocerebellar ataxias, spinal and bulbar muscular atrophy, fragile X syndrome, myotonic dystrophy, 

and Huntington’s disease [8]. The root cause of these diseases is the instability of their repeat tracts, as 

this instability can lead to ‘anticipation’, the expansion of the repeat with each successive generation that 

manifests as a more severe phenotype and earlier age of onset [9]. Repeat expansions can interfere with 

nuclear function, gene regulation, transcript structure or function and/or protein coding sequence. In some 

cases, the mechanism of disease is a loss of function of the encoded protein, while in others, either the 

mRNA or the protein evokes toxic gain-of-function [10]. 

This introduction examines two fundamental steps in gene expression that occur prior to translation: 

transcription and pre-mRNA splicing. For the purpose of this review, protein-coding gene expression will 

be addressed rather than the non-coding regulatory regions.  

1.1 Transcription 

Transcription is the first of a series of events in protein coding gene expression. Simplistically, one DNA 

strand of a gene acts as the template to direct the synthesis of an antiparallel, complementary RNA strand 

by an RNA polymerase through precise, complex and tightly regulated steps [11]. Typically, in protein 

coding genes only one strand of DNA, the antisense strand, is transcribed and is read 3′ end to the 5′ 

end (3′ – 5′). The corresponding (non-template) strand of DNA is known as the sense strand as it is the 

same sequence as the newly created RNA, bar the substitution of uracil for thymine. For the purpose of 

this review the process of transcription will be broken down into three major steps: 

1. Initiation  

2. Elongation  

3. Termination 

Eukaryotic genome transcription is performed by either nuclear RNA polymerase I (RNA Pol I), RNA Pol 

II or RNA Pol III. RNA Pol I is responsible for the transcription of rRNA precursors, RNA Pol III transcribes 
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small non-coding RNAs (e.g. tRNA) [12] and RNA Pol II, the focus of this review, is responsible for 

transcribing long non-coding RNAs and protein coding gene transcription that ultimately produces the 

mRNAs that are processed, exported and translated into polypeptides. RNA Pol II is a 12-subunit 

enzyme, the regulation of which is crucial to cell identity, cell maintenance and differentiation [12]. 

Understanding the regulatory basis of RNA Pol II therefore requires a firm comprehension of the RNA 

Pol II initiation complex and molecular mechanisms of transcript initiation, as well as elongation of the 

transcript, RNA Pol ll pausing and eventual termination and dissociation from the transcript. 

1.1.1 Initiation  

1.1.1.1 Transcription, promotors, and enhancers 

Transcription initiation commences with RNA Pol II gaining access to the promotor region at the 5′ end 

of the sense strand of the gene. Chromatin opening and accessibility are differentially regulated by two 

classes of promoters [13], one containing CpG islands and the other consisting of TATA regulatory 

promoters. The CpG promotors facilitate polymerase access through impairment of the assembly of 

inhibitory nucleosomes [14], and are often found in genes encoding ubiquitously expressed proteins. 

TATA regulatory promoters contain TATA elements located upstream of the transcription start site (TSS) 

[15], and are often found in genes that show tissue-specific expression [16]. 

Transcription factors are able to bind to promoters and facilitate transcription initiation. Some also bind 

to transcriptional enhancers, distinct cis-acting elements that positively regulate transcription and may be 

found up to a million or more base pairs away from the TSS [17]. Transcription enhancers often contain 

multiple transcription factor binding sites that function synergistically [18], and are located within genome 

regions known as topologically associated domains [19]. In addition to enhancers, negative regulatory 

elements also exist, such as transcription silencers and insulators. Like enhancers, negative elements 

may be located great distances from the core promoter region.  
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1.1.1.2 Transcription factors 

RNA Pol II and the general class II transcription factors bind to the promoter region of a given gene and 

form an enormous 2000 kDa pre-initiation complex (PIC) [12]. Class II transcription factors include the 

TATA-box binding protein, TBP that binds upstream DNA; as well as the general transcription factors 

[15,20]. The general initiation factors include TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH [21], and as their 

names suggest aid RNA Pol II in transcription initiation. The main function assigned to each transcription 

factor can be found in Table 1.1.  

Table 1.1: Transcription initiation factors and their individual functions [12,22-26] 

 

1.1.1.3 Assembly of preinitiation complex  

A representation of eukaryotic RNA Pol II can be seen in Figure 1.1. For promoters that contain a TATA-

box near the TSS, initial assembly of the PIC occurs when the TATA-box is recognised by the TBP 

subunit of TFIID [27,28]. Subsequently, TFIIA and TFIIB enter the PIC that stabilises the DNA-TFIID 

complex and recruits RNA Pol II in conjunction with TFIIF, while TFIIB plays a vital role in the bridge 

between RNA Pol II and DNA [25,26]. One of the last factors to be recruited into the PIC is TFIIH that 

catalyses opening of the DNA and thus allows the next stage of transcription initiation to begin [26,29].  

Transcription Initiation Factor Function 

TFIIA Aids in binding of TBP to TATA-box-containing promoter DNA 

TFIIB Acts as a bridge between RNA Pol II and DNA 

TFIID Helps with promoter DNA recognition and includes TBP 

TFIIE Stabilises the open promoter complex and activates TFIIH 

TFIIF Stabilises the PIC and TIIB 

TFIIH Catalyses DNA opening and incites promoter escape 
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Figure 1.1: Diagrammatic representation of the pre-initiation complex, including the general transcription factors. Adapted 

from Cramer et al. (2019) [11]. 

1.1.1.4 Open complex formation  

The transition from a closed complex to an open state results in the separation of the two DNA strands, 

and subsequently positions the template strand close to the active site of RNA Pol II [30]. TFIIH plays a 

critical role in the separation of the two DNA strands, while TFIID holds the upstream promoter DNA in a 

fixed position [30]. Downstream, double-stranded DNA is pulled into the cleft of RNA Pol II by TFIIH, that 

drives the separation of the DNA strands and transitions the complex into an open state. In addition to 

DNA strand separation, TFIIH also plays a vital role in promoter escape [22]. 

1.1.1.5 Promoter escape 

Once a nascent RNA transcript has reached a threshold length of 10 nucleotides, the transcript enters 

the RNA exit channel of the initiation complex and RNA Pol II and subsequently disassociates interactions 

between the promoter elements and the rest of the complex [24]. In eukaryotes, promoter escape requires 



7 
 

the hydrolysis of ATP, meanwhile the transcription bubble collapses and provides the required energy for 

promoter escape [24]. After promoter escape, transcription enters the elongation stage.  

1.1.2 Elongation 

Once RNA Pol II has escaped from the promoter and shed most of the initiation factors, the next phase 

of transcript elongation commences with the recruitment of new transcription elongation factors. Unlike 

initiation, transcription elongation is processive, with progress occurring in consecutive enzymatic 

reactions without substrate release. A list of the frequent factors involved in transcription elongation can 

be seen in Table 1.2.  

Table 1.2: List and function of common transcription elongation factors [31-34] 

 

1.1.2.1 Elongation factors 

Unlike initiation, transcription elongation factors are of various classes, with some stimulating the overall 

rate of transcript elongation while others slow the rate or assist in transcriptional pausing [31-33]. Of 

particular importance is P-TEFb, a factor that phosphorylates the Ser-2 of the carboxyl terminal domain 

of the RPB1 subunit of RNA Pol II, and phosphorylates and activates the protein SUPT5H. Together, 

Transcription Elongation Factor Function 

DSIF Assists in RNA Pol II pausing and active elongation 

NELF Promotes and stabilises RNA Pol II promoter proximal pausing  

TFIIS Aids in stimulating RNA cleavage and improves RNA proofreading fidelity 

P-TEFb Initiates activation of promoter-proximal pausing of RNA Pol II by 

phosphorylating RNA Pol II. Also phosphorylates DSIF 

ELL Accelerates elongation by limiting RNA Pol II pausing  

5′-capping enzymes Catalyse 5′ RNA cap formation and inhibits pre-mRNA degradation - 

includes RNA triphosphatase, guanylyltransferase and methyltransferase  



8 
 

SUPT5H and SUPT4H1 form the DRB-sensitivity inducing complex (DSIF), which in conjunction with 

negative elongation factor (NELF) can influence elongation in either a negative or positive manner 

[35,36].  

Transcriptional pausing is facilitated by non-phosphorylated DSIF in conjunction with NELF [34]. 

Transcriptional promoter-proximal pausing is a typical mechanism to regulate genes that are rapidly 

expressed or need to be expressed in a coordinated fashion. Conversely, elongation is promoted when 

NELF releases from RNA Pol II and DSIF is phosphorylated [31]. The mechanism of action of DSIF is 

illustrated in Figure 1.2. Transcriptional blockade can be overcome once the RNA Pol II receives an 

activation signal, such as the phosphorylation of Ser-2 of the C-terminal domain. Other elongation factors 

such as TFIIS and ELL stimulate the rate of elongation by limiting the duration of RNA Pol II pausing [37]. 

Figure 1.2: Positive and negative transcription elongation mediated by elongation factors DSIF and NELF. Adapted from 

Cramer et al. (2019) [11]. Green circle with P represents a phosphoryl group. DSIF = DRB Sensitivity Inducing Factor. NELF 

= Negative Elongation Factor. 

1.1.2.2 Transcription fidelity 

In order to minimise errors during transcription, RNA Pol II only recruits a nucleoside triphosphate into 

the active centre if it correctly base-pairs with the DNA [38]. RNA Pol II has two known proof-reading 

functions for detecting and removing mis-incorporated bases from the nascent transcript: hydrolytic 



9 
 

editing and pyrophosphorylytic editing [39]. Hydrolytic editing is the process whereby RNA Pol II 

backtracks and cleaves the segment of the transcript that contains the error, while pyrophosphorylytic 

editing entails simply removing the mis-incorporated ribonucleotide via reversal of the polymerisation 

reaction, i.e. 3′ - 5′ nuclease degradation [39]. It should be noted that all reactions performed by RNA Pol 

II involve the use of a single active centre [38].  

1.1.3 Termination 

The final stage of transcription is termination, wherein RNA Pol II releases the completed RNA transcript 

and dissociates from the template DNA strand. This process occurs in a factor-dependent manner, unlike 

RNA pol III, which is factor-independent [40]. Termination is the least understood process in transcription 

and some mechanistic processes at this time are only theorised. Although poorly understood, 

transcription termination is essential to many downstream cellular functions, including the prevention of 

RNA Pol II from interfering with potential downstream DNA elements, such as promoters, while also 

promoting RNA Pol II recycling [41]. 

1.1.3.1 Factor-dependent termination 

As RNA Pol II reaches the end of a transcribable gene, two protein complexes; cleavage and 

polyadenylation specificity factor (CPSF) and cleavage stimulation factor (CstF), recognise the 

polyadenylation (poly-A) signal in the transcribed RNA [42]. Subsequently, after RNA cleavage 15-20 

bases downstream from the polyadenylation signal, poly-A polymerase adds approximately 200 adenines 

to the hydroxyl moiety generated at the 3’ end of the RNA, without the use of a template [43,44]. 

Interestingly, the addition of a poly-A tail is unique to RNA transcripts synthesised by RNA Pol II [45]. 

Although disassociation of RNA Pol II from DNA might appear rather straight forward, it is a very complex 

and challenging task to stall and remove the RNA Pol II juggernaut. A list of typical termination factors is 

shown in Table 1.3. 
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Table 1.3: List of typical RNA Pol II termination factors and their functions [42,43,45] 

 

1.1.3.2 RNA Pol II disassociation 

Two theories have been proposed as to how termination and disassociation are achieved. The allosteric 

model suggests that, when transcription proceeds through the termination sequence, this causes a 

disassembly of elongation factors and/or assembly of termination factors that directly leads to 

conformational changes in the elongation complex [46], ultimately leading to the dissociation of RNA Pol 

II. Conversely, the torpedo model proposes that a 5' – 3' exonuclease degrades the RNA strand as it 

emerges from the elongation complex after cleavage, and RNA Pol II is subsequently released when 

overtaken by the highly processive exonuclease [46].  

  

Transcription Termination Factor Function 

CPSF Recognises Poly-A sequence and cleaves pre-mRNA 

CstF Binds Pol II CTD and contributes to RNA binding 

XRN2 Complex ‘Torpedo’ nuclease complex that degrades the emerging RNA from the 5′ 

end and subsequently terminates RNA Pol II transcription 
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1.2 Splicing 

Unlike bacterial RNA, most protein coding transcripts in higher eukaryotes require an additional stage of 

processing prior to nuclear export and cytoplasmic translation, known as pre-mRNA splicing. Splicing 

typically occurs during or immediately after transcription and entails the precise joining together of the 

transcript’s protein coding sequences - exons - and removal of the intervening non-coding introns. 

1.2.1 Process of pre-mRNA Splicing 

All spliced pre-mRNA transcripts contain exons, defined regions destined for inclusion in the mature 

mRNA. Exons are separated by introns, sequence tracts that are ultimately excluded from the mature 

mRNA [47]. During mRNA maturation, the introns are excised from the transcript, while the exons are 

consecutively ligated together to form the mature mRNA, which is then ready for export and potential 

protein translation or regulatory function. Accurate splicing requires highly complex coordination of 

numerous noncoding RNAs and proteins that interact with splicing motifs on the pre-mRNA to generate 

a large multi-protein complex called the spliceosome, to coordinate these molecular gymnastics [48]. At 

its most fundamental, a single splice event consists of two sequential transesterification reactions that 

ligate neighbouring exons together. However, this process is far from simple and requires hundreds of 

interacting proteins, small nuclear RNAs (snRNAs) and small nuclear ribonucleoproteins (snRNPs). 

Unfortunately, the delicate balance of this process renders it vulnerable to disruption by mutation, and 

errors in splicing are thought to account for up to a third of all human diseases [49].  

In order to efficiently and precisely remove an intron, while leaving the flanking exons intact, exact 

intron/exon boundaries must be defined. These boundaries are termed the 5′ splice site (5′ss) and 3′ 

splice site (3′ss), or exon donor and exon acceptor, respectively. Exon definition is achieved via several 

cis-acting motifs that include the 5′ss and 3′ss, the branchpoint sequence, the polypyrimidine tract and 

competing positive and negative splicing factor binding sites [50]. The canonical 5′ss is defined by a 
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conserved AG|GURAGU motif, while the 3′ss is defined by a (Yn)-YAG| motif (where; | = exon boundary; 

underlined sequence identifies invariant nucleotides; R = purine; Y = pyrimidine;) [51]. The branchpoint 

motif, typically located up to 40 nucleotides (nt) upstream from the 3′ss, is required for U2 snRNA binding 

during spliceosome formation. This motif is defined as YNCURAY (underlined sequence denotes branch 

formation region; bold nucleotides are highly conserved; N = any nucleotide) [51]. The polypyrimidine 

tract, as the name suggests, is a C/U rich region located between the 3′ss and branchpoint. The 

polypyrimidine tract, as well as the 3′ss, are required for assembly of complex A of the spliceosome, with 

the polypyrimidine tract specifically binding the U2AF protein [52].  

1.2.2 The Spliceosome 

The catalysis of splicing cannot occur without the involvement of a multi-megadalton ribonucleoprotein 

(RNP) complex, termed the spliceosome. The spliceosome is highly dynamic, with a constantly changing 

composition and conformation, allowing for flexibility and accuracy during splicing [50]. Two types of 

spliceosome are currently recognised: the U2-dependent spliceosome (major spliceosome) and the U12-

dependent spliceosome (minor spliceosome). The major spliceosome catalyses the removal of U2-type 

introns, while U12 type introns (~0.5% of all introns) are spliced out by the minor spliceosome [53].  

The major spliceosome is composed of 5 snRNPs; U1, U2, U5 and U4/U6 as well as numerous non-

snRNP proteins, while the minor spliceosome is composed of U11, U12, U5, and U4atac/U6atac snRNPs 

[54]. The minor spliceosome is able to recognise the boundaries of introns with non-canonical terminal 

dinucleotides, such as AU-AG and AU-AC [55]. Interestingly, the divergent characteristics of U12-type 

and U2-type donor and acceptor splice sites has been theorised to produce unique alternative splicing 

patterns in higher eukaryotes [54]. 

The dynamic nature of the major spliceosome means that different subunits are required at various stages 

during splicing, as illustrated in Figure 1.3. The process of splicing is highly ordered, involving the 
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snRNPs mentioned above as well as several splicing factors, and is characterised by distinct temporal 

complexes. Initial assembly into Complex E involves binding of the U1 snRNP (U1) to the 5′ss, while non-

snRNP splicing factor 1 (SF1) and U2AF bind to the branchpoint sequence and polypyrimidine tract 

respectively [56]. Subsequently, U2 snRNP is recruited by SF1 and U2AF, replaces SF1 at the 

branchpoint, and initiates the formation of Complex A. The recruitment of U2 then facilitates enlistment 

of the pre-assembled U4/U6-U5 tri-snRNP to form the pre-catalytic Complex B. Next, destabilisation of 

U4 and U1 leads to the dissociation of U4, while U6 replaces U1 at the 5′ss and gives rise to the activated 

spliceosome. This catalytically-activated Complex B initiates the first step of splicing, giving rise to 

Complex C. Complex C then cleaves the 5′ss, releasing the first exon and allowing the 5’ss to join to the 

branchpoint, thus forming a lariat within the intron. Next, the intron is cleaved at its 3′ss, releasing the 

lariat, and the two neighbouring exons are ligated. Finally, the spliceosome dissociates and splicing of 

any subsequent introns occurs. This is repeated until all the introns are removed from the pre-mRNA and 

a mature transcript is generated [50,57].  

The minor spliceosome is assembled in a fashion broadly similar to that of the major spliceosome, but 

shares only a single common snRNP, U5. In the minor spliceosome, U11 and U12 replace U1 and U2, 

respectively, while U12 recruits U4atac, U6atac and U5 [53]. 
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Figure 1.3: Schematic of the splicing process and major spliceosome assembly, including formation of the E, A, B and C 

complexes, and the two pre-mRNA splicing transesterification reactions. Following intron excision and ligation of the exons, 

the UsnRNPs are recycled. 5′ss, 3′ss, branchpoint and polypyrimidine tracts are shown in the line representing the intron. 

Exons are shown as light blue boxes. Adapted from Pitout (2019).  

1.2.3 Splicing Factors 

Precise and efficient splicing of exons is orchestrated by a delicate balance between positive and 

negative splicing factors. These factors contribute to the definition of a nucleotide sequence as an exon 

or an intron, bind to splicing motifs in the pre-mRNA transcript and direct the spliceosome to either 

exclude or include that sequence in the mature mRNA transcript. Splice enhancer motifs may be located 

in either the intron (intronic splicing enhancers – ISE) or the exon (exonic splicing enhancer – ESE) and 

these recruit the positive splicing factors that promote exon recognition by the spliceosome. Of these 

factors, the serine/arginine (SR) family of proteins is by far the most important and well-studied, and are 

believed to play a crucial role in 3′ss recognition and spliceosome direction [58,59]. Conversely, splice 

silencer motifs - exonic (ESS) and/or intronic splicing silencer (ISS) motifs - recruit negative splicing 
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factors to inhibit exon recognition by the spliceosome. The heterogenous ribonucleoproteins (hnRNPs) 

are the most well-characterised class of negative splicing factors [58,60]. It has been proposed that 

hnRNPs function by physically blocking spliceosome assembly, thereby leading to exon exclusion [60]. 

The delicate balance and interplay of positive and negative splicing factors is thought to be foundational 

to the phenomenon known as alternative splicing. 

1.2.4 Alternative Splicing 

Alternative splicing is a process whereby multiple different isoforms arise from a single protein coding 

gene, and is an essential element in spatial and temporal regulation of gene expression in higher 

eukaryotes [5]. Alternative splicing contributes, to a large degree, the major discrepancy between the ~23 

000 protein coding genes in the human genome that give rise to the ~ 100 000 proteins that are generated 

[5], with over 95% of all human genes undergoing some form of alternative splicing or post-translational 

modification (e.g. acetylation, phosphorylation and glycosylation) [5]. Alternative splicing is typically 

achieved by the exclusion or inclusion of one or more exons; or the use of alternative splice sites to give 

rise to partial exons or the retention of an intronic sequence, or part thereof to form a coding region [61]. 

Furthermore, these differences in splicing and ultimately mRNA sequence may have an effect on mRNA 

stability, localisation and translation [62] that result in various protein isoforms with distinct biological 

functions. The mechanisms of alternative splicing are illustrated in Figure 1.4.  

Several cis-acting elements that regulate splicing are described in Chapter 1.1.3, and it is these elements 

that may cause subtle differences in recognition of the exon by the spliceosome, giving rise to 

alternatively spliced transcripts [63]. Alternative exons or sequences share similar 3′ and 5′ splice sites, 

however, they typically have a weaker binding affinity to the spliceosome than consensus exons, resulting 

in reduced recognition [64]. Next to splice site recognition, splicing factors play a major role in alternative 

exon recognition; SR proteins typically enhance the recognition of alternative exons while hnRNPs 
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conversely aid in exclusion of the exon from the mature mRNA transcript. However, there are exceptions 

to these rules [65,66], where two SR proteins, SF2/ASF and hTra2-beta, cause skipping of several 

ceramide regulated exons [65]. 

Alternative splicing is an integral component of the network regulating differentiation, tissue homeostasis 

and organ development [62]. This is most clearly exemplified by the phenomenon of tissue-specific 

alternative splicing, whereby specific mRNA isoforms from the same gene are selectively expressed and 

translated in different tissue or cell types or during specific stages of development. However, with great 

complexity comes an increase in opportunity for error, and errors in both alternative and constitutive 

splicing play a major role in many human diseases [47,67-69]. 

Figure 1.4: Various mechanisms of transcript modification. (A) Exon skipping (B) Alternative 3′ splice site selection (C) 

Alternative 5′ splice site selection (D) Intron retention (E) Alternative promoters, allowing gene expression at different times 

and in different tissues (F) Alternative polyadenylation site, shifting the polyadenylation site for the respective protein (G) 

Mutually exclusive (also known as cassette) exons. Blue boxes denote segments included in the final message, while purple 

boxes denote segments missed in the mature mRNA transcript. Dotted lines show the splicing pattern. Note: mechanisms are 

not mutually exclusive, and combinations can often occur. 
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1.2.5 Splicing and Disease 

The division of eukaryote genes into exons and introns has several evolutionary benefits, such as genetic 

plasticity, an extended repertoire of proteins and fine control of gene expression and cellular function. 

However, the split construction arrangement of protein coding genes requires immense accuracy and 

precision in processing to efficiently and correctly splice gene transcripts, since a single base insertion or 

deletion will have catastrophic consequences. The most common mutations that affect splicing disrupt 

cis elements found in the regulatory elements (ESE, ESS, ISE and ISS) or canonical 5′ss (GT) and 3′ss 

(AG) sequences, and to a much lesser extent the branchpoint [69]. One of the most well studied disease-

causing splice mutations is the single base change (C to T transition) in exon 7 of the SMN2 transcript 

[70,71]. This base change, in conjunction with the homozygous deletion of SMN1 is the cause of spinal 

muscular atrophy (SMA). The single base change in the duplicate gene SMN2, leads to an ESE motif 

changing to an ESS motif, leading to significant exon 7 exclusion from the mature SMN2 transcript so 

that the low levels of functional SMN2 protein are inadequate in supporting motor neuron survival [71]. 

Interestingly, the single base change (C to T transition) in exon 7 is both the cause and the potential 

treatment for SMA, without it the homozygous mutation and lack of SMN would be incompatible with life.  

Next to cis elements, mutations in core constituents of the spliceosome lead to a number of discrete 

genetic diseases, including cancer and retinitis pigmentosa (RP) [69]. In regard to RP, it is the leading 

cause of hereditary blindness and arises from mutations in over 70 different genes [72]. Of these, six 

forms of autosomal dominant RP are caused by mutations in the PRPF family of genes that encode 

associated factors of the U4/U5.U6 tri-snRNP; namely, PRPF4, PRPF6, PRPF8, PRPF31 and 

SNRNP200 [73]. Although these are ubiquitously expressed splicing factors that can influence global 

gene expression in most cells and tissues, the retina has a disproportionately high demand for these 

splicing factors and thus mutations affecting these protein manifest in the retina [73].  
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As previously stated, splicing relies on a precise and delicate balance of factors, motifs, and splice sites, 

therefore any small disturbance to this balance can have catastrophic effects. Since splicing errors are 

involved in a substantial proportion of genetic diseases, interventions targeting pre-mRNA processing to 

potentially correct or compensate for these errors could be an attractive therapeutic approach for many 

conditions. Therapeutics could target the error at either the DNA (gene editing) or RNA processing levels, 

and one therapy that has achieved great momentum in the recent years is the use of antisense 

oligonucleotides (AO) to mediate specific modulation of the splicing process.   
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1.3 Antisense Oligonucleotides  

Antisense oligonucleotides (AOs) are synthetic nucleic acid analogues that may be used to manipulate 

gene expression through specific sequence hybridization to a particular complementary transcript or DNA 

strand. Most AOs are designed to be 15 – 30 bases in length and may bind to either the target DNA or 

RNA strands of interest via Watson-Crick bases pairing. The first report of AO-mediated gene 

suppression was in 1978, when Stephenson and Zamecnik showed inhibition of viral replication through 

what they believed to be translational arrest [74]. However, it was later determined that the repression was 

due to the AO-mediated cleavage and degradation of the mRNA through RNaseH [75]. Since then, great 

advances have been made in AO chemistries, design and synthesis, giving rise to new mechanistic 

actions of these compounds. Antisense oligonucleotides now have been shown to have the ability to 

sterically block transcription factors, suppress translation of an mRNA via redirection of the ribosome 

(translational blockade), alter pre-mRNA splicing or redirect polyadenylation. This study will focus on the 

use of AOs to modify pre-mRNA processing by targeting sequences crucial to normal splicing of the 

primary gene transcript. The activity of an AO is largely determined by the specific target site as well as 

the respective chemistry or modification of the AO. Many of these nucleic acid modifications were 

designed to improve efficiency and consistency of oligonucleotide synthesis, increase resistance to 

nuclease degradation, increase binding affinity or reduce toxicity [76-78]. Over time and continual 

experimentation and refinement, AOs have moved beyond a simple laboratory tool and have progressed 

into the clinic as therapeutics for serious diseases previously considered untreatable [79]. 

1.3.1 Chemistries and Modifications 

The chemical structures of commonly available AO chemistries are illustrated in Figure 1.5; however, this list 

is not comprehensive, as new chemistries are continually being developed. This review will consider only 

those AO chemistries currently pertinent. 
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The AOs used by Stephenson and Zamecnik were chemically synthesised DNA strands (Figure 1.5) on 

a natural phosphodiester backbone [80]. Nucleic acid synthesisers have only been readily available for 

the last few decades, but today DNA and RNA oligonucleotide synthesis are somewhat taken for granted. 

However, early experiments requiring such compounds were much more challenging, as even 

synthesising an AO could require months of work by expertly-trained nucleic acid chemists. The 

identification of the RNaseH DNA:RNA degradation mechanism [75] was an important step, but these 

early DNA AOs had several limitations, the greatest being their high susceptibility to nuclease degradation 

[81]. To overcome this issue, backbone modifications were explored and one of the most significant 

modifications was substitution of the non-bridging oxygen residue of the natural phosphodiester 

backbone with a sulphur residue to generate a phosphorothioate (PS) backbone [82]. The PS 

modification substantially improved DNA-AO biological stability and increased resistance to nucleases. 

Since DNA-PS-AOs are negatively charged and able to induce RNaseH, these compounds became a 

popular choice for transcript downregulation due to ease and efficiency of synthesis and relatively low 

cost of production [83]. However, the drawbacks of DNA-PS-AOs are their tendencies to induce 

sequence-independent off-target effects associated with the PS backbone, and to activate sequence-

dependant innate immune response through Toll-like receptors (e.g. Toll-like receptor 7 and 9) [84-87].  
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Figure 1.5: Common chemical modifications used in antisense oligonucleotide synthesis. Upper left panel shows the natural 

phosphodiester backbone and the phosphorothioate modification. Upper right panel shows the 2’ modification to the sugar 

moieties, conferring “RNA-like” properties. Lower left panel shows structural changes imparting neutral charge to the 

backbone. Lower right panel shows an alternative chemistry the ‘locked nucleic acid’.  

Subsequent modifications were added to the sugar moieties, while maintaining the backbone PS 

modification. The most common modification is a change at the 2′ position of the sugar moiety; 2′-O-

Methyl (2′-Me) and 2′-O-methoxyethyl (2′-MOE), with addition of a methyl or a methoxyethyl group to the 

2′ oxygen atom of the sugar, respectively [88,89]. These modifications result in the AOs having a higher 

target binding affinity, allowing for steric blocking applications, such as splice-switching. In addition to 

these 2′ position modifications, the locked nucleic acid (LNA) offers an alternative modification to the 

sugar moiety [90]. The LNA is formed by creating a methylene bridge between the 2′ oxygen and 4′ 

carbon atoms, creating a ‘locked’ structure [90,91]. This modification increases the melting temperature 

of the AO-target hybrid, thereby increasing the binding affinity and increasing nuclease resistance [92]. 

The LNA can be used in two contexts, firstly oligomers composed of only LNA bases have been used in 
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splice-switching applications [93]. Secondly, LNA gapmers (hybrid AOs with a central core of unmodified 

nucleotides that are flanked by regions with LNA nucleotides) has shown improved RNaseH activity [94]. 

These AOs have increased stability and target specificity to the addition of an LNA backbone at several 

bases within the oligonucleotide. 

Peptide nucleic acids (PNAs) and phosphorodiamidate morpholino oligomers (PMOs) are oligomers that 

are “unnatural”, and these uncharged molecules offer a new set of advantages and limitations to the use 

of AOs. When synthesising PNAs, the entire sugar-phosphate backbone is replaced by polyamide 

linkages [95,96]. PMOs possess a morpholine ring instead of a ribose moiety and have 

phosphorodiamidate inter-nucleoside linkages rather than phosphodiester bonds [97,98]. One significant 

feature of these AOs is the fact that they are neutrally charged, and this somewhat unnatural backbone 

arrangement is highly resistant to nucleases and proteases, greatly increasing the stability and biological 

half-life of the oligomers. These AOs are able to prevent the electrostatic repulsion from the negatively 

charged RNA or DNA due to their neutral backbone [97,99], enabling higher binding specificity and affinity 

when compared to the charged AOs. Furthermore, PMOs and PNAs demonstrate little to no off-target 

effects or non-specific binding in vivo [97], and this may be attributed to their neutral charge, although 

poor cellular uptake could also contribute to this outcome [99]. Although uncharged AOs show the best 

on-target binding affinity and lowest toxicity there are several limitations that constrain AOs in vivo 

application; due to their uncharged nature these AOs cannot readily move through cellular membranes 

and are rapidly cleared by the renal system [100].  

1.3.2 Modes of Action and Clinical Applications 

Depending on the chemistry and nature and location of the target, AOs can be used to modulate gene 

expression through a variety of distinct mechanisms, as shown in Figure 1.6.  
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Figure 1.6: Mechanisms of antisense oligonucleotide mediated modulation of gene expression. (A) Splice-switching (B) RNaseH-mediated degradation (C) Transcriptional blocking (D) 

Polyadenylation blocking (E) siRNA-mediated degradation (F) Translational blockade
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1.3.2.1 RNaseH-mediated degradation 

RNaseH-mediated degradation of mRNA has been the most widely exploited of the AO-mediated 

mechanisms to alter gene expression. RNaseH enzymes cleave phosphodiester bonds of RNA in a 

double-stranded RNA:DNA duplex, subsequently leaving a 5' phosphate and 3' hydroxyl group on either 

end of the cleavage site [101]. There are two types of RNaseH, RNaseH1 and RNaseH2 that have distinct 

substrate preferences. RNaseH1 specifically degrades the RNA of RNA-DNA hybrids and plays a role in 

RNA Pol II transcription termination by degrading the R-loop RNA-DNA hybrid formation [101], while 

RNAseH2 is the major source of ribonuclease H activity in mammalian cells and endonucleolytically 

cleaves ribonucleotides. It is predicted to remove Okazaki fragment RNA primers during lagging strand 

DNA synthesis and to excise single ribonucleotides from DNA-DNA duplexes. 

The first approved antisense drug, Fomivirsen, was a 21mer DNA AO on a PS backbone that degraded 

viral mRNA for the treatment of cytomegalovirus retinitis (CMV) in AIDS and immunocompromised 

patients [102,103]. Fomivirsen inhibits protein production from the CMV viral mRNA by binding to the 

sequence of a key CMV gene UL123 that encodes the protein IE2 [103]. The Fomivirsen nucleotide 

sequence is complementary to human CMV IE2 encoding several proteins responsible for regulation of 

viral gene expression essential for viral replication. Although approved in 1998, Fomivirsen was 

withdrawn from the market in 2006 due to advances in AIDS-related treatment and medications. 

Fomivirsen application was also compromised by numerous off-target effects such as, but not limited to, 

inflammation and retinal detachment [102,104].  

Mipomersen, a 2′-MOE PS AO was granted US FDA approval in 2013 as a treatment for familial 

hypercholesterolemia [105] through lowering levels of low-density lipoproteins, but rejected by the 

European Medicine Agency due to concerns regarding liver and cardiac toxicity. Currently Mipomersen 

cannot be freely prescribed in the USA, with individuals wishing to use Mipomersen required to enrol in 

a Risk Evaluation and Mitigation Strategies program. Off-target effects of Mipomersen were evident in 
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clinical trials with almost 20% of all participants withdrawing due to severe injection site reactions and/or 

severe liver damage [104,105]. 

1.3.2.2 Splice-switching 

As their name suggests splice-switching AOs modulate processing of the pre-mRNA target during mRNA 

maturation, achieved through selective targeting of motifs involved in splicing. Targeting positive exon 

splicing motifs (SR) inhibits targeted exon selection/recognition to induce exon skipping [106], while 

conversely, AOs targeting silencer motifs that typically mediate sequence exclusion from the mature 

mRNA can enhance or promote retention of selected sequences in the processed transcript [107].  

Splice-switching AOs used to date include PNAs, 2′-Me PS AOs, 2′-MOE-PS AOs and PMOs, among 

others. The PMOs have an excellent safety profile to date and have not shown the off-target/non-

antisense effects associated with PS AOs, supporting clinical application of PMOs, including for long-

term treatment [108-110]. Interestingly, PMOs were initially designed for translational blockade due to 

their particularly high binding affinity and were being developed as a new class of anti-viral agents by an 

Oregon based company, AVI BioPharma (Portland, Or). Although in operation for more than 30 years, 

not a single PMO based anti-viral has been approved for sale, but when our laboratory first recognised 

the potential of these oligomers as splice-switching agents in the mid-2000s [111-114], a collaboration 

was established to explore PMOs to treat Duchenne muscular dystrophy (DMD). Our laboratory has since 

evaluated PMOs for translation blockade, exon skipping and exon inclusion, altering polyadenylation and 

selection of transcription start sites. The first of our splice-switching applications to gain commercial 

approval is the PMO Exondys 51 targeting exon 51 of the DMD transcript. To date, only three commercial 

splice-switching AOs have been approved for therapeutic use, Spinraza, Exondys 51 and most recently, 

Vyondys 53 [110,115-120]. In addition, Sepofarsen (QR-110) used for the treatment of Leber's congenital 

amaurosis 10, has received orphan drug designation from the U.S. Food and Drug Administration (FDA) 
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and European Medicines Agency [121]. Sepofarsen was also awarded fast-track designation by the FDA 

as well as entry to PRIME program by the European Medicines Agency.  

Spinraza, a 18mer 2′-MOE AO with a PS backbone, was approved by the FDA in December 2016 for the 

treatment of SMA, a rare genetic disorder that is the leading genetic cause of infant mortality [122]. SMA 

is caused by homozygous loss of SMN1 expression leading to degeneration of α-motor neurons in the 

spinal cord and progressive muscle weakness, followed by respiratory failure and ultimately death 

[123,124]. Identified in 2004 by the Singh laboratory, ISS-N1 is the target sequence/motif for a splice 

modulating AO designed to promote recognition and retention of SMN2 exon 7 into the mature transcript 

to increase the levels of functional SMN2 protein [124]. The drug was then licenced by IONIS 

Pharmaceuticals as Nusinersen and translated by Biogen, who market the drug as Spinraza [125]. 

In September 2016, the FDA approved Exondys 51, a 30mer PMO, the first dystrophin restoring drug to 

treat a subset of patients with DMD, licensed through The University of Western Australia to Sarepta 

Therapeutics, (Cambridge, MA) [108,109]. This drug, developed in our laboratory [126], targets exon 51 

in the DMD transcript in order to skip the exon and restore the reading frame in amenable DMD deletion 

mutations, thereby producing an internally truncated, yet partly functional dystrophin protein. The drug 

restored modest dystrophin expression in patient muscle where previously no, or only traces of dystrophin 

were evident [117]. The PMO chemistry has shown excellent biological stability, and found to be safe and 

well tolerated with no serious adverse effects reported in the Exondys 51 treated children and young men 

to date [117]. In December 2019, Vyondys 53, also licensed to Sarepta Therapeutics was approved for 

the treatment of DMD, and with the addition of this drug, approximately 18% of all DMD mutations are 

now amenable to treatment by antisense-mediated exon skipping.  

1.3.2.3 Alternative steric hindrance mechanisms  

Several additional steric hinderance mechanisms may be elicited by AO action, including transcriptional 

or translational blockade and interference of polyA signals. PMOs were initially designed to induce 
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translational blockade and are widely used for AO-mediated gene inactivation in zebrafish. Typically 

injected into the yolks of 1-8-cell-stage zebrafish embryos [127], it has been hypothesised that PMOs 

diffuse into the dividing cells, allowing ubiquitous cytosolic delivery through cytosolic bridges [127,128]. 

Administration of PMOs to adult zebrafish has been used to inhibit thrombocyte function, with PMOs 

targeting the Integrin-αIIb transcript showing knockdown of αIIb, leading to increased gill bleeding [128]. 

PNAs are known not to induce RNaseH, however, their steric hinderance properties are extensive. PNAs 

are able to bind double stranded DNA (strand invasion) in a sequence dependent manner, inhibiting 

transcriptional initiation and elongation by RNA Pol II [129] and hence blocking transcription. Additionally, 

PNAs have the ability to inhibit the binding and action of various transcription factors, such as nuclear 

factor κB and indirectly downregulate transcription of NFKB regulated genes [130,131].  

Inhibition of translation is also achieved by physically blocking the assembly of ribosomal components 

needed for initiation and elongation. PMOs are often seen as the best chemistry for translational blockade 

due to their superior binding affinity and low toxicity, and for this purpose are typically designed to target 

upstream of the translation start site in an effort to down-regulate protein production. One such case is a 

PMO designed to regulate the protein produced by the proto-oncogene c-myc. Resten-RG was 

developed by AVI BioPharma (now Sarepta Therapeutics) and inhibited ribosomal assembly, thereby 

preventing mRNA translation [132]. In 2012, the PMO was shown to be effective in the reduction of the 

c-myc protein in a Phase II trial for the treatment of cardiovascular restenosis, with little to no adverse 

findings [133,134]. However, this drug was not further developed due to commercial issues [132]. 

In an effort to prevent polyadenylation or direct the usage of alternative polyadenylation site, AOs may 

be designed to mask the native sequences critical for polyadenylation and thus initiate the cleavage and 

polyadenylation at an alternative site. A study by Vickers et al. (2001), reported AO-mediated alteration 

of the polyA tail using a 2′-MOE AO to redirect polyadenylation to one of two upstream cryptic polyA sites 

of the E-selectin mRNA by targeting the 3′most polyadenylation signal [135]. At that time, the study was 
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the first of its kind to show AO-mediated upregulation of a message, rather than downregulation. Another 

example of modifying polyadenylation is shifting the isoform expression of the long non-coding RNA 

NEAT-1 in an effort to modulate paraspeckle formation [136]. NEAT-1_1 can be transcribed into two main 

isoforms: the shorter 3 kb, polyadenylated form and the longer 20 kb NEAT1_2. Although NEAT1_1 is 

the more abundant isoform, it is does not provide the scaffold necessary for paraspeckle formation, while 

only the longer NEAT1_2 forms the essential RNA scaffold for paraspeckle formation [136]. The group 

then showed that AOs were able to block the NEAT1_1 polyA signal and cleavage, favouring expression 

of the longer isoform and subsequently create better conditions for paraspeckle formation. 

1.3.2.4 Small interfering RNA (siRNA) 

Small interfering RNAs (siRNAs) are a separate class of double-stranded oligonucleotides and may still 

be regarded as a subset of antisense oligonucleotides. One strand of the siRNA duplex is designed to 

anneal to a specific target and activate the RNA-induced silencing complex (RISC), resulting in targeted 

gene silencing [99]. Mechanistically, one of the strands of the siRNA will link with RISC proteins prior to 

the annealing of the RNA target, thus activating the Argonaut 2 enzyme that cleaves the transcript and 

prevents any subsequent protein production. Although siRNAs have been shown to induce many off-

target effects and immune cell responses [137], Patisiran became the first siRNA to be approved by the 

FDA in August 2018 [138,139]. The drug is used to reduce levels of the transthyretin protein to treat the 

polyneuropathy observed in individuals with hereditary transthyretin-mediated amyloidosis [138,139].  

1.3.3 Benefits and Drawbacks of Antisense Oligonucleotides 

As with all emerging and in some cases still experimental therapies, especially when applied to conditions 

where no other treatment options are available, there are clear benefits and several draw backs that 

should be addressed. 
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1.3.3.1 Therapeutic benefits  

Antisense oligonucleotides can be designed to modify gene expression through a variety of mechanisms, 

thereby offering unique therapeutic strategies for diseases where no effect treatment is available. Of 

particular interest to this thesis is the development of splice-switching therapeutics. These treatments 

aim to change splicing to by-pass a mutation/correct abnormal gene expression and can be applicable 

to a plethora of genetic diseases [77,79,92,95,97,106,140-143]. Antisense therapies can be highly 

specific and even customised to suit selected patients, evidenced by the personalised FDA-approved 

drug Milasen that was specifically designed to treat the disease causing mutation in one patient with 

Batten’s disease [144]. Additionally, AOs offer the ability to treat patients with orphan diseases that may 

be viewed as commercially unviable drug targets. 

As successive antisense therapeutics are approved, it is thought that the developmental period and costs 

may be reduced due to enhanced consistency and scales of synthesis, possible class approval and 

reduced safety concerns for established chemistries shown to be non-toxic, such as PMOs [97,100]. 

Lastly, AOs may offer hope to those who will not respond to gene therapy due to seroconversion in 

response to the viral capsid, and for those cases where the transgene exceeds the cargo capacity of the 

viral vector, neither of which are factors in AO therapeutics. 

1.3.3.2 Current drawbacks 

While antisense therapies have many potential benefits, there are still a number of limitations. One of the 

major issues is the toxicity of the PS backbone chemistries [85,141,145]. All PS backbone chemistries 

elicit some form of adverse event, such as site injection reactions, thrombocytopenia and in selected 

cases, extreme liver toxicity [79,84]. There is a high degree of difficulty in targeting some AO chemistries 

to specific tissues, such as the heart and bone marrow, as well as impediments to crossing the blood-

brain barrier. In saying that, these are the subject of extensive research to increase cellular uptake [79]. 

For example, since the PMOs are uncharged and do not efficiently enter cells or tissues, intensive 
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research is being undertaken to identify effective and safe cell-penetrating peptides that may be 

conjugated to the PMOs for enhanced delivery [97].  

However, perhaps the greatest current drawback would have to be the exorbitant cost of the current AO 

therapeutics, although this is set by what the companies feel can be charged for treating a particular 

condition[146]. Although industry needs to recoup the value of translational research and development, 

including the cost of failed drugs, there must be some models to reduce cost of drug development, 

validation, synthesis and re-imbursement so that affordable and effective therapies may be offered to 

those who need treatment, rather than the few covered by insurance or government subsidies.   
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1.4 Aims of this Thesis 

1.4.1 Spinocerebellar Ataxia Type 3 

This thesis reports a new molecular therapy for a class of neurodegenerative diseases known as 

“expansion diseases”. These diseases are caused by unstable microsatellite expansions in several 

different genes (as reviewed in Chapter 3 and Chapter 4). This thesis focuses initially on one of the 

polyglutamine (polyQ) expansion diseases [147], which are caused by expansions of CAG or CAA 

repeats in the affected coding genes (reviewed in Chapter 4). In particular, we examined spinocerebellar 

ataxia type 3 (SCA3), a devastating neurodegenerative disease that is one of nine polyglutamine 

disorders. SCA3 is caused by an expansion of a polyglutamine tract in ataxin-3, resulting in 

conformational changes in the protein leading to toxic gain of function [148]. This expanded glutamine 

tract is encoded by the 5’ end of the penultimate exon (exon 10) of ATXN3. Although SCA3 is 

pathogenically heterogeneous, its main feature is progressive ataxia, which in turn affects the patient’s 

speech, balance and gait [10,149,150]. There is currently no cure and no effective treatment strategy for 

affected individuals. 

In evaluating potential therapeutic strategies for SCA3, my overall aim is to induce an internally truncated 

ataxin-3 protein missing the toxic polyQ tract. To achieve this, I will: 

1. Design AOs targeting exon 10 of the ATXN3 transcript that contains the CAG expansion. 

2. Assess if skipping of exon 10 alone is a viable treatment. 

3. Assay treated cells to assess the functionality of the induced isoform. 
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1.4.2 SUPT4H1 and SUPT5H 

For some repeat expansion diseases, possibly including SCA3, the pathogenic expansion may lie in a 

region not amenable to AO-mediated splice intervention, for example, the first exon so that an alternative 

approach is required. One possible strategy is to inhibit transcription across the expansion, and thereby 

suppress transcript levels of the affected ATXN3 allele. Recent studies have elucidated the role of the 

transcription elongation factors SUPT4H1 and SUPT5H in assisting RNA polymerase II transcription 

through repeat expansions [151-153]. It is therefore possible that, without SUPT4H1 and/or SUPT5H, 

RNA polymerase II may not effectively transcribe through the repeat expansions (see Chapter 3).  

My aims are as follows: 

1. Design AOs targeting out-of-frame exons of SUPT4H1 and SUPT5H to downregulate levels of 

the respective proteins. 

2. Determine the global consequences of AO-mediated knockdown of SUPT4H1 and/or SUPT5H 

on the transcriptome. 

3. Determine whether AO-mediated knockdown of SUPT4H1 and/or SUPT5H alters aberrant 

ATXN3 expression in vitro. 

 

1.4.3 In vitro Validation of Antisense Oligonucleotides 

In the past, our laboratory has focused on AO-mediated interventions to treat DMD, but with recent 

advances in AO chemistries and knowledge of genetic diseases, this narrow focus has vastly broadened. 

To date, were have screened over 5 000 unique AOs targeting over 40 genes linked to dozens of genetic 

diseases. This rapid expansion of research focus often highlights challenges relating to workflow for AO 

optimisation and assay designs. Furthermore, despite more than 20 years having elapsed since the 

design of the first exon skipping AO in our laboratory, there is still no reliable algorithm for splice-switching 
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oligonucleotide design. In order to address these challenges, a proportion of this thesis is devoted to 

developing systems and workflows for designing and validating both 2′-Me PS AO and PMOs. 

The topics of this section are: 

1. In vitro validation of PMOs, whereby we aim to optimise and categorise methods for the 

delivery of PMOs into cultured cells.  

2. The creation of a systematic approach for designing and developing splice-switching 2′-Me PS 

AOs in vitro, as well as assessing several critical factors in their validation, such as the 

selection of target splicing motifs, choice of cells, and various delivery reagents. 

 

In summary, this thesis aims to develop systematic and efficient practices for the development of AOs in 

vitro, and to create molecular therapies for the treatment of SCA3 and other repeat expansion diseases. 
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Chapter 2 – Materials 

and Methods  
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2.1 Materials 

2.1.1 Chemicals and Reagents 

Table 2.1: List of reagents used in this study and their respective manufacturer or supplier 

Reagents Supplier/Manufacturer 
100bp molecular size marker (Mid) Geneworks (Adelaide, Australia) 
Acetic acid, glacial  BDH Laboratories (Radnor, PA) 
Agarose powder  Scientifix (Cheltenham, Australia) 
AmpliTaq Gold DNA polymerase and reaction buffer  Applied Biosystems (Melbourne, Australia) 
Anti-ATXN3 mouse monoclonal antibody Merck (Melbourne, Australia) 
Baxter sterile water  Baxter Healthcare (Toongabbie, Australia) 
Anti-Beta Tubulin mouse monoclonal antibody Thermo Fisher Scientific (Melbourne, Australia) 
Bromophenol blue  Sigma-Aldrich (Sydney, Australia) 
Chick embryo extract  Jomar Diagnostics (Scoresby, Australia) 
Chloroform  Sigma-Aldrich (Sydney, Australia) 
Coomassie blue R250 Bio-Rad Laboratories (Gladesville, Australia) 
Deoxynucleotide triphosphates (dNTPs) Life Technologies (Melbourne, Australia) 
Diffinity Rapid tips  Sigma-Aldrich (Sydney, Australia) 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich (Sydney, Australia) 
Dithiothreitol (DTT) Roche Diagnostics (Perth, Australia) 
Dulbecco's modified Eagle's Medium (DMEM) Life Technologies (Melbourne, Australia) 
Ethanol, Absolute Sigma-Aldrich (Sydney, Australia) 
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich (Sydney, Australia) 
Foetal bovine serum (FBS) Scientifix (Cheltenham, Australia) 
Glycerol  Sigma-Aldrich (Sydney, Australia) 
Glycine  Sigma-Aldrich (Sydney, Australia) 
Ham's-F10 medium  Life Technologies (Melbourne, Australia) 
Ham's-F12 medium  Life Technologies (Melbourne, Australia) 
Hoechst 33342  Sigma-Aldrich (Sydney, Australia) 
Horse serum (HS) Life Technologies (Melbourne, Australia) 
IgG Alexa Fluor 488 goat anti-mouse  Thermo Fisher Scientific (Melbourne, Australia) 
IgG Alexa Fluor 568 goat anti-rabbit  Thermo Fisher Scientific (Melbourne, Australia) 
Isopropanol  Sigma-Aldrich (Sydney, Australia) 
Lipofectamine 3000 (L3K) Life Technologies (Melbourne, Australia) 
Lipofectin  Life Technologies (Melbourne, Australia) 
MagicMark XP Western protein standard  Life Technologies (Melbourne, Australia) 
Matrigel  Becton Dickinson (Sydney, Australia) 
Minimal essential medium (EMEM)  Life Technologies (Melbourne, Australia) 
MOPS buffer  Life Technologies (Melbourne, Australia) 
Anti-NONO mouse monoclonal antibody Prof. Archa Fox (UWA, Perth, Australia) 
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Reagents Supplier/Manufacturer 
Novex NuPAGE 4-12% Bis/Tris precast gels  Life Technologies (Melbourne, Australia) 
OptiMEM reduced serum media  Life Technologies (Melbourne, Australia) 
P3 nucleofection kit  Lonza (Melbourne, Australia) 
Phenylmethylsulphonyl fluoride (PMSF) Sigma-Aldrich (Sydney, Australia) 
Anti PolyQ mouse monoclonal antibody Merck (Melbourne, Australia) 
Polyvinylidene fluoride transfer membrane (PVDF) Pall (Port Washington, NY) 
Precision Plus Protein Kaleidoscope Standards  Bio-Rad Laboratories (Gladesville, Australia) 
Prolong Gold Antifade Mountant  Thermo Fisher Scientific (Melbourne, Australia) 
Protease inhibitor cocktail (P8340)  Sigma-Aldrich (Sydney, Australia) 
Red Safe nucleic acid stain  iNtRON Biotechnology (South Korea) 
Roswell Park Memorial Institute medium (RPMI) Life Technologies (Melbourne, Australia) 
Sodium dodecyl sulphate (SDS) Sigma-Aldrich (Sydney, Australia) 
Anti-SPT4 rabbit polyclonal antibody Cell Signalling (Beverly, MA) 
Anti-SPT5 rabbit polyclonal antibody Santa Cruz (Dallas, TX) 
Superscript III one-step RT-PCR kit Life Technologies (Melbourne, Australia) 
Triton X-100  Sigma-Aldrich (Sydney, Australia) 
Trizma base  Sigma-Aldrich (Sydney, Australia) 
TRIzol reagent  Life Technologies (Melbourne, Australia) 
Trypan Blue  Sigma-Aldrich (Sydney, Australia) 
Trypsin (x1) (used at 0.25% in PBS) Life Technologies (Melbourne, Australia) 
TURBO DNAse  Ambion (Austin, TX) 
Tween 20  Sigma-Aldrich (Sydney, Australia) 
Western Breeze chemiluminescent immunodetection kit  Life Technologies (Melbourne, Australia) 
Polyvinylidene fluoride transfer membrane - iBlot Life Technologies (Melbourne, Australia) 
Bicinchoninic acid assay (BCA) Thermo Fisher Scientific (Melbourne, Australia) 
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2.1.2 Stock Buffers - Made in House 

Table 2.2: Stock buffers prepared in-house 

Stock Buffer Name pH Reagents 
 
 

Gel loading dye 

 
 

N/A 

0.25 g Bromophenol blue 
0.125 g Xylene cyanol 
7.5 g Ficoll 400  
0.5 g SDS 
made to 50 ml with H2O 

 
 

1x PBS 

 
 

7.4 

137 mM NaCl 
2.7 mM KCl 
10 mM Sodium Phosphate dibasic 
2 mM Potassium Phosphate monobasic 
Autoclaved and filter sterilised 

 
1x TBST 

 
8.0 

10 mM Tris/HCl, pH 8.0 
150 mM NaCl 
0.05% Tween-20 (v/v) 

 
1x TAE 

 
8.2 

20 mM Trizma base 
40 mM Acetic acid 
1 mM EDTA 

 
1x Western transfer 

buffer 

 
8.4 

50 mM Trizma base 
400 mM Glycine 
0.01% SDS (w/v) 
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2.2 Methods 

2.2.1 Antisense Oligonucleotide Design and Synthesis 

Splice-switching antisense oligonucleotides (AOs) were designed to anneal to specific splice factor 

motifs, as predicted by the web-based applications Human Splicing Finder 3.1 [154] and SpliceAid 2.0 

[155]. AOs were also targeted to the canonical exonic acceptor and donor sites, and oligonucleotide 

nomenclature was based on that described by Aung-Htut, McIntosh et al. (2019) [156], modified from that 

originally reported by Mann et al. (2002) [112].  

ATXN3 H n A/D (±xx ±yy) = e.g. ATXN3 H10A(+35+59) 

Briefly, gene transcript (e.g. ATXN3), the species (H), exon number (n), acceptor or donor splice site 

(A/D) and the AO binding co-ordinates (x/y) are indicated. Numbers prefixed with a ‘+’ indicate bases 

within the exon, while those labelled ‘-’ bind to intronic regions. Hence (-x+y) would span an acceptor 

splice site, (+x+y) is entirely intra-exonic and (+x-y) would indicate a donor splice site (with the x indicating 

the number of bases from the end of that exon). Control AOs are used as sham controls in all 

experiments; two AOs were selected as transfection controls, a 2′-Me PS AO that does not anneal to any 

sequences in human genome after Blast search, named ‘Control AO’, and a commercially available 

sequence ‘Gene Tools Control’ used as PMO and peptide-conjugated PMOs (PPMOs) controls (Table 

2.3). The Gene Tools Control sequences has no binding target except for in reticulocytes from 

thalassemic humans having a splice mutation in the beta-globin transcript. 

Table 2.3: List of control AOs used in this study, with sequences shown 5′-3′. 

Note: PMO and PPMO oligomers are synthesised with Thymine (T) rather than Uracil (U). 

AO name Sequence (5′ - 3′) 
Control AO GGA UGU CCU GAG UCU AGA CCC UCC G 
Gene Tools Control (GTC) CCT CTT ACC TCA GTT ACA ATT TAT A 
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Initial AO screening was conducted using 2′-Me PS AOs, due to their lower cost, ease of in-house 

synthesis on an Expedite 8909 nucleic acid synthesiser using the 1 μM thioate synthesis protocol [156] 

and efficient transfection as cationic liposome preparations. During periods when large numbers of AOs 

were required, some 2′-Me PS AOs were purchased from TriLink (San Diego, CA). Following identification 

of optimal 2′-Me PS AO sequences as determined by exon skipping titration experiments, these 

sequences were resynthesised using the phosphorodiamidate morpholino chemistry. 

Phosphorodiamidate morpholino oligomers were either purchased through GeneTools LLC (Philomath, 

OR, USA), or provided by Sarepta Therapeutics (Cambridge, MA, USA) through an ongoing 

collaboration. Individual AO sequences and nomenclature can be found in each respective results 

chapter. 

2.2.2 Cell Culture and Seeding 

2.2.2.1 Proliferation conditions and cell lines  

Primary normal human fibroblasts were obtained from healthy human skin biopsy samples performed at 

the Murdoch University Health Futures Institute Clinic after informed consent [156]. The use of human 

cells for this research was approved by the Murdoch University Human Ethics Committee, approval 

number 2013_156 and 2017_101. Patient fibroblasts were obtained from skin biopsies, taken after 

informed consent, or were purchased from the Coriell Cell Repository (Camden, NJ). The human bone 

marrow neuroblastoma cell line, SH-SY5Y, was purchased from ATCC (In Vitro Technologies Pty. Ltd., 

Noble Park North, VIC, Australia). Cells were resurrected from long term liquid nitrogen storage by 

thawing the 1 ml aliquot and adding it to 9 ml of 10% HS-DMEM, followed by centrifugation for 4 mins at 

1 000 x g, before the supernatant was discarded and the cell pellet was resuspended in the relevant 

proliferation media (Table 2.4). Media was changed 2-3 times per week, depending on growth rate 
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Table 2.4: Proliferation media used to maintain cell lines 

Cell Type Proliferation Media 
Primary normal human fibroblasts 10-15% FBS in Dulbecco's Modified Eagle Medium (DMEM) 
Patient primary fibroblasts 15% FBS in Minimal Essential Medium (EMEM), with 1% G-Max  
SH-SY5Y cells 10% FBS in EMEM/HAMS F12 (1:1) 

  

2.2.2.2 Passage and seeding cells into plates and flasks 

Once cells were approximately 80% confluent, they were either passaged or plated for transfection. For 

splitting cells, proliferation media was aspirated, and cells were washed with 4-10 ml of PBS, depending 

on size of the flask. For a T75 cm2 flask, 3 ml of 1x Trypsin in PBS was added and incubated at 37°C 

until all cells detached. The trypsin was then neutralised by addition of 5 ml of 10% HS-DMEM, which 

was then transferred into a 10 ml falcon tube and centrifuged at 1 000 x g for 4 minutes. The supernatant 

was then removed, and 1 ml of the appropriate proliferation media was added. If the cells were not 

destined for transfection, the 1 ml cell suspension was added to 19 ml of proliferation media (T175 cm2 

flask) and returned to the 37°C, 5% CO2 incubator.  

For transfection experiments, cells were counted using a haemocytometer (counting chamber) and 

seeded into 24 well plates for RNA analysis or T25 cm2 flasks for protein analysis. Please refer to Table 

2.5 for required density of various cell types when seeding for 2′-Me PS AO transfections. The 

concentrations of cells per 1 ml was determined from the following equation: 

𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 8 𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐 𝑐𝑐ℎ𝑙𝑙𝑆𝑆𝑎𝑎𝑐𝑐𝑙𝑙 𝑐𝑐𝑠𝑠𝑆𝑆𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐 
8

 𝑥𝑥 (1𝑥𝑥104) 𝑥𝑥 dilution factor = cells/ml  

 Table 2.5: Cell density for seeding various cell types for 2´-Me transfections 

 

Cell Type Cell density (24 well plate) Growth volume Cells density (T25 flasks) Growth volume 
Fibroblasts 1.5 x 104 per well 0.5 ml per well 2.5 x 105 per flask 5 ml per flask 
SH-SY5Y 7 x 104 per well 0.5 ml per well 7 x 105 per flask 5 ml per flask 
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2.2.3  Transfection and Nucleofection  

2.2.3.1 2′-O-methyl AOs transfection of cells in 24 well plates (for RNA analysis) 

The calculated individual molecular weight (g/mol) and concentration (ng/µl) of each AO was used to 

determine the volume required for a 2 ml master mix of 400 nM for each AO or AO cocktail. As 2′-Me PS 

AOs are charged molecules, a cationic transfection reagent can be used to facilitate AO entry into the 

cell. Lipofectamine 3000 was used to prepare the 400 nM lipoplex master mix. The delivery complexes 

were prepared in a 15 ml falcon tube, where 3 µl of Lipofectamine 3000 per 1 ml was added to a fixed 

volume (2 ml) of Opti-MEM, a predetermined volume of AO or AO cocktail was then added, mixed gently 

and incubated at room temperature for 5 minutes to allow lipocomplex formation. Immediately following 

incubation, additional Opti-MEM was added to make a final stock solution of 2 ml with a concentration of 

400 nM. This stock solution was then serially diluted into fresh tubes to concentrations of 200 nM, 100 

nM, and 50 nM. 

Cells seeded 24 hours prior were removed from the incubator and proliferation media was then aspirated 

from the wells before 500 µl of the designated AO complex was then added to two well to allow duplicate 

transfections. Transfected cells were then incubated at 37°C for 24 or 48 hours as indicated and 

depending on the transfection protocol specific to the experiment. 

2.2.3.2 2′-O-methyl AO transfection of cells in T25 cm2 flasks (for protein analysis) 

Transfection with 2′-Me PS AOs for protein analysis was conducted as described above, however 

volumes were increased to account for the larger vessel surface area and thus increased volume of AO 

required for each transfection. Master mix volumes of 4ml at 400 nM were prepared, with 3 ml of the 

designated AO mix added to each T25 cm2 flask. Flasks were then incubated at 37°C for a minimum of 

48 hours, depending on the transfection protocol specific to the experiment. 



42 
 

2.2.3.3 Nucleofection 

Transfections of cells by nucleofection requires cells to be in the nucleofection solution prior to seeding 

and incubation. The cells were split and counted as previously described. The working transfection 

solution was prepared using reagents supplied in the P3 nucleofection kit (Lonza) as per the 

manufacturer’s guidelines, with 82% comprising the primary solution and 18% comprising the 

supplement. Prior to transfection, the solution and PMOs were warmed to 37°C to ensure any precipitate 

or AO aggregates formed at 4°C were solubilised.  

Transfection of fibroblasts in a 6 well plate required 300 000 – 450 000 cells per well, depending on the 

experimental protocol and allow for approximately 10% cell death. The required number of cells was 

suspended in 19 µl of the P3 supplemented solution and then placed into a 20 µl cuvette. Following this, 

1 µl of a pre-diluted concentration of PMO (varied depending on experimental parameters) was added to 

the cell suspension and the appropriate nucleofection program was performed (e.g. program CA-137 was 

used for fibroblasts). Following confirmation from the nucleofector that the nucleofection was successful, 

the cuvette was removed and 80 µl of pre-warmed RMPI was immediately added to aid recovery of the 

cells. The cuvette was then placed in a 37°C incubator for 10 minutes prior to the cell suspension being 

transferred into the 6 well plates with 1.9 ml of 2% FBS-DMEM. The cells were then incubated for 2-4 

days prior to harvesting 

2.2.3.4 PMO transfection using Endo-Porter as a delivery agent  

PMOs that showed reduced transfection efficiency after nucleofection were re-evaluated by transfection 

using Endo-Porter (Gene Tools, Philomath, OR) as the delivery reagent. Endo-Porter is a novel peptide 

capable of delivering PMOs into the cytoplasm and nucleus of cells via a endocytosis-mediated 

mechanism without damaging the cell membrane [157]. Cells were plated appropriately into multi-well 

plates 24 hours prior to transfection. Prior to transfection, the solution and PMOs were warmed to 37°C 

to ensure any precipitate or AO aggregates formed at 4°C were solubilised. Media was removed, and 
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the cells were washed with an appropriate volume of PBS before fresh media containing 10% FBS was 

added to each well and followed by the equivalent volume of 6 µM Endo-Porter. Lastly between 5 – 20 

µM of PMO was added directly to the media/Endo-Porter and gently swirled to ensure complete mixing 

of the solution. Transfected cells were then incubated at 37°C for 24 to 48 hours, depending on the 

specific experimental transfection protocol. 

2.2.3.5 Transfection with PPMOs 

Selected AO sequences were synthesised as peptide-conjugated PMOs (PPMOs) as these compounds, 

supplied by our industry partner Sarepta Therapeutics, are readily taken up in cell culture. Cells were 

seeded in multi-well plates, 24 hours prior to transfection. The solution and PPMOs were warmed to 

37°C, prior to transfection, to ensure any precipitate or AO aggregates formed at 4°C were solubilised. 

Fresh Opti-MEM was then added to each well, and subsequently 0.5 – 5 µM of PPMO was added directly 

to the media and gently mixed. Transfected cells were then incubated at 37°C for 24 hours to 7 days, 

depending on the experimental protocol. 

2.2.4 Harvesting of Cells for Analysis 

2.2.4.1 Harvesting cells for RNA isolation using TRIzol reagents 

Once the incubation period (1 - 6 days as indicated) had elapsed, the transfection media was removed 

and 200 µl of TRIzol (Zymo Research) was added to each well (for adherent cells in a 24 well plate) and 

incubated at room temperature for 5 minutes. Duplicate wells were combined into a single 1.5 ml micro-

centrifuge tubes, for a total volume of 400 µl. 

An equal amount of 100% ethanol was added to the 400 µl and vigorously vortexed before transferring 

into a Direct-zol RNA purification column (Zymo Research). The mixture was then centrifuged for 1 minute 

at 12 000 x g, the flow through was discarded and the column placed in a new collection micro-centrifuge 
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tube. Following this, 800 µl of Pre-Wash Buffer (Zymo Research) was added to the column and 

centrifuged for 1.5 minutes at 12 000 x g. The flow through was discarded and 700 µl of Wash Buffer 

(Zymo Research) was added to the column and centrifuged for 2 minutes at 12 000 x g. The flow through 

was then discarded and the columns placed in a final collection tube (1.5 ml micro-centrifuge tube). 

RNase/DNase free water (30 µl) was added into the column and centrifuged for 1 minute at 12 000 x g. 

The column was then discarded, and the RNA quality and concentration were determined using a 

NanoDrop-100 Spectrophotometer (NanoDrop Technologies). The RNA was then stored at -20°C until 

required for cDNA synthesis and PCR analysis. 

2.2.4.2 Harvesting of cells for RNA isolation using MagMAX kit 

Once the treatment period (1 - 4 days) had elapsed, the transfection media was removed from the 

transfected cells and 70 μl of Lysis Buffer (Life Technologies) was added to each well (for adherent cells 

in a 24 well plate) and incubated at room temperature for 10 minutes. Duplicate wells were combined for 

a single RNA extraction in one well of a 96 well collection plate (total 140 µl). Once a complete 96 well 

collection plate was full, RNA isolation was performed as per the manufacturer’s instructions using the 

Kingfisher™ Purification system (Thermo Fisher Scientific). 

Briefly, magnetic extraction beads were added to the 140 µl lysed samples and mixed thoroughly. The 

sample plate and the other components (wash buffers, DNAse and elusion buffer) were placed in the 

Kingfisher™ Purification system (Thermo Fisher Scientific) before RNA extraction was performed using 

the protocol KW-DW1830. Samples were homogenised and washed three times, with two different wash 

buffers provided by the manufacturer. Samples were then DNase treated and finally eluted in 25 – 40 µl 

of manufacturer supplied elution buffer. The RNA quality and concentration were determined using a 

NanoDrop-100 Spectrophotometer (Nanodrop Technologies). The RNA was then stored at -20°C until 

required for cDNA synthesis and PCR analysis. 
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2.2.4.3 Harvesting cells for protein analysis by western blot 

Transfection media was removed from cells (in a T25 cm2 flask) that were then washed with 5 ml of PBS, 

followed by addition of 1 ml of 1 x trypsin and incubation at 37°C for 2-3 minutes or until all cells detached, 

before 3 ml of 10% HS-DMEM was immediately added. Cells were placed in a 15 ml centrifuge tube 

(Falcon) and centrifuged at 3 000 x g for 2.5 minutes. The supernatant was then removed, and 1 ml of 

cold PBS was added to resuspend the cell pellet. This cell preparation was then separated into two 1.5 

ml microcentrifuge tubes, one for RNA analysis (200 µl) and the other for protein analysis (800 µl). Both 

tubes were then centrifuged at 3 000 x g for 5 minutes. The supernatant was then aspirated, and the 

tubes were either placed directly on to dry ice, or appropriate lysis buffer was added for protein or RNA 

analysis. The lysed cells and cell pellets were then placed at -80°C until required.  

2.2.5 Reverse-transcriptase Polymerase Chain Reaction and Agarose Gel 

Electrophoresis  

The reverse-transcriptase polymerase chain reaction (RT-PCR) and reagents were all individually 

optimised for each gene transcript of interest. RT-PCRs were performed using the one-step Superscript 

III RT-PCR kit with Platinum Taq polymerase (Life Technologies) according to the manufacturer’s 

instructions. Each PCR reaction included 50 ng of total RNA and 25 ng of each forward and reverse 

primer. Primers used to amplify human gene transcripts in this study are listed in Table 2.6. 

Table 2.6: List of Primers used in this study 

Primer Name (Inc. Gene Name) Sequence (5′ – 3′) Annealing Temp (˚C) Cycle Number 
ATXN3_Ex7-F GTC CAA CAG ATG CAT CGA CCA A 55 28 
ATXN3_Ex11-R AGC TGC CTG AAG CAT GTC TTC TT 
FBN1_Ex13-F GGA TAT CAG AGC ACA CTC AC 

55 20 FBN1_Ex20-R GTA GAT AAA TCC CTT GGG GC 
SPT4_Ex1-F TTA CTT CCT GCG GGT GCA CA 60 25 
SPT4_Ex5-R CTG GAT TTG TAG GCC ACT CC 
SUPT5H_Ex1-F CGA GGA CAG CAA CTT TTC CG 

60 27 SUPT5H_Ex12-R TCA GGG AGA TGG TGT TCT GG 
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Primer Name (Inc. Gene Name) Sequence (5′ – 3′) Annealing Temp (˚C) Cycle Number 
SUPT5H_Ex11-F AAG CGG GGC ATC TAC AAG GA 

60 26 SUPT5H_Ex19-R TTC TGC TCT GAG TCC AAG GC 
SUPT5H_Ex18-F GAC TAG AAC GGG AGA CCT TC 60 28 
SUPT5H_Ex26-R GCG TCT GCG GGT TGT ATT GT 
SUPT5H_Ex24-F ATG ACC TCG ACC TAT GGG AG 

60 28 SUPT5H_Ex30-R ATC CTC GCC CAG GAT CAC TT 
 

Following RT-PCR, resultant amplicons were fractionated on a 2% agarose gel in TAE buffer at 111 V 

for 1.5 hours or when the low molecular weight dye (BPB) reached the end of the gel. Prior to loading, 

samples were mixed with loading buffer (4:1, v:v). Size standards, 4 μl of 100 bp ladder (Geneworks) 

were loaded either side of the experimental samples. Gels were stained for 5-10 minutes in TAE 

containing 1x RedSafe (iNtRON Biotechnology, South Korea), then de-stained for 60 minutes in ddH2O, 

prior to image capture on a Vilber Lourmat Fusion FX system, using Fusion software for image 

acquisition. Image analysis and preparation were conducted with ImageJ (Version 1.8.0_112) and 

Photoshop (Version CC 2020), respectively. 

2.2.6 Band Stab and Sequencing  

To confirm product sequences, agarose gel fractionation was undertaken as described above, stained in 

RedSafe, and the amplicons were visualised on a UV lightbox. Each band of interest was “stabbed” with 

a 200 μl pipette tip and then dispersed into pre-prepared PCR mix containing AmpliTaq Gold DNA 

Polymerase. Products were amplified according to the following conditions: 94°C for 4 minutes (35 

cycles: 94°C for 40 seconds, 55°C for 1 minute and 72°C for 1.5 minutes).  

Upon confirmation of amplification of a single transcript, the PCR reaction was then purified using Diffinity 

Rapid Tips (Diffinity Genomics, PA, USA) as per the manufacturer’s instructions. Purified DNA products 

along with the necessary primer were referred to the Australian Genome Research Facility (AGRF, Perth 

Australia) for Sanger sequencing and then analysed using Chromas 2.6.6 (Technelysium Pty Ltd). 
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2.2.7 Western Blot Analysis  

2.2.7.1 Sample preparation  

Cells were harvested 2 - 7 days after transfection (depending on the target gene) for protein analysis. 

Cells were pelleted at 2 000 x g, resuspended in 1 mL PBS to remove excess media, and then re-pelleted, 

with 80% of the volume allocated for protein analysis and 20% for RNA assays. Cell pellets for protein 

analysis were placed immediately on dry ice following removal of the supernatant. Lysis buffer was 

prepared as below, and 100 - 200 μl was added to each sample, depending on pellet size and estimation 

of cell number. Pellets were sonicated for six, 1 second pulses and samples heated to 94°C for 5 minutes 

before being snap frozen on dry ice. Samples were centrifuged at 14 000 x g for 2 minutes before loading 

onto SDS-polyacrylamide gels or used for BCA analysis to determine protein concentration. Following 

BCA analysis, the samples were resuspended in loading buffer before further analysis to allow equal 

loading and western blotting as described below.  

• Lysis buffer: 125 mM Tris/HCl, pH 6.8, 15% SDS, 10% glycerol, 0.5 mM PMSF, protease inhibitor 

cocktail (3.12 mM AEBS; 0.0025 mM Aprotinin; 1.2 mM Bestatin; 0.42 mM E-64; 0.6 mM 

Leupeptin; 0.45 mM Pepstain A) – Final concentration 

• Loading Buffer (107.66 μl of sample): 0.2% μl Bromophenol blue, 100 μl of lysed sample: 50 mM 

Dithiothreitol (DTT) – Final concentration 

2.2.7.2 Protein loading gel and bicinchoninic acid assay 

To estimate the amount of total protein within each sample, 4 μl of the sample was loaded on a NuPAGE 

Novex 4-12% BIS/Tris gel (Life Technologies) and fractionated at 200 V for 55 minutes in 1x MOPS buffer 

(Life Technologies). A Kaleidoscope molecular 45 weight marker (BioRad, Sydney, Australia) was loaded 

to allow molecular weight estimation. Gels were stained in Coomassie blue for 5 minutes and de-stained 

in 7% Acetic acid overnight. Images were captured using a Vilber Lourmat Fusion FX system with a white 
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light conversion screen. ImageJ imaging software was used to analyse the relative levels of major 

proteins in order to normalise sample loading to a known sample control. 

A BCA assay was performed in conjunction with the protein loading gel in order to determine protein 

concentration and standardise the amount of protein loaded onto the gel. The BCA assay (Thermo Fisher 

Scientific) was performed according to the manufacturer’s instructions. Samples were incubated at 37˚C 

for 30 minutes to allow for the reaction to take place. Relative sample absorbance was analysed and total 

protein per μl was subsequently calculated. 

2.2.7.3 Western blot  

An estimated 20 μg of total protein, as determined by BCA assay (protein dependent) and normalised by 

gel densitometry was loaded per sample on a NuPAGE Novex 4-12% BIS/Tris gel (Life Technologies) 

and run at 200 V for 45-55 min. The Kaleidoscope marker (7 μl) was loaded to visualise and monitor 

separation, and 5 μl of Magic Mark molecular weight marker (Life Technologies) was used to allow size 

estimation of proteins. Proteins were transferred onto a Pall Fluorotrans polyvinylidene fluoride (PVDF) 

membrane (Merk ) at 350 mA for 2 hours in western transfer buffer or transferred via the iBlot system 

using the P0 setting, according to the manufacturer’s instructions. The membranes were then blocked 

with 5% skim milk in TBST for 1 hour. Primary antibodies for specific proteins were diluted in 5% skim 

milk in TBST at various concentrations and incubated overnight at 4˚C. All antibody details and dilutions 

are listed in Table 2.7. Proteins under investigation were detected using either a Western Breeze 

Chemiluminescent Immunodetection System (Life Technologies) or the Crescendo system (Merk). All 

reagents were supplied with the kit and immunodetection was performed according to manufacturer’s 

instructions. The signals were detected using the respective chemiluminescent substrate and incubated 

in the dark for 5 minutes. Western blot images were captured on a Vilber Lourmat Fusion FX system 

using Fusion software and ImageJ software was used for image and densitometric analysis.  
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Table 2.7: List of antibodies used for Western blot in this study, along with their respective dilution and detections  

 

Antibody Supplier and Catalogue Number Host Species and Clone Dilution Secondary antibody Dilution 

ATXN3 Merk (MAB5360) Mouse monoclonal 1:500 Western Breeze AP N/A 

Beta-Tubulin Thermo Fisher (TBN06) Mouse monoclonal  1:1 000 Mouse HRP 1:10 000 

POLY-Q Merk (MAB1574) Mouse monoclonal 1:500 Western Breeze AP N/A 

SPT4 Cell Signalling (64828) Rabbit monoclonal 1:1 000 Rabbit HRP 1:10 000 
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NOTE: All other specific materials and methods used in this study are found in their respective results 

chapter. 
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Chapter 3 – SUPT 

Downregulation 
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3.1 Background & Introduction  

Expansion disorders are a class of disease caused by unstable, expanded microsatellites, and currently 

account for over 40 genetically distinct diseases, the majority of which present as neurological 

pathologies [7,10,150,158,159]. Expansion diseases include the hexanucleotide repeat C9orf72-related 

amyotrophic lateral sclerosis (ALS) and all the tri-nucleotide expansion diseases (namely Huntington’s 

disease, myotonic dystrophy type 1 and Friedrich’s ataxia [7,9], among others). These diseases are 

pathologically diverse but are most commonly found to affect the central and peripheral nervous system. 

With a few exceptions, such as Friedrich’s ataxia, most disease phenotypes are thought to arise from a 

toxic gain of function, resulting in aggregation of aberrant proteins/RNA that lead to neurodegeneration; 

however, the exact mechanism of disease is not always well understood [9,160]. A prime example of this 

poor understanding is the expanded GGGGCC hexanucleotide repeat found in the first intron of C9orf72, 

leading to ALS [161,162]. It is hypothesised that there may be at least three potential pathogenic 

mechanisms: 

i. Reduced expression of functional C9ORF72 (also termed DENNL72) that indicates 

haploinsufficiency, as C9ORF72 is required for normal vesicle trafficking and lysosomal 

biogenesis in motor neurons [163]. This suggests that there may be a delicate balance 

between gain of function and loss of function, as has been observed in other diseases.  

ii. A toxic gain of function through nuclear RNA aggregation is the most widely held theory of 

pathogenicity for most expansion diseases [164]. The C9ORF72 repeat expansion is 

transcribed in both directions, generating antisense transcripts in C9ORF72 ALS neurons. 

Aggregation of the toxic RNA or protein is suggested to directly cause neuronal death as a 

result of sequestration of other non-disease related proteins, leading to cellular dysfunction and 

ultimately cell death. 
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iii. The accumulation of dipeptide repeat (DPR) proteins as a result of unconventional repeat-

associated non-ATG (RAN) translation of the expanded repeat RNA. This mechanism is closely 

related to the above (ii) and not found in typical expansion repeat diseases.  

The pathogenesis of C9orf72-related ALS and other expansion diseases is not yet fully characterised 

and to date, no effective treatment strategy exists for the treatment of expansion diseases. Thus, a 

therapeutic strategy that aims to target the direct cause of disease, that is the deleterious effects of the 

expansion, rather than the resulting pathogenic pathways appears highly attractive, rational, and logical. 

Recently, the transcription elongation factor SUPT4H1 was reported to be selectively required to assist 

RNA polymerase II (RNA Pol II) in transcribing through these large expanded repeats [151-153]. Several 

studies, both in vitro and in vivo, found that targeted knockdown of SUPT4H1, and to a lesser extent 

SUPT5H, reduces aggregation of expanded transcripts and resulting aberrant proteins, and alleviated 

disease phenotype [151-153]. SUPT4H1 and SUPT5H are two subunits that form the DRB sensitivity-

inducing factor (DSIF) complex that regulates transcription elongation and mRNA processing through 

RNA Pol II [31,36,165]. The DSIF complex induces the mRNA guanylyl transferase activity of 

RNGTT/CAP1A and is thus involved in regulating mRNA capping. Additionally, DSIF interacts with the 

negative elongation complex, allowing the enhancement of transcriptional pausing at proximal promoter 

sites [31]. Although the DSIF seems to play a pervasive role in transcription elongation, mutation of the 

SUPT4H1 yeast ortholog (Spt4) resulted in the selective reduction of transcription of long CAG 

trinucleotide repeats [153]. Reduction of murine Supt4a also decreased amounts of expanded 

polyglutamine (polyQ) aggregates in striatal neurons and most interestingly, knocking down of Supt4a 

did not appear to affect expression of proteins that contained short CAG repeats. Lastly, RNA-sequencing 

(RNA-seq) analysis showed Supt4a knockdown had a limited effect on overall gene expression 

throughout the genome [153]. These data suggest that knockdown of SUPT4H1 may be a viable 

therapeutic strategy for expansion diseases. Another study demonstrated that knocking down SUPT5H 

in conjunction with SUPT4H1, increased the efficacy in the amelioration of C9orf72 related pathogenesis 



54 
 

in vitro, compared to SUPT4H1 knockdown alone [152]. However, SUPT5H is highly conserved across 

all domains of life and the implications of suppressing SUPT5H expression on the global transcriptome 

are currently unknown. Although most studies to date have used siRNA to knockdown the SUPT proteins, 

we hypothesise that splice-switching antisense oligonucleotides (AOs) offer a safer, more specific and 

clinically applicable strategy [99].  

Splice-switching AOs are gaining traction as therapeutic agents to treat genetic diseases, with the U.S. 

Food and Drug Administration (FDA) having approved three drugs, Exondys 51, Vyondys 53 and 

Spinraza in the last 3 years, and that number is only expected to rise [117,166]. Exondys 51 and Vyondys 

53 are designed to excise exon 51 and exon 53, respectively, from amenable disease-causing DMD 

transcripts to restore the reading frame and rescue some functional dystrophin expression. These drugs 

have been designed to treat Duchenne muscular dystrophy (DMD) and are synthesised as 

phosphorodiamidate morpholino oligomers (PMOs), an antisense oligomer chemistry that has an 

excellent safety profile and is well suited to clinical application [167]. The accelerated approval of Exondys 

51 and Vyondys 53 clearly demonstrate proof of concept that PMOs can be used as splice-switching 

agents to ameliorate genetic disease. However, delivery of these compounds to the muscle is inefficient 

and there is room for improvement to enhance potency, reduce frequency and amounts of PMO 

administered to treat DMD. Chemical modifications or conjugation of PMOs to peptides and other 

moieties can enhance cellular uptake, and clinical studies to evaluate cell penetrating peptide-conjugated 

PMOs (PPMOs) in DMD have begun in the USA (NCT03769116 and NCT03375255). 

We propose to utilise our experience in developing splice-switching PMOs to disrupt the open reading 

frame and downregulate SUPT4H1, and to a lesser extent SUPT5H, to reduce the ability of RNA Pol II 

to read through and transcribe expansions in cells derived from patients with repeat expansion diseases. 

We hypothesise that reducing transcription across the disease-associated triplet expansions that directly 

lead to pathology could be a viable therapy for many different conditions. We designed AOs to target 
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exons that, when excluded, disrupt the reading frame of the SUPT4H1 and SUPT5H transcripts to down-

regulate expression of their respective proteins. Initial in vitro studies were conducted in a spinocerebellar 

ataxia type 3 (SCA3) expansion disease cell line, as well as the commercially available SH-SY5Y 

neuroblastoma cell line.  
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3.2 Materials and Methods 

3.2.1 AO Design and Synthesis 

Splice-switching AOs were designed to anneal to the acceptor and donor splice sites at the intron/exon 

boundaries of selected exons, as well as predicted exon splice enhancer motifs identified using the web-

based application, Human Splicing Finder 3.1 [154]. In addition, specificity of the AOs for the SUPT4H1 

and SUPT5H target motifs was assessed using BLAST analysis to identify potential off-target annealing. 

2′-O-methyl AOs on a phosphorothioate backbone (2′-Me PS) were obtained from TriLink Biotechnologies 

(Maravai LifeSciences, San Diego, CA), while PPMOs were supplied by Sarepta Therapeutics 

(Cambridge, MA) (Table 3.1 and 3.2). Due to intellectual property constraints at this time, our standard 

nomenclature for describing the AOs in this Chapter cannot be provided. Instead, AOs are identified by 

a numbering system, as outlined below.  

The nomenclature is as follows: S4/S5-AO-(Exon Number.AO number) – (where S4/S5 = 

SUPT4H1/SUPT5H gene). For example, SUPT4H1 AO number 1, targeting exon 2 is named as S4-

AO.2.1. The AO sequences found to induce robust levels of exon skipping and/or transcript knockdown 

were subsequently synthesised as the PPMO chemistry and assigned a unique catalogue number. 

Table 3.1: List of SUPT4H1 2′-Me PS AOs and their corresponding PPMO homologues. N/A = not applicable. 

 

 

 

  

2′-Me PS Name PPMO Name 
S4-AO-2.1 N/A 
S4-AO-2.2 1074 
S4-AO-2.3 1083 
S4-AO-2.4 1087 
S4-AO-2.5 N/A 
  
S4-AO-3.1 1106 
S4-AO-3.2 1107 
S4-AO-3.3 1108 
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Table 3.2: List of SUPT5H 2′-Me PS AOs and their corresponding PPMO homologues. N/A = not applicable. 

 

 

 

 

In addition to single AO transfections, equimolar amounts of two AOs targeting the SUPT transcripts were 

combined into cocktails and evaluated. We have previously found that select combinations of AOs can 

enhance the efficiency of exon removal in a synergistic fashion [168,169] (Table 3.3). All cocktails 

reported contained equimolar amounts of each AO (1:1) ratios. 

Table 3.3: List of SUPT cocktails used. AO cocktails contain two different, non-overlapping sequences.  

 

 

 

 

 

 

2′-Me PS Name PPMO Name 
S5-AO-3.1 N/A 
S5-AO-3.2 N/A 
S5-AO-3.3 1096 
S5-AO-3.4 1101 
S5-AO-3.5 1092 
S5-AO-3.6 N/A 
  
S5-AO-6.1 1109 
S5-AO-6.2 N/A 
S5-AO-6.3 N/A 

Cocktail Name 2′-Me AOs used PPMOs used 
SUPT4H1 cocktails   
4-Cocktail 1 4-AO-2.2 & 4-AO2.3 N/A 
4-Cocktail 2 4-AO-2.3 & 4-AO2.4 1083 & 1087 
4-Cocktail 3 4-AO-2.4 & 4-AO2.5 N/A 
4-Cocktail 4 4-AO-2.3 & 4-AO2.5 N/A 
4-Cocktail 5 4-AO-2.2 & 4-AO2.4 1074 & 1087 
4-Cocktail 6 4-AO-2.1 & 4-AO2.5 N/A 
4-Cocktail 7 4-AO-3.2 & 4-AO-3.3 1107 & 1108 
SUPT5H cocktails   
5-Cocktail 1 5-AO-3.2 & 5-AO-3.3 N/A 
5-Cocktail 2 5-AO-3.3 & 5-AO-3.4 1096 & 1101 
5-Cocktail 3 5-AO-3.3 & 5-AO-3.5 N/A 
5-Cocktail 4 5-AO-3.4 & 5-AO-3.5 N/A 
5-Cocktail 5 5-AO-3.3 & 5-AO-3.6 N/A 
5-Cocktail 6 5-AO-3.3 & 5-AO-3.5 N/A 
5-Cocktail 7 5-AO-3.1 & 5-AO-3.6 N/A 
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3.2.2 Cell Culture 

Primary dermal fibroblasts were cultured from a skin biopsy taken from a healthy volunteer, with informed 

consent, and the project received approval from the Human Research Ethics Committee at Murdoch 

University (approval number, 2013/156). Healthy human fibroblasts were cultured in Dulbecco’s Modified 

Essential Medium (Gibco; Life Technologies, Melbourne, Australia), supplemented with 15% fetal bovine 

serum (FBS) (Scientifix, Cheltenham, Australia). The SCA3 fibroblast cell line (GM6153 – 71Q and 23Q) 

was obtained from Coriell Cell Repositories (Camden, NJ) and cultured in minimal essential medium 

(MEM), supplemented with 15% FBS (Scientifix), 1% Glutamax (Gibco) and 1x penicillin/streptomycin. 

The human bone marrow-derived neuroblastoma cell line, SH-SY5Y (un-differentiated), was purchased 

from ATCC (In Vitro Technologies Pty. Ltd., Noble Park North, Australia) and maintained in a 1:1 ratio of 

MEM and F-12 Medium supplemented with 10% FBS. 

3.2.3 Transfection 

All cell strains were either transfected with 2′-Me PS AO, Lipofectamine 3000 (Life Technologies) 

lipoplexes in Opti-MEM (Gibco) according to manufacturer’s instructions, or as uncomplexed PPMOs. 

PPMOs were incubated at 37°C for 10 minutes prior to transfection to ensure any precipitation that may 

have occurred at 4°C was solubilised. Fresh Opti-MEM was then added to each well, and subsequently 

0.5 – 5 µM of PPMO was added directly to the media and gently mixed. Transfected cells were then 

incubated at 37°C for 24 hours to 6 days, depending on the experiment-specific transfection protocol. 

3.2.4 RNA Extraction and RT-PCR assays 

Total RNA was extracted using the MagMax™ nucleic acid isolation kits (ThermoFisher Scientific, 

Melbourne Australia) in accordance with the manufacturer’s instructions. Transcripts were amplified using 

the one-step SuperScript® III reverse transcriptase, with 50 ng of total RNA as the template. To amplify 
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the SUPT4H1 and SUPT5H transcripts, various primer sets were used (Table 3.4) and the resultant 

amplicons were fractionated on 2% agarose gels in Tris-Acetate-EDTA buffer. 

Table 3.4: Table displaying primer information used in this Chapter 

 

3.2.5 Western Blotting 

Cell lysates were prepared in 50 - 200 μl of 125 mM Tris-HCl, pH 6.8, 15% SDS, 10% Glycerol, 1.25 µM 

PMSF (Sigma-Aldrich, Sydney, Australia) and 1x protease inhibitor cocktail (Sigma-Aldrich) and 

subsequently sonicated 6 times (1 second pulses on ice), prior to the addition of bromophenol blue 

(0.004%) and dithiothreitol (2.5mM). Samples were heated at 94°C for 5 minutes, cooled on ice and then 

centrifuged at 14 000 x g for 1 minute before loading onto the gel. 

Total protein (20 µg), determined by a BCA assay (ThermoFisher Scientific), was loaded onto each lane 

of NuPAGE Novex 4-12% Bis/Tris gradient gels (ThermoFisher Scientific). Samples were subsequently 

fractioned at 200 volts for 1 hour. Proteins were then transferred onto a polyvinylidene fluoride membrane 

using the P0 program on the iBlot transfer system according to the manufacturer’s instructions. Following 

blocking in 5% skim milk in TSBT for 1 hour, the membrane was incubated with various antibodies diluted 

in 5% skim milk in TSBT, overnight at 4˚C (Table 3.5). For immunodetection, polyclonal goat anti-rabbit 

or anti-mouse HRP-labelled immunoglobulins (Dako, cat. no P0448 and D0447 respectively, Sydney, 

Primer Name Sequence (5′ – 3′) Annealing Temp (˚C) Cycle Number 
FBN1_Ex13-F GGA TAT CAG AGC ACA CTC AC 55 20-22 FBN1_Ex20-R GTA GAT AAA TCC CTT GGG GC 
SPT4_Ex1-F TTA CTT CCT GCG GGT GCA CA 60 24  SPT4_Ex5-R CTG GAT TTG TAG GCC ACT CC 
SUPT5H_Ex1-F CGA GGA CAG CAA CTT TTC CG 60 26 SUPT5H_Ex12-R TCA GGG AGA TGG TGT TCT GG 
SUPT5H_Ex11-F AAG CGG GGC ATC TAC AAG GA 60 26 SUPT5H_Ex19-R TTC TGC TCT GAG TCC AAG GC 
SUPT5H_Ex18-F GAC TAG AAC GGG AGA CCT TC 60 28 SUPT5H_Ex26-R GCG TCT GCG GGT TGT ATT GT 
SUPT5H_Ex24-F ATG ACC TCG ACC TAT GGG AG 60 28 SUPT5H_Ex30-R ATC CTC GCC CAG GAT CAC TT 
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Australia) at a dilution of 1:10 000 and Luminata Crescendo western HRP substrate (Merk, Sydney, 

Australia) were used. The blots were exposed for a serial scan of 20 seconds using the Fusion FX gel 

documentation system (Vilber Lourmat, Marne-la-Vallée, France). 

Table 3.5: List of antibodies used with corresponding dilutions and manufacturer information. 

 

3.2.6 Transcriptome Analysis 

Total RNA samples, prepared as described in Chapter 2 were sent to the Australian Genome Research 

Facility (AGRF, Perth and Melbourne, Australia) for whole transcriptome library preparation using the 

TruSeq Stranded Total RNA Library Prep Kit (Illumina, CA, USA) and ribosomal RNA depletion with the 

Ribo-Zero-Gold kit (Illumina, CA, USA). RNA quality was assessed using a Bioanalyser (Elmar, MA, USA) 

prior to RNA-seq and only those samples with an RNA integrity number (RIN) of ≥ 8 were analysed. RNA-

sequencing was performed using an Illumina HiSeq 2500 (Illumina, CA, USA) to generate 150 bp paired 

end reads that yielded an average 122 million reads per sample. Raw sequencing files were quality 

checked using FastQC (0.11.7), with all files passing. No adapter contamination was detected, and reads 

were not trimmed. 

Bioinformatics analysis was conducted using several web-based programs. Gene differential expression 

(DE), heat map, multidimensional scaling (MDS) plots and parallel coordinate analyses were conducted 

Antibody Supplier  Host Species & Clone Dilution Secondary antibody 

ATXN3 Merk (MAB5360) Mouse monoclonal 1:500 Goat anti-mouse AP  

Beta-Actin Sigma-Aldrich (A2228) Mouse monoclonal 1:500 000 Goat anti-mouse HRP 

Beta-Tubulin Thermo Fisher (TBN06) Mouse monoclonal  1:1 000 Goat anti-mouse HRP 

SPT4 Cell Signalling (64828) Rabbit monoclonal 1:1 000 Goat anti-rabbit HRP 
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using the Degust: interactive RNA-seq analysis (Version 4.1.1) [170]. All analyses conducted using 

Degust: interactive RNA-seq analysis used a false detection rate (FDR) cut-off of 0.1, with a minimum 

count per million of 1 in a minimum of 2 samples, using the edgeR method of analysis. Ontology of 

differentially expressed genes was performed using the web-based application GOnet Enrichment 

Analysis (Ontology version 2019-07-01) [171], with p < 0.05, FDR < 0.1 and edge > 0.3 cut-offs. Gene 

ontology networks were generated through GOnet Enrichment Analysis, while applying the interactive 

graph feature and assessing the biological processes network. 

3.2.7 Densitometric and Statistical Analysis 

Densitometric analysis was performed using the ImageJ (version 1.8.0_112) imaging software [172]. The 

One-way ANOVA with Bonferroni correction was performed to determine significance (p<0.05). P value 

refers to unpaired two tailed student’s t test. A p value < 0.05 was considered statistically significant.  
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3.3 Results 

3.3.1 SUPT4H1 & SUPT5H Target Identification and Therapeutic Strategy  

Studies by other researchers have shown that SUPT4H1, and to a lesser degree SUPT5H, are selectively 

required to facilitate RNA Pol II transcription through disease expansions. Others have shown that 

knockdown of these transcription factors ameliorates disease characteristics in both in vitro and in vivo 

models of different expansion diseases [151-153,173]. Consequently, we examined the gene transcripts 

for both SUPT4H1 and SUPT5H and designed AOs to target out-of-frame exons for exclusion to 

downregulate expression of the respective proteins.  

3.3.1.1 SUPT4H1 gene and protein 

The major human SUPT4H1 human transcript (ENST00000225504.8) contains 5 exons, with the ATG 

initiation codon located in exon 1 and the TAG termination signal in exon 5 (Figure 3.1A). The SUPT4H1 

gene encodes a 117 aa, 14 kDa protein, SUPT4H1. This protein is a conserved eukaryotic transcription 

elongation factor that contains a zinc finger domain, essential to its biochemical activity (Figure 3.1B). In 

addition, SUPT4H1 has a SUPT5H interaction domain that allows SUPT4H1 to directly bind to SUPT5H 

and form the transcription elongation factor complex DSIF (reviewed in Chapter 1.1). Initially, we 

designed AOs to anneal to exon 2 of the SUPT4H1 transcript, as this contained the SUPT5H interaction 

domain and the Zinc finger domain, and importantly, the loss of this exon would disrupt the normal mRNA 

reading frame. In addition, we also designed AOs to anneal to exon 3 as we have observed that some 

exons are more readily excised that others during splicing. As with exon 2, the omission of exon 3 from 

the mature mRNA of SUPT4H1 would also disrupt the reading frame, lead to a premature termination 

codon and possibly induction of nonsense mediated decay. 
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Figure 3.1: Representation of (A) the SUPT4H1 reading frame (ENST00000225504.8) (B) the SUPT4H1 protein structure, 

indicating functional domains. Each box in (A) represents an exon and the exon number and size are shown within the box. 

The SUPT5H interaction domain encoding exons are indicated below the exon map. In-frame exons are represented as 

rectangles, whereas those bounded by partial codons are represented with chevron sides. 

3.3.1.2  SUPT5H gene and protein 

The major SUPT5H transcript (ENST00000225504.8) contains 30 exons (Figure 3.2A) and encodes a 

1087 aa, 150 kDa protein, SUPT5H (Figure 3.2B). SUPT5H is a large, highly conserved transcription 

elongation factor with multiple recurring KOW domains as well as a larger RNA Pol II interaction domain, 

among others. Unlike SUPT4H1, SUPT5H directly interacts with RNA Pol II. 

Both exons 3 and 6 were targeted for exon skipping, since excluding either exon would induce an in-

frame premature termination codon and potentially induce some level of nonsense mediated decay.  
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Figure 3.2: Representation of (A) the SUPT5H reading frame (ENST00000225504.8) (B) the SUPT5H protein structure 

showing functional domains. Each box in (A) represents an exon and the exon number and size are shown within the box. 

The SUPT4H1 and RNA pol III interaction domain encoding exons are indicated. In-frame exons are represented as 

rectangles, whereas those bounded by partial codons are represented with chevron sides. 

3.3.2 Initial 2′-Me PS AO Screen 

Following PCR optimisation (Supplementary Figure S3.1) and AO design, AOs targeting the two SUPT 

transcripts were evaluated for their ability to skip the target exons. All first-round 2′-Me PS AO screening 

in vitro was conducted in healthy primary dermal fibroblasts. Where any potential cell death or loss of 

transcript occurred, a house-keeping gene, Fibrillin 1 (FBN1) was included in the RT-PCR assay to 

determine and quantify any global loss of RNA. 
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3.3.2.1 SUPT4H1 2′-Me PS screen 

Several 2′-Me PS AOs were designed to target exon 2 and exon 3 of the SUPT4H1 transcript in an 

effort to disrupt the reading frame. In addition, an unrelated control AO [22] that does not anneal to any 

known transcript was included as a negative experimental control in all transfections. Single 2′-Me PS 

AOs and two-AO cocktails were transfected into normal dermal fibroblasts at concentrations of 400 and 

100 nM, incubated for 24 hrs prior to RNA extraction and subsequent RT-PCR to assess exon skipping 

efficiency. Gel fractionation of the RT-PCR amplicons revealed shorter products arising from exclusion 

of either exon 2 (∆107 bp) (Figure 3.3A) or exon 3 (∆56 bp) (Figure 3.3B). The identity of the 

amplicons was confirmed by Sanger sequencing (Figure 3.3) and (Figure 3.3), respectively. Efficient 

exon 2 skipping after single AO transfections was induced by S4-AO-2.3 and S4-AO-2.4, as well as 

with cocktails 1, 2 and 5. 

The six lead sequences revealed by the AO screening pipeline were synthesised as the PPMO 

chemistry (Table 3.1). The PPMOs are comprised of a PMO sequence, conjugated to a proprietary cell 

penetrating peptide that facilitates cellular uptake of the AO.
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Figure 3.3: Evaluation of antisense oligonucleotides (AOs) designed to alter SUPT4H1 transcript levels in normal human fibroblasts. Screening of 2′-Me phosphorothioate (PS) AOs targeting 

(A) exon 2 and (B) exon 3 for removal. AOs were transfected as lipoplexes at two concentrations, 400, 100 nM for 24 hours. After RT-PCR amplification of SUPT4H1 transcript and gel 

fractionation, products representing the full-length (FL) and exon-skipped (∆2/∆3) transcripts were identified. Sanger sequencing (right) of the RT-PCR products generated by skipping of exon 

2 or 3 confirm the corresponding exon junctions. Exon skipping efficiencies quantitated using Image J are shown below gel images. AOs represented as red text were synthesised as PPMOs.
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3.3.2.2 SUPT5H 2′-Me PS screen 

Initially, several 2′-Me PS AOs were designed to target early exons in the SUPT5H transcript to disrupt 

the reading frame and reduce synthesis of the functional protein. Single 2′-Me PS AOs and two AO 

cocktails were transfected into healthy dermal fibroblasts at concentrations of 400 and 100 nM for 24 hrs 

prior to RNA extraction and subsequent RT-PCR to assess exon skipping and down-regulation efficiency 

(Figure 3.4). Interestingly, gel fractionation showed only modest skipping of exon 3 induced by 5-AO-

3.3, with most treatments inducing skipping of multiple exons (exons 3, 4 and 5) simultaneously (Figure 

3.4A). Multi-exon skipping or induction of several mRNA isoforms after treatment with a single AO has 

been previously observed in our laboratory [174]. Loss of transcript was also evident as a result of some 

AO treatments, most notably with cocktails 4 and 6. Amplification of the transcript further downstream 

shows only modest reduction of the transcript levels after transfection at 400 nM, which suggested the 

apparent downregulation may have been a limitation of the RT-PCR assay due to the intron or part thereof 

being retained (Figure 3.4A). However, attempts to amplify this region were unsuccessful (data not 

shown), this reduction in SUPT5H transcripts could be due to efficient exon skipping with nonsense 

mediated decay reducing the induced exon 2-skipped isoform. Yet another explanation could be one or 

more off-target effects of 2′-Me PS AOs [175]. To explore this possibility, it was shown that FBN1 

expression, an unrelated and non-targeted gene transcript, was also reduced suggesting some toxicity 

associated with that particular AO sequence.  

Fibroblasts treated with AOs directed to SUPT5H exon 6 showed no detectable exon 6 skipping, however, 

at 400 nM, 5-AO-6.1 showed approximately 80% transcript knockdown (Figure 3.4B). There was no 

detectable intron retention and other knockdown analyses were accounted for by the loading control 

transcript fibrillin 1 (FBN1) and normalisation to the Control AO sample [169].  

The four lead sequences revealed by this AO screen were synthesised as PPMOs (Table 3.2). 
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Figure 3.4: Evaluation of antisense oligonucleotides (AOs) designed to alter SUPT5H transcript structure in normal human fibroblasts. (A) Screening of 2′-Me phosphorothioate (PS) AOs targeting 

exon 3 for removal. AOs were transfected as lipoplexes, at two concentrations, 400, 100 nM for 24 hours, and after RT-PCR and gel fractionation, products representing the full-length (FL), exon 

3-skipped (∆3) and exons 3,4 and 5-skipped simultaneously (Δ3+4+5) transcripts were identified. Sanger sequencing of the RT-PCR products (right) generated by skipping of exon 3 and exon 

3, 4 and 5 simultaneously, shows the junction between exon 2 and 4 and the junction between exon 2 and 6, respectively. (B) Screening of 2′-Me PS AOs targeting exon 6 for removal. AOs were 

transfected as lipoplexes at two concentrations, 400, 100 nM, and after RT-PCR and gel fractionation, products representing the full-length (FL) was identified. Loading control transcript Fibrillin 

1 (FBN1) was used where apparent loss of SUPT5H transcript occurs. AOs represented as red text were resynthesised as PPMOs
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3.3.3 Initial PPMO AO Screen and SUPT4H1 Protein Analysis 

Following the 2′-Me PS AO screen in normal dermal fibroblasts, four sequences targeting the two SUPT 

transcripts were selected for synthesis as PPMOs and evaluated for their ability to skip the target exons. 

Our experience is such that PMOs generally show improved splice-switching efficiency when compared 

to 2′-Me PS AOs of the same sequence [169,174,176,177]. Further in vitro screening studies were 

conducted in the bone marrow-derived neuroblastoma cell line, SH-SY5Y, to gain insights as to how the 

SUPT-targeting PPMOs may perform in cells within the neuronal lineage. While patient-derived neuronal 

cells, carrying expanded repeats would have been preferable for this part of the study, iPSCs and 

therefore in vitro differentiated neuronal cells from patients were unavailable at the time.  

3.3.3.1  SUPT4H1 PPMO screen 

Single and cocktail SUPT4H1 targeting PPMOs were transfected at various concentrations into 

undifferentiated SH-SY5Y cells (5, 2.5, 1, 0.5 μM), incubated for 72 hrs prior to RNA extraction and RT-

PCR to assess exon skipping efficiencies. The 72-hr time point was chosen to allow sufficient time for 

the PPMO to penetrate the cell. Gel fractionation of the RT-PCR amplicons revealed shorter products 

arising from exclusion of either exon 2 (∆107 bp) (Figure 3.5A) or exon 3 (∆56 bp) (Figure 3.5B), with 

Sanger sequencing confirming amplicon identity (Figure 3.5A and Figure 3.5B), respectively. Of the 

single PPMO treatments, PPMO 1083 induced efficient exon 2 skipping (84% exon 2 skipping at 5μM), 

however, both cocktail treatments showed nearly 100% exon 2 skipping after transfection at 5 μM. 

Treatments targeting exon 3 showed varying levels of exon skipping; PPMO 1106 induced a high degree 

of cell death at concentrations oat or above 2.5 μM (Figure 3.5B); PPMO 1108 induced 100% exon 3 

skipping at 5 μM, while PPMO 1107 was less than 50% efficient at the highest concentration tested. All 

PPMOs, with the exception of PPMO 1106, had little effect on cell viability when compared to the GTC 

transfection and untreated cells.
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Figure 3.5: Evaluation of antisense oligonucleotides (AOs) designed to alter SUPT4H1 transcript structure in undifferentiated SH-SY5Y cells. Screening of peptide conjugated-PMOs (PPMOs) 

targeting (A) exon 2 and (B) exon 3 for removal. PPMOs were added to the SH-SY5Y cells and allowed free uptake at four concentrations, 5, 2.5, 1, 0.5 μM for 72 hours, and after RT-PCR and 

gel fractionation, products representing the full-length (FL) and exon 2/3-skipped (∆2/3) transcripts were identified. Sanger sequencing (right) of the RT-PCR products generated by skipping of 

exon 2 or 3 confirmed target exon skipping. Loading control transcript Fibrillin 1 (FBN1) used where apparent loss of SUPT4H1 transcript occurs. Exon skipping efficiencies quantitated using 

Image J are shown below gel images. Refer to Table 3.3 for cocktails.
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3.3.3.2 SUPT5H PPMO screen 

Single oligomers and PPMO cocktails targeting SUPT5H were transfected into SH-SY5Y cells at various 

concentrations (5, 2.5, 1, 0.5 μM) for 72hr prior to RNA extraction and RT-PCR to assess induced exon 

skipping and/or SUPT5H transcript knockdown. Gel fractionation of the RT-PCR amplicons revealed 

shorter products arising from exclusion of either exon 3 (∆166 bp) (Figure 3.6A) or exon 6 (∆70 bp) 

(Figure 3.6B). Amplicon identity was confirmed by Sanger sequencing (Figure 3.6A and Figure 3.6B), 

respectively. PPMO 1101 was the only single oligomer to induce robust skipping of exon 3, without 

evidence of conspicuous cell toxicity (Figure 3.6A). Remarkably, PPMO 1092 appeared highly toxic to 

the cells and induced 100% cell death within 24 hrs at concentrations above 0.5 μM (Figure 3.6A). 

Cocktail of PPMOs targeting exon 3 showed high levels of exon skipping, however cocktail 5 was toxic 

at the highest concentration. Interestingly, the multi-exon skipping induced by the 2′-Me PS AO 

treatments was not observed when the cells were transfected with PPMO combinations of the same 

sequences. This is potentially due to the higher binding affinity of PPMOs and reduced off-target effects 

when compared to 2′-Me PS AOs. PPMO 1109 targeting exon 6 of the SUPT5H transcript induced 65% 

skipping of exon 6 at 5 μM, however, lower concentrations induced no detectable exon 6 skipping (Figure 

3.6B).
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Figure 3.6: Evaluation of antisense oligonucleotides designed to alter SUPT5H transcript structure undifferentiated SH-SY5Y cells. (A) Screening of peptide conjugated-PMOs (PPMOs) targeting 

(A) exon 3 and (B) exon 6 for removal. PPMOs were added to the SH-SY5Y cells and allowed free uptake at four concentrations, 5, 2.5, 1, 0.5 μM for 72 hours, and after RT-PCR and gel 

fractionation, products representing the full-length (FL) and exon 3/6-skipped (∆3/6) transcripts were identified. Sanger sequencings (right) of the RT-PCR products generated by skipping of exon 

3 or 6 confirmed target exon skipping. Loading control transcript Fibrillin 1 (FBN1) used where apparent loss of SUPT5H transcript occurs. Exon skipping efficiencies quantitated using Image J 

are shown below gel images. Refer to Table 3.3 for cocktails.
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3.3.3.3 SUPT4H1 exon 2 protein analysis  

To investigate the effects of exon 2 skipping and consequent modification and/or knockdown of SUPT4H1 

protein, SH-SY5Y cells were transfected with the lead candidate single and exon 2-targeting cocktail 

PPMOs at a concentration of 5 μM, and RNA and protein were isolated 4 days following transfection. Gel 

electrophoresis of the RT-PCR amplicons revealed that PPMO 1083, as well as cocktails 2 and 5 induced 

nearly 100% skipping of exon 2 (Figure 3.7A). PPMO 1083 and cocktail 2 induced high levels of 

SUPT4H1 knockdown, with cocktail 2 reducing the protein by 75% when compared to the protein level 

from the GTC treated sample (Figure 3.7B). Although cocktail 5 induced robust exon 2 skipping, this was 

not associated with any detectable protein knockdown, and we are currently uncertain as to why no 

protein knockdown occurred, as there was no change in cell viability nor any knockdown associated with 

the loading control gene, FBN1. 

Figure 3.7: Evaluation of SUPT4H1 exon 2 skipping in SH-SY5Y cells, transfected with peptide conjugated-PMOs (PPMOs). 

Cells were harvested 4 days following transfection for protein and RNA analysis. (A) Agarose gel fractionation of SUPT4H1 

amplicons, following transfection at a concentration of 5 µM, shows full-length (FL) and exon 2 (∆2) skipped transcript 

products. (B) SUPT4H1 protein was analysed by Western blotting following transfection at a concentration of 5 µM and it 

shows full-length (FL) SUPT4H1 at approximately 14 kDa. Beta-Tubulin was used as a loading control. The bar graph of 

densitometric analysis performed on the Western blots (SUPT4H1 expression normalised to beta-tubulin) is shown on the 

right. Relative expression of SUPT4H1 protein normalised to that expressed in the GeneTools Control (GTC) treated cells is 

shown. 
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In addition to assessing SUPT4H1 protein knockdown, we analysed the effects of PPMO-mediated 

SUPT5H exon skipping on protein expression from this gene. Interestingly, we did not see any down-

regulation of the SUPT5H protein, rather all of the PPMO treated cells showed clear upregulation 

(Supplementary Figure S3.2). This result leads us believe that there may be as yet uncharacterised 

underlying regulatory mechanism(s) for SUPT5H, and this target may not be suitable for PPMO-mediated 

downregulation. 

3.3.4 SUPT4H1 and SUPT5H Transcriptome Analysis 

As the DSIF complex plays an important role in transcription elongation and pausing, it is essential to 

determine if any negative consequences occur through AO-mediated downregulation of SUPT4H1 and/or 

SUPT5H. RNA samples, prepared from cells treated with three of the PPMOs targeting SUPT4H1, two 

targeting SUPT5H and one co-transfected with SUPT4H1 and SUPT5H targeting PPMOs, along with two 

controls, were chosen for RNA-seq analysis (Table 3.6). 

Table 3.6: List of PPMOs analysed for potential off-target effects on the transcriptome. 

 

 

PPMO Name Target Rational 

1083 SUPT4H1 – Exon 2 PPMO 1083 shows high levels of SUPT4H1 protein reduction at 5 μM in 
SH-S5Y cells. 

1087 SUPT4H1 – Exon 2 PPMO 1087 shows no obvious reduction in SUPT4H1 protein. Therefore, 
used as a target-specific control. 

1108 SUPT4H1 – Exon 3 PPMO 1108 target a different exon of SUPT4H1 transcript to PPMO 
1083, however, still induces modest SUPT4H1 protein reduction. 

1109 SUPT5H – Exon 6 PPMO 1109 shows high levels of SUPT5H exon 6 skipping with no 
apparent toxicity at 5 μM. 

Cocktail 2 SUPT5H – Exon 3 Cocktail shows high levels of SUPT5H exon 3 skipping, however, show 
no apparent toxicity at 5 μM. 

Co-Transfected 
(1083 & 1109) 

SUPT4H1 – Exon 2 
& SUPT5H – Exon 6 

PPMO 1083 and PPMO 1096 were chosen as they both show little to no 
toxicity and induce efficient exon 2 and exon 3 skipping of the SUPT4H1 
and SUPT5H transcripts, respectively. 

GTC N/A Control to account for effects of transfection with PPMO. 
Untreated N/A Untreated control. 



75 
 

SH-SY5Y cells were transfected with the PPMOs at a concentration of 5 μM, and RNA and protein 

isolated 4 days following transfection; treatments were conducted in replicate (n=4), however, only 3 

replicates per sample were analysed by RNA-seq due to cost constraints. RNA-sequencing was 

performed on an Illumina HiSeq 2500 (Illumina, CA, USA) to generate 150 bp paired end reads that 

yielded an average 122 million reads per sample. Gel fractionation of the RT-PCR amplicons revealed 

highly reproducible exon skipping and/or downregulation of the target transcript for all PPMO treated SH-

SY5Y samples (Supplementary Figure S3.3). 

3.3.4.1 Multidimensional scaling plot analysis 

Count files generated after sequence alignment was analysed using the Degust: interactive RNA-seq 

analysis (Version 4.1.1) [170] for multidimensional scaling (MDS) plot analysis (Figure 3.8A and 3.8B). 

The MDS Two-dimension plot shows replicates of individual PPMO treated SH-SY5Y cells clustered 

together, suggesting that treatments are reproducible, with both of the controls showing little deviation in 

dimension one and two (Figure 3.8A). However, the MDS three-dimension plot for treatments with 1083, 

1108 and Co-transfected (CO_T) show a replicate for each treatment that is not as tightly clustered, albeit 

a modest deviation (Figure 3.8B). Clustering of the GTC, UT, 1083, 1109 treated samples in both MDS 

plots, suggests that 1083 and 1109 treated SH-SY5Y cells are most similar to control samples, while 

CO_T, 1108 and 1087 treated cells show the highest levels of deviation from the control samples. 

Interestingly, the transcriptome of PPMO 1087 transfected cells shows the greatest deviation from 

controls, despite the PPMO having little effect on the level of SUPT4H1 protein (Figure 3.7, Figure 3.8A 

and 3.8B). 
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Figure 3.8: RNA sequencing analysis of PPMO treated SH-SY5Y cells showing (A) two-dimensional and (B) three-

dimensional MDS plots of all PMMO treated SH-SY5Y samples. Samples are labelled with PPMO name followed by replicate 

number. CO_T; co-transfection of SUPT4H1 and SUPT5H PPMOs. 

3.3.4.2 Analysis of differentially expressed genes in treated samples compared to GTC 

We next evaluated the PPMO treatments for their effect on total gene expression using the Degust: 

interactive RNA-seq analysis (Version 4.1.1) [170]. Initially, we compared the GTC treated SH-SY5Y cells 

to the untreated samples to determine any effects of the transfection on the transcriptome, and showed 

no significant changes in differentially expressed (DE) genes in the GTC-treated cells, relative to 

untreated cells when using the Limma function in Degust: interactive RNA-seq analysis (Version 4.1.1) 

[170]. 

An RNA-seq heatmap comparing the average expression of transcripts in PPMO transfected SH-SY5Y 

cells to that of the GTC and a parallel coordinates graph showed modest differences in expression 

between the groups (Figures 3.9A and 3.9B). Transcripts that are overexpressed in PPMO transfected 

cells compared to GTC are indicated in red, while those that are under-expressed are shown in blue. The 

most significant changes observed were in PPMO 1087, cocktail 2 (SUPT5H) and the co-transfected 
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treated SH-SY5Y cells. This data complements that shown in Figure 3.8, with PPMO 1083 and PPMO 

1109 having the least effect on differential gene expression. 

Although the PPMO 1109 treated cells showed little deviation from the GTC PPMO treated cells, we 

considered that SUPT5H may not be a suitable target for downregulation as a therapy for expansion 

diseases. The resulting decision was made from a holistic review of the literature, protein data (data not 

shown) and transcriptome analysis. 
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Figure 3.9: RNA sequencing analysis of PPMO treated SH-SY5Y cells showing (A) parallel coordinates graph of all averaged treated SH-SY5Y samples relative to the GeneTools Control treated 

sample (B) heatmap of differentially expressed transcripts of all averaged PPMO treated SH-SY5Y samples relative to GeneTools Control treated sample, whereby red represents over-expressed 

transcripts, and blue indicate under-expressed transcripts.
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3.3.4.3 Analysis of differentially expressed genes in PPMO 103 treated samples compared to GTC 

Compiling all data thus far shows that PPMO 1083 stands as the most promising sequence for 

downregulation of SUPT4H1, as a potential modifier to treat repeat expansion disorders. Thus, we 

performed a detailed analysis of PPMO 1083 transfected samples, relative to the GTC treated samples. 

Analyses were performed after averaging triplicates. A total of 7514 genes for all replicates were 

differentially expressed, relative to the averaged GTC transfected sample (Figure 3.10), however, only a 

limited number of these genes were either up or downregulated ≥ log22 (Table 3.7) (Figure 3.10A, Figure 

3.10B and Figure 3.10C). We selected the top 100 DE genes (ranked by P value), both up and down 

regulated after PPMO 1083 treatment, relative to samples from the GTC treated cells. The DE genes 

were calculated using Degust, FDR = 0.1. The 100 genes were subsequently analysed using the gene 

ontology (GO) web-based application GOnet Enrichment Analysis (Ontology version 2019-07-01) [171] 

and assessed for enriched biological processes, with a cut off of p ≤ 0.05 (Figure 3.11).  

Table 3.7: Number of differentially expressed genes ≥ log22 in PPMO 1083 treated SH-SY5Y cells 

 

 

 

PPMO 1083 
Replicate 

Number of Genes 
upregulated ≥ log22 

Number of Genes 
downregulated ≥ log22 

1083_1 0 0 
1083_2 6 3 
1083_3 0 0 
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 Figure 3.10: RNA sequencing analysis of SH-SY5Y cells showing (A) Heat map (B) MA plot (C) parallel coordinates plot of differentially expressed transcripts in 1083 PMMO treated cells relative 

to the GeneTools Control (GTC) treated samples. Red represents overexpressed transcripts, and blue represents underexpressed transcripts. (D) Agarose gel fractionation of amplified SUPT4H1 

transcript from PPMO treated SH-SY5Y cells transfected for 4 days at a concentration of 5 μM. 
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Figure 3.11: Gene ontology enrichment analysis of differentially expressed genes in PPMO 1083 treated SH-SY5Y cells, 

relative to the Gene Tool Control-treated SH-SY5Y cells, using the web-based application GOnet Enrichment Analysis 

(Ontology version 2019-07-01) [171] p ≤ 0.05. Compound spring embedder layout is presented here. Colour intensity of the 

green node indicates enrichment value for the given node. 

The GO network revealed cellular processes and pathways that are significantly enriched (p value < 0.05) 

and included regulation of gene expression, mRNA processivity, RNA splicing, RNA metabolic process 

and nucleic acid metabolic process (Figure 3.11). Overall, these data suggest that there may be 

moderate effects on gene expression and RNA processivity in SH-SY5Y cells treated with PPMO 1083. 
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3.3.5 Assessment of the effect of SUPT4H1 Downregulation on Expanded Ataxin-

3 Protein  

As our intension is to develop SUPT4H1 downregulation as a therapeutic option for repeat expansion 

diseases, we examined the effect of PPMO 1083, the lead candidate, on fibroblasts derived from a patient 

diagnosed with SCA3. A SCA3 fibroblast cell line (GM6153) reported to carry a CAG expansion coding 

for 71Q repeats on the mutant allele and 23Q repeats on the non-pathogenic allele was obtained from 

the Coriell Cell Repository. The SCA3-derived fibroblasts were transfected with PPMO 1083 at a 

concentration of 5 μM, and RNA and protein were isolated 6 days following transfection (n=3) to allow 

time for the knockdown of SUPT4H1 to have exert an effect on mutant ATXN3. In a the study conducted 

on a similar cell line (Chapter 5), ATXN3 protein was reduced 48 hours following transfection with PMOs 

that targeted exon carrying the repeat expansion[169].  

Gel electrophoresis revealed that an average of 86% (± 2.08%) of the SUPT4H1 transcripts were missing 

exon 2 after transfection with PPMO 1083 (Figure 3.12A), and the protein was reduced by a significant 

71% (± 4.53%) relative to the GTC transfected sample (p value = 0.0014) (Figure 3.12B). This sustained 

exon 2 skipping and SUPT4H1 protein knockdown at six days is comparable to that seen after four days 

in SH-SY5Y treated cells (Figure 3.7). We also attempted to analyse ATXN3 protein expression to 

determine if SUPT4H1 knockdown has any effect on the mutant ATXN3, but unfortunately no changes 

were evident for either protein isoform (expanded and non-expanded). We believe that iPSC-derived 

neurons generated from SCA3 patients with confirmed expansions may be more suitable than dermal 

fibroblasts to conclude our study, as fibroblast do not show the hallmark pathogenic feature of nuclear 

aggregation. Furthermore, SCA3 pathogenesis by all accounts is localised to neuronal cells, thus 

differentiated patient-derived iPSCs would provide a more phenotypically relevant cell type. 
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Figure 3.12: Evaluation of SUPT4H1 exon 2 skipping in SCA3 fibroblasts transfected with peptide conjugated-PMOs (PPMOs) at a concentration of 5 μM. Cells were harvested 6 days 

following transfection for protein and RNA analysis. (A) Agarose gel fractionation of SUPT4H1 amplicons, following transfection, shows full-length (FL) and induced transcript products after 

skipping of exon 2 (∆2). ATXN3 amplicons shows full-length (FL 71Q; FL 23Q). FBN1 amplicons was used to assess transcript quality (B) SUPT4H1 protein analysed by Western blotting 

following transfection shows full-length (FL) SUPT4H1 at approximately 14 kDa. ATXN3 disease-causing 71Q protein is approximately 60 kDa and the protein encoded by the healthy allele is 

approximately 48 kDa, Beta-Tubulin was used as a loading control. Densitometric analysis performed on the gel and Western blot are shown below the gel/blot. Sample values are normalised 

to those obtained after transfection with the GeneTools Control (GTC).
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3.4 Discussion  

The pathogenesis of repeat expansion diseases is generally, but not always attributed to the expanded 

repeat tract that typically confers a toxic gain of function to a given protein [7,8]. Directly targeting the 

cause of disease, the expanded repeat transcript/protein, may provide a logical therapeutic strategy to 

delay onset or reduce severity of expansion diseases. Recently, the transcript elongation factor SUPT4H1 

has been found to be selectively required to transcribe through these large expansions, thus targeted 

knockdown of SUPT4H1, and to a lesser degree, its binding partner SUPT5H could present a logical 

therapeutic strategy.  

With the increase in number of FDA approvals of AO therapeutics, AO-mediated pre-mRNA splice 

modulation to downregulate expression of a disease-causing toxic gain of function protein has therapeutic 

potential. Some expansion diseases may be amenable to direct exon skipping methodologies, whereby 

the expansion tract is found in a removable and dispensable exon. However, the majority are located in 

vital exons or introns and may not be amenable to exon skipping [9]. For example, the Huntingtin (HTT) 

expansion occurs within the coding sequence in exon 1, and is thus not amenable to exon skipping, since 

this would remove the start codon and completely compromise the transcript. A therapy that could be a 

“one-size-fits-all” for expansion diseases, especially those expansions that show dramatic anticipation 

and ‘explode’ to thousands of repeats (e.g. repeat expansions that cause myotonic dystrophy type 1, 

Friedrich’s ataxia, C9orf72 ALS) could eliminate the need for an individual approach to each specific 

disease and potentially render development of the therapeutic commercially viable.  

The transcription elongation factors SUPT4H1 and SUPT5H form the DSIF complex and assist RNA 

polymerase II in transcription elongation [31,36,165]. We analysed knockdown of both transcripts and 

proteins, individually and together, and after more detailed evaluation, considered that SUPT5H may not 

be an appropriate target for suppression since this is a protein conserved through all domains of life 
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[32,36]. The RNA-seq data generated in this study supported the notion that exon skipping to knockdown 

SUPT5H will be detrimental due to pervasive and substantial changes in the transcriptome. The GO 

enrichment analysis after knockdown of SUPT5H expression showed disruption of numerous processes, 

including neuronal development and neurogenesis that in any situation could be expected to be extremely 

damaging in to the central nervous system [178]. Additionally, studies have shown that the yeast homolog 

Spt5 globally regulates transcription by RNA Pol II in vivo and controls the level and rate of RNA Pol II 

transcription elongation [32,179]. Analysis of SUPT5H binding to RNA Pol II reveals SUPT5H directly 

binds to RNA Pol II through its KOW domain located towards the middle of the protein, while SUPT4H1 

has no direct interaction with RNA Pol II [180]. Instead, SUPT4H1 scaffolds onto SUPT5H and binds to 

its NGN domain located towards the N-terminus of the SUPT5H protein [31]. As SUPT4H1 does not 

directly interact with RNA Pol II, we believe SUPT4H1 to be a much more attractive target for AO-

mediated downregulation to modulate repeat expansion expression.  

Here, we describe significant and reproducible AO-mediated knockdown of SUPT4H1 in vitro, across two 

different cell lines. Several studies have reported that knockdown of SUPT4H1 (Spt4) has a positive effect 

on expanded protein aggregates and RNA foci in vitro, as well as causing in vivo rescue of the phenotype. 

Liu et al. (2012) were the first group to report altered repeat expansion expression from Spt4 knockdown 

in S. cerevisiae and in vitro cell cultures expressing expanded trinucleotide repeats [153]. They showed 

that while mutations in Spt4 lead to a decrease in expanded polyQ tracts (87Q – 111Q repeats), non-

expanded polyQ (< 30Q repeats) stretches were not significantly reduced [153]. This data was replicated 

in various cell lines expressing either non-expanded (7Q repeats) or expanded polyQ repeats (111Q 

repeats). Taken together, the authors implied that SUPT4H1 may not be responsible for transcribing 

through non-expanded CAG repeats throughout genome but is functionally active when an expanded 

trinucleotide repeat is transcribed. This is attributed to the expanded CAG repeats forming an impediment 

that requires the presence of Spt4 for efficient transcription elongation [153]. The precise threshold of 

CAG repeat size that this hypothesis applies to is yet to be determined. Various studies by others all 



86 
 

report the potential therapeutic and phenotypic benefits of SUP4H1 knockdown both in vitro and in vivo 

[151,152,173]. All three subsequent studies report a selective requirement for SUPT4H1 for transcription 

of expanded repeats, while having a limited effect on the overall transcriptome. However, one recent 

study has provided opposing data to suggest that SUPT4H1 depletion leads to global RNA reduction in 

vitro [181], although this observation remains to be confirmed. 

Although other reports suggest a selective requirement of SUPT4H1 to transcribe repeat-containing DNA, 

in 2019, Dowdle and colleagues demonstrated through siRNA mediated knockdown that SUPT4H1 is 

required for the homeostatic maintenance of total RNA levels in human cells [181]. To analyse reduction 

of RNA, the group included exogenous spike-in controls in the experimental design, stating that internal 

normalisation strategies may obscure RNA reduction [182]. Here, we used such internal normalisation 

strategies; however, we find these results consistent with other RNA-seq analyses that report DE genes 

and GO networks, and therefore are confident that RNA reduction is not obscured. In fact, SH-SY5Y cells 

transfected with our lead candidate PPMO 1083 showed most DE genes were upregulated and that 

normalisation of the RNA output showed a slight increase in RNA output as opposed to a decrease. With 

the 2019 study using siRNA, it is plausible that some of these results could be attributed to the common 

and known off-target affects elicited by siRNA, albeit the study control samples showed no statistical 

reduction in RNA output [137,183,184]. 

Short interfering RNAs are widely known for their numerous off-target affects [39-42], with the most 

striking being non-specific gene silencing [185]. Several studies have shown that mRNA transcripts that 

have less than 100% complementarity with a given siRNA may be targeted for gene silencing through 

the RNAi pathway [186-188]. These off-target effects were found to be concentration-dependent and can 

induce up to threefold suppression of dozens of non-targeted genes that are mediated by either the sense 

or antisense strand of the siRNA [184]. Moreover, a study conducted by Fedorov et al. (2006) 

demonstrated that siRNA off-target effects are sequence dependent, target independent and rely on the 
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siRNA’s ability to enter the intact RNAi pathway [184]. This group showed that these off-target effects 

were substantial enough to induce quantifiable phenotypes in vitro and can be reduced with non-toxic 

chemical modifications. In light of these data, it is not impossible that siRNA suppression may lead to off-

target effects that could appear to lower overall transcript output in studies examining siRNA-mediated 

knockdown. However, the exact extent of the relevance to the SUPT4H1 knockdown study requires 

further validation. Although certain AO chemistries are not without their toxicity and off-target effects, the 

PMO chemistry appears to have little to no off-target affects and has an excellent safety profile to date. 

The long term safety of PMOs is evident from clinical trials on boys and young men who have now been 

receiving Eteplirsen for close to a decade without any known off-target effects or serious drug-related 

adverse events [108,117,189]. The same cannot be said for outcomes of studies on the experimental 

DMD therapeutic 2′-Me PS AO, Drisapersen [190]. Participants who received Drisapersen in a series of 

clinical trials reported severe injection site reactions, thrombocytopenia, and apparent liver toxicity. The 

trials were discontinued in the presence of these unacceptable adverse effects and failure to meet primary 

and secondary endpoints [79,110]. In fact, all PS backbone AOs to date elicit some off-target effects 

associated with the backbone, while the same consequences do not result from treatment with PMO 

drugs [79,104,191,192]. Although the long-term safety of PPMOs has yet to be established, and several 

cell penetrating peptides studied to date show toxic effects, the RNA-seq data generated here suggests 

that the proprietary peptide does not induce in vitro toxicity in terms of gene expression profiling, as the 

GeneTools Control oligonucleotide transfected samples used as a transfection control show a statistically 

similar RNA-seq profile to that generated from the untreated samples. However, a few PPMO sequences 

reported here did induce high levels of cell death, attributed to the high G/C content of the sequences 

rather than the cell penetrating peptide.  

The lead candidate PPMO 1083 demonstrated mild to moderate transcriptome changes in transfected 

SH-SY5Y cells, relative to the GeneTools Control transfected samples. The GO network of DE genes 

was closely related to gene expression, mRNA processivity and mRNA splicing, which is not surprising 
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based on the high degree of knockdown of SUPT4H1 [32,36]. Although the changes relate to gene 

expression processes, the DE genes were mainly below log22 fold difference, suggesting the disruptions 

may not be extreme, but nevertheless warrant further investigation and validation in vivo.  

Whilst in vitro data provides an underlying understanding of how a therapeutic compound may operate 

and be tolerated in a single cell-type system, these models are very limited and do not indicate or reflect 

the responses likely in vivo [137]. This will almost certainly be the case with regards to the SCA3 fibroblast 

experiment in this study. Although we observed an average of 70% SUPT4H1 protein knockdown in 

SCA3 fibroblasts transfected with the lead candidate PPMO, we did not observe a significant reduction 

in mutant ATXN3 protein levels. Our levels of knockdown of SUPT4H1 protein exceed the reported 50% 

knockdown suggested as necessary for therapeutic benefit [153]. All other studies demonstrate that if 

SUPT4H1 is knocked down, expansion protein/RNA is reduced, however none of these experiments 

followed ATXN3 levels in fibroblasts. Since mutant protein aggregation does not readily occur in 

fibroblasts [193], this cell type is unlikely be an ideal in vitro model to assess potential therapeutic benefit.  

The greatest limitation associated with this study is that the threshold repeat length at which SUPT4H1 

is theorised to be activated remains unknown. Our SCA3 cell model has an expansion of 71Q repeats, 

considerably smaller than the 87Q or 111Q repeats used in the Liu et al. (2012) study. It may be that in 

order to confer therapeutic benefit a given threshold of repeated nucleotides has to be reached prior to 

recruitment of SUPT4H1. The other studies all implemented models of a larger, hexanucleotide 

expansion or a 111Q repeat length, suggesting that transcription intervention may be more applicable to 

much larger expansions [152,173]. Such expansions seen in C9orf72-related ALS or myotonic dystrophy 

type 1, where expansions can reach 1000s of repeats could potentially be better targets than some of 

the polyQ diseases caused by expanded repeat lengths as little as 27Q repeats (SCA6) [164,194,195]. 
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Studies by others assessed aggregation clearance in models where an expanded repeat was expressed 

by a plasmid, providing a better platform to accurately assess aggregation reduction [151-153]. Besides 

exogenous protein expression, in vivo expansion models were used to determine the therapeutic benefit 

of SUPT4H1 knockdown and thus may be the focus of future studies. Although no mutant SCA3 

knockdown was observed in SUPT4H1 PPMO transfected patient fibroblasts the current study, there are 

several areas of future focus and refinement we believe may overcome the current limitations. The use 

of a disease-appropriate cell type carrying a larger expansion, such as the commercially available striatal 

neurons derived from a homozygous knock-in (111Q repeats) Huntington’s disease mouse model 

[196,197] could be a more suitable model than dermal fibroblasts. In the light of the need to study larger 

expansions, C9orf72 or myotonic dystrophy type 1 expansion neuronal lines, differentiated from patient 

derived iPSCs may provide clearer proof of concept, as opposed to targeting all repeat expansion 

diseases. Additionally, the use of an inducible fluorophore-tagged expanded repeat protein would provide 

a potential visual measurement of aggregation prone repeats, potentially providing data on how 

aggregated protein clearance could occur in vivo [153,198].  

With several in vitro avenues to address as well as the obvious in vivo transgenic models, there are still 

exciting outlooks for PPMO mediated reduction of SUPT4H1 as a therapeutic for expansion diseases. 

This study shows proof of concept that our lead candidate PPMO is able to knockdown SUPT4H1, while 

inducing only moderate changes to the transcriptome, with no global disturbance in RNA levels. This 

provides optimism that SUPT4H1 protein knockdown may offer a suitable therapeutic strategy for 

diseases caused by large repeat expansions.  
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Introduction
The spinocerebellar ataxias (SCAs) are a large group of typically late 

onset, progressive disorders characterised by neurodegeneration and 
other pathologically heterogeneous clinical features [1,2]. These diseases 
are often grouped into categories based on their causative mutation, of 
which there are three: 

1. Non-coding repeat ataxias, where the repeat expansion is located 
outside the protein coding region for the gene of interest. 

2. Ataxias where disease is caused by an ‘orthodox’ mutation, such 
as missense or splice site mutation. 

3. Polyglutamine (polyQ) ataxias where the disease is characterized 
by an expanded cytosine–adenine–guanine (CAG) repeat 
located in the coding region of the respective gene [3]. 

As the triplet CAG encodes for the amino acid glutamine, this leads 
to an elongated glutamine tract in the translated protein resulting in 
conformational changes that are thought to cause several pathogenic 
mechanisms. Although the presence of an expansion does not necessarily 
correlate to phenotypic modifications, once a threshold for a specific gene 
is met, this tends to lead to disease and pathogenesis. Due to the nature 
of these mutations, the pathogenic severity and penetrance is typically 
determined by the size of the expansion, where there is a common 
trend: the larger the expansion, the more severe the pathogenesis and/
or the earlier the onset [4]. These diseases tend to follow what is known 
as ‘genetic anticipation’, whereby the expansion size increases with 
each successive generation [5,6]. It should be noted that the genetic 
anticipation in most SCA diseases is typically more likely to be passed 
down from the paternal gene rather than the maternal. Rare cases have 
been reported where individuals possess two mutant alleles, leading 
to more severe symptoms than individuals with just one mutant allele. 
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Abstract
Spinocerebellar ataxias are a large group of heterogeneous diseases that all involve selective neuronal 

degeneration and accompanied cerebellar ataxia. These diseases can be further broken down into discrete groups 
according to their underlying molecular genetic cause. The most common are the polyglutamine ataxias, of which there 
are six; Spinocerebellar ataxia type 1, 2, 3, 6, 7 and 17. These diseases are characterised by a pathological expanded 
cytosine–adenine–guanine (CAG) repeat sequence, in the protein coding region of a given gene. Common clinical 
features include lack of coordination and gait ataxia, speech and swallowing difficulties, as well as impaired hand and 
motor functions. The polyglutamine spinocerebellar ataxias are typically late onset diseases that are progressive in 
nature and often lead to premature death, for which there is currently no known cure or effective treatment strategy. 
Although caused by the same molecular mechanism, the causative gene and associated protein differ for each disease. 
The exact mechanism by which disease pathogenesis is caused remains elusive. However, the variable (CAG)n repeats 
are codons that may be translated to an expanded glutamine tract, leading to conformational changes in the protein, 
giving it a toxic gain of function. Several pathogenic pathways have been implicated in polyglutamine spinocerebellar 
ataxia diseases, such as the hallmark feature of neuronal nuclear inclusions, protein misfolding and aggregation, as 
well as transcriptional dysregulation. These pathways are attractive avenues for potential therapeutic interventions, as 
the potential to treat more than one disease exists. Research is ongoing, and several promising therapies are currently 
underway in an attempt to provide relief for this devastating class of diseases..

However, mutations can arise de novo, through errors in DNA replication 
such that two genetically healthy parents can give rise to an affected child. 

There are currently six characterised polyQ SCAs (1, 2, 3, 6, 7 
and 17) (Table 1), and together with three other diseases, namely 
Huntington’s disease, spinal and bulbar muscular atrophy and 
dentatorubropallidoluysian atrophy (DRPLA), form a larger category of 
polyQ diseases [7-10]. Th ere is little relief for individuals suffering from 
polyQ SCA disorders, with symptomatic treatments the only available 
option. Long term pharmacological treatment, although admirable, 
tends to fall short in an effective management strategy, as unwanted 
complications and low drug efficacy still exist. In addition, none of these 
diseases have any treatments that slow the progression of the disease; 
leaving affected individuals with the daunting reality that time may be 
a severe limiting factor. Several experimental approaches are currently 
being assessed to overcome these difficulties. This review will focus on 
the clinical and molecular features of polyQ SCA diseases (which will 
be referred to as SCA diseases), as well as highlight several promising 
and emerging therapeutic strategies. We will begin by describing the 
molecular events leading to a CAG expansion, followed by the SCA 
diseases in general, before delving into greater depth of all six diseases. 
The review will then focus on potential therapeutic strategies that target 
common molecular and pathological features of these diseases. 
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Molecular Genetics behind CAG Expansion
Microsatellites are commonly found repetitive arrangements of 

DNA, typically consisting of 1-6 nucleotide repeated sequences. These 
repetitive sequences along with short interspaced nuclear elements and 
long interspaced nuclear elements constitute approximately 30% of the 
2.91 billion base-pair human genome [11,12]. Although the repeated 
sequence may vary in nucleotide length, trinucleotide repeats (TNRs) 
are the most common microsatellite found in coding regions [13]. 
Variations in the copy number of these TNRs will not affect the reading 
frame, but simply allow for variation in the translated protein. In most 
species, both plant and mammalian, the variation in these repeating 
sequences is what creates and drives evolutionary diversity between and 
in species subsets [14-16]. However, in some instances, these normal 
variations lead to disease through a larger than normal expansion 
of the copy number. All SCA diseases are caused by mutations from 
conception, whether it is from a pre-mutation or mutant parent allele 
or arises de novo from an error in gamete production. Additionally, 
somatic mosaicisms have been reported for several SCA diseases, where 
several studies have found cases of considerable genetic homogeneity 
within regions of the brain [17,18]. SCA1 and SCA3 patients were found 
to have a varying pathogenic CAG length in all but 1 of the 20 regions of 
the brain examined [17]. Due to their repetitive nature, the CAG repeats 
are unstable and often prone to mutations that are typically attributed 
to either slip-strand mispairing during DNA replication and/or errors 
in mismatch repair [19-21]. These two processes are often thought to be 
inter-linked, with slip-strand mispairing occurring concurrently, where 
mismatch repair does not effectively correct the hairpin instability. SCA 
expansions are typically relatively small and less than 400 TNRs, while 
the expansion noted in myotonic dystrophy type 1 can be measured in 
the thousands [22].

Slip-strand mispairing

TNR and other repetitive sequences are prone to the formation 
of DNA secondary structures. Slip-strand mispairing is an error 
that occurs when DNA is incorrectly replicated, in particular where 
the template strand and the synthesised strand become temporarily 
mis-aligned and result in the mispairing of the complementary pairs 
[23,24]. As the DNA polymerase β encounters the CAG repeating 
sequence (or any repeating sequencing for that matter), it momentarily 
pauses, however the helicase is left unaffected. In an attempt to avoid 
uncoupling of the helicase and polymerase, a misalignment is caused 
on the newly synthesised strand. During this separation, single strand 
loops of CAG repeats are created and the repetitive characteristics of the 
sequences allow the strands to displace (or slip) by a variable number of 
TNR (Figure 1) [25,26]. Insertions/expansion are caused when the loop 
is formed on the synthesised strand, also termed backward slippage, 
while deletions/concretion of the repeat sequence is caused when the 
loop forms on the template strand, also termed forward slippage. 

In non-dividing cells such as spermatogonia, slip-strand mispairing 
is typically responsible for small expansions of a few TNRs that are 
often too small to fall within disease range. It is theoretically possible 
for numerous slippage events to occur, leading to a larger expansion. 
It is therefore more likely that large expansions are the result of repair 
dependant mechanisms in non-dividing cells, such that loop formation 
may arise during the base and/or nucleotide excision repair of single 
strand breaks [11]. 

Mutagenic mismatch repair

DNA mismatch repair is a conserved system that recognises and 
repairs erroneous DNA replication such as insertions, deletions and 
the mis-incorporation of nucleotides (nt) [27]. Ironically this system is 
solely in place as an anti-mutagenic pathway; however, the mutagenic 
action of mismatch repair has been implicated in TNR expansions. 
Mismatch repair and error leading to mutagenesis is a complex 
mechanism involving several factors. As this mechanism is not the main 
focus of this review, we will only discuss a summarised version, since a 
current review describes the following paragraph in greater detail [28].

To be effective, the MMR system needs to not only identify the 
mismatch, but distinguish the difference between the newly synthesised 
and template strands. This process has been well studied and is highly 
conserved, even between prokaryotes and eukaryotes [29]. Studies in 
Escherichia coli discovered a gene, that when silenced lead to highly 
mutable strains, leading researchers to term the proteins encoded for 
by these genes ‘Mut’ proteins. In particular, three proteins are vital 
in directing and facilitating post-replicative MMR; MutS, MutL and 
MutH, all with eukaryotic homologs (MSHs) [30]. These proteins 
generate a single strand break that serves as a gateway for exonuclease 
and DNA helicase II activity that leads to degradation of the newly 
synthesised strand, until the mismatch is removed [28]. Error occurs 
through two proposed models; 1) the MutSβ (MSH2 and MSH3 
complex) entrapment/hairpin escape model 2) the dysregulated strand 
directionality model. Both provide attractive arguments for a role of 
mismatch repair in TNR expansion, as both models propose impaired 
or dysregulated function of MutS, with the second also accounting 
for the MutL function [31-33]. Taken together, it can be seen why the 
presence of both slip-strand mispairing and mismatch repair creates 
a ‘perfect genetic storm’, where an error in transcription is introduced 
and the exact mechanism supposedly responsible for correcting the 
mutation unwittingly aids in its formation.

Spinocerebellar Ataxia 
Autosomal dominant cerebellar ataxias (ADCAs) account for 34 

unique disease types [34]. Although not all the causative genes/proteins 
for this large category of diseases have been identified, all have been 
unequivocally localised to different subchromosomal loci. With the 
genes/proteins of the six SCAs being identified no less than 20 years 

Disease Name* ADCA classification** Age of onset Age range (years) Additional characteristic features, other than cerebellar ataxia
SCA1 Type I 3rd-4th decade Childhood to 60+ Purkinje cell loss, faster progression of disease
SCA2 Type I 3rd-4th decade Childhood to 60+ Slow saccadic ocular movements, peripheral neuropathy

SCA3 Type I 4th decade 10 to 70+ Pyramidal and extra pyramidal signs, ocular movement 
abnormalities

SCA6 Type III 5th-6th decade 18 to 70+ Slower progression of the disease, ocular abnormalities
SCA7 Type II 3rd-4th decade Infancy to 60 Visual loss with accompanying retinal pathology

SCA17 Type I 4th decade Infancy to 55 Psychiatric abnormalities, dementia, chorea

*SCA: Spinocerebellar Ataxia
**ADCA: Autosomal Dominant Cerebellar Ataxia

Table 1: Clinical and age related features of the six polyQ spinocerebellar ataxias.
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ago, with the exception of SCA17, characterised in 1999 (Table 1) [35-
41]. Interestingly, the current numbering system of the various SCA 
diseases has been done in such a manner that follows the chronological 
order of gene locus discovery [34]. 

Autosomal dominant cerebellar ataxia (ADCA) type 
classification 

ADCA may refer to any type of spinocerebellar ataxia that is 
inherited in an autosomal dominant manner. This classification system 
was introduced by AE Harding in 1982 to account for the varying 
degree of heterogeneity between the dominantly inherited ataxias 
[42]. Although, the classification is somewhat out-dated due to the 
genetically classified SCA system used in the present day, it is of some 
benefit to mention, as the system broadly classifies all ADCA into three 
discrete categories [43,44]. These categories were created on the basis 
of separating dominant ataxias by their complex phenotypes of ataxic 
and non-ataxic clinical manifestations; termed ADCA type I, II and III 
(Table 1) [42,45]. 

ADCA-I: This subtype is the most common form of ADCA and 
manifests as typical cerebellar ataxia with the addition of extrapyramidal 
signs, dementia, ophthalmoplegia, optic atrophy and amyotrophy. This 
classification includes SCA 1, 2, 3 and 17.

ADCA-II: The most highly specific of the subtypes as it is classified 
as cerebellar ataxia with associated retinal degeneration. SCA7 is the 
only SCA disease to be classified into this type.

ACDA-III: The classification that is defined as “pure” cerebellar 
ataxia, with secondary pathology not as prominent in this classification. 
SCA6 is the only disease to fall into this category.

Common clinical features

As previously stated, the six diseases are pathogenically 
heterogeneous; however, there are some features that are common to 
all types of SCA diseases. These diseases are typically late onset, with 
the mean age being in the third and fourth decade [46]. The age of 
onset may vary and is greatly, but not solely, dependent on the size of 
the expansion in the corresponding gene, with generally no significant 
difference in the age of onset between the sexes [47]. The average life 
span is approximately 10-20 years following diagnosis/symptomatic 
onset [48,49]. These diseases have selective neurodegeneration of areas 
such as the cerebellum, globus pallidus, pons and substantia nigra [2], 
along with progressive ataxia (incoordination and imbalance) leading 
to impairment of gait, speech and movement. In two thirds of SCA 1, 2, 
3 and 6 cases, disorders of the individual’s gait are the first pathogenic 
symptoms. Typically, individuals will need walking assistance within the 
first decade of onset and not long after become wheelchair bound [50]. 
Other common features include dysarthria, oculomotor disturbances 
and tremors, leading to impaired motor function of the hand. In 
addition to the physical aspects, several psychological disorders have 
been reported, most commonly depression, irritability and impaired 
sleep [51,52].

Protein aggregation: A hallmark feature

A hallmark molecular feature of SCA diseases, and all polyQ 
diseases for that matter, is the presence of protein aggregation and 
neuronal nuclear inclusions. An early example of this was reported 
by Paulson et al. [53] who provided patient-derived observations that 
mutant ataxin-3 results in significant nuclear inclusions in the neurons. 
These inclusions were mainly focused in the ventral pons of the brain, 

Figure 1: Slip strand mispairing mutation.
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however, these were also observed less frequently in the dorsal medulla, 
globus pallidus and the substantia nigra. The same group also showed 
that intracellular aggregates only occurred when ataxin-3 contained 
an expanded polyQ repeat, thus providing compelling evidence to the 
notion that mutant polyQ expansion directly leads to aggregation in the 
brain [53]. This research taken on its own does not provide definitive 
backing for the role of the polyQ tract in ataxin-3 aggregation, however, 
several subsequent studies both in animal and cell models have 
supported this concept over several different polyQ diseases [54-59]. 
Along with the presence of an expanded polyQ region, the length of the 
expansion itself is said to play a major role in aggregation. As studies 
have shown that the repeat length and the flanking sequences of most 
proteins implicated in polyQ diseases have an impact on severity of 
aggregation [60]. 

The ubiquitin-proteasome system and macroautophagy (autophagy) 
are two vital biological processes involving self-degradation of proteins 
and organelles [61]. These pathways are responsible for the clearance 
and degradation of misfolded and/or superfluous proteins. It stands to 
reason that these systems are somewhat compromised in SCA patients, 
and numerous studies have now shown that these systems do in fact 
exhibit impairment in SCA diseases [61-65]. The dysregulation is 
believed to play a role in protein aggregation, as the misfolded polyQ 
proteins are unable to be effectively degraded, which leads to an 
increased proportion of aggregates. These pathways are currently an 
obvious and attractive therapeutic avenue for SCA diseases [65,66].

Genetic testing 

Each SCA disease has its own defined healthy and disease size 
ranges (Table 2). The healthy range represents a CAG repeat variation 
where anticipation and potential transmission does not occur unless a 
de novo mutation arises during embryonic development [67]. Several 
of the SCAs have a well-documented pre-mutation range, known as 
incomplete penetrance. These individuals are typically asymptomatic, 
however due to their dynamic nature, the expansions have the ability to 
pass on the disease or pass on an increased CAG repeat range [68,69]. 
Paternally transmitted alleles are typically more unstable and prone 
to expansion than a maternal allele, so that diseased individuals are 
those who have met the pathogenic threshold for the given gene, are 
symptomatic and are likely to pass on a larger expansion [69,70].

The advancement in genetic technology and testing has given rise 
to readily available commercial tests for all six SCA diseases [1,71,72]. 
Genetic testing may be conducted for five distinct clinical reasons: 
predictive testing, diagnostic testing, carrier testing, parental testing 
and risk factor assessment [67]. Thus, the primary benefit of genetic 
testing is to provide an accurate and specific diagnosis. These tests are 
often better done as early as possible, as this gives families precious 
time to come to terms with the potential disease, while giving affected 
individuals insight and the ability to make fundamental and necessary 
lifestyle changes and reproductive decisions. For those individuals 
where a de novo mutation has occurred, genetic testing would most 

likely provide relief and a psychological benefit in identifying a 
previously unknown disease and an end to the diagnostic saga. 

Prevalence and incidence 

Current data shows that SCA3 is the most common of the diseases 
[46,73-75], with an overall SCA prevalence of approximately 1-2 per 
100 000. The epidemiological data available about the prevalence of 
SCA diseases is limited, and most likely does not represent an accurate 
occurrence, due to the high degree of variation between difference 
populations and ethnic backgrounds. Founder effects are seen in Cuba 
(particularly those of Spanish decent), Portugal and South Africa in 
SCA2, SCA3 and SCA7, respectively [47,76-78]. Several geographically 
localised studies have been conducted on the prevalence of ADCAs, 
with the focus on the six SCA diseases. With regards to SCA3, the 
prevalence is at its highest in Brazil (69% of SCA cases), Portugal (58%) 
and China (49%) and relatively low in USA (21%), India (3%) and Italy 
(1%) [77,79-83]. An interesting case is the founder effect of SCA7 in 
South Africa, where this disease represents 26.6% of SCA diseases [84], 
a figure that is significantly higher than the 2% occurrence worldwide 
[78]. This figure increases again when considering the native African 
population, in whom SCA7 represents 59% of all SCA diseases, while 
SCA3 only represents 1% [84]. In fact, distribution of SCAs in South 
Africa as a whole, drastically differs from that elsewhere [78,84].

SCA1
Clinical features

SCA1 is classified by a “cerebellar plus” syndrome with varying 
degrees of the commonly described SCA clinical characteristics [34,85]. 
Disease onset is usually in the third decade and progresses at a faster 
rate than seen in SCAs 2, 3, 6 and 17. SCA1 is known to have a main 
pathogenic feature of loss and atrophy of the cerebellar Purkinje cells, 
the major integrative neuron of the region [86] (Table 1). These cells are 
some of the largest cells in the brain and are responsible for the output 
of all motor coordination in the cerebellar cortex [87]. Death of these 
cells and cerebellar atrophy has a devastating effect on coordination 
and motor skills, contributing to the rapid decline and increased 
progression of ataxia [86,88]. 

Molecular genetics

SCA1 is caused by a CAG expansion in ATXN1 that is localised to 
6p22.3. ATXN1 was first cloned by Zoghbi and colleagues in 1993, and 
then identified in 1994 by the same group [36,37]. The gene contains 
9 exons with the potentially mutagenic CAG repeat region in exon 8. 
Although this gene contains 9 exons, only the last two (exons 8 and 
9) are protein-coding, with exon 8 containing most of the coding 
sequence (1,950 nt). Healthy individuals are found to contain 6-39 CAG 
repeats, while the pathogenic range is from 40-82 [9,37]. Interestingly, 
repeats greater than 21 may be interrupted by 1-3 repeats of a CAT 
trinucleotide, which effectively rescues some individuals from disease 
[37] (Table 2). 

Disease Name Gene Encoded protein Locus Exons in gene PolyQ location Healthy repeat range Pathogenic repeat range
SCA1 ATXN1 Ataxin-1 6p22.3 9 Exon 8 6-39 40-82 
SCA2 ATXN2 Atxain-2 12q24.1 25 Exon 1 17-29 37+
SCA3 ATXN3 Ataxin-3 14q24.3 11 Exon 10 7-44 55-86 

SCA6 CACNA1 α1A subunit of the P/Q calcium-
dependent voltage channel 19p13 47 Exon 47 4-18 21-30 

SCA7 AXTN7 Ataxin-7 3p14.1 13 Exon 3 7-19 36 to >400
SCA17 TBP TATA box binding protein 6q27 8 Exon 3 25-42 47-66 

Table 2: Molecular genetics of the six polyQ spinocerebellar ataxias.
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Wild-type and mutant protein

ATXN1 is expressed as the ~90 kDa, ataxin-1 protein, although it 
should be noted that this is an approximation, as the protein length 
will vary depending on the size of the expansion, a feature holding 
true across all variable repeat-containing genes and proteins further 
described. This review will discuss the 815 amino acid (aa) protein with 
a healthy polyQ region of 29 repeats (ENST00000244769.8). Normal 
ataxin-1 has the polyglutamine tract located towards the N-terminus, 
with three known functional regions; a conserved AXH domain, a 
nuclear localisation signal (NLS) and a Ser775 located at the C-terminus 
of the NLS (Figure 2). The protein is ubiquitously expressed, rather than 
being localised to the brain [89].

The evolutionary conserved 120 aa AXH domain that spans exon 8 
and 9 is highly homologous to the large region of the high mobility group 
box transcription factor-binding protein 1 (HBP1) [90,91]. The AXH 
domain is known as a dimerization domain and is the only globular 
dimer forming region identified in the protein [92]. Additionally, the 
AXH folds independently into an oligonucleotide-binding fold, able to 
recognise RNA with a similar nucleotide preference, to that of full length 
ataxin-1 [91,93]. Second to RNA binding, the AXH domain contains a 
cluster of charged surface residues that allows for another secondary 
binding surface. This leads to the several protein-protein interactions 
through the ataxin-1 AXH domain, namely a paralog of ataxin-1, 
brother of ataxin-1 (BOAT), which also contains a AXH domain, the 
SMRT/SMRTER and Capicua proteins [94]. These interactions, along 
with interactions between several transcriptional factors, give ataxin-1 
its transcriptional repression activity [90,91,93]. 

In terms of mutant ataxin-1, as with all SCA diseases, the addition of 
glutamines outside the healthy range leads to conformational changes 
in the affected protein, conferring a toxic gain of function [75,89,95-
97]. The increased polyQ stretch not only increases the tendency to 
aggregate, but also leads to conformational changes of other regions 
and domains of the SCA proteins. In the case of SCA1, conformational 
changes to the AXH domain, along with its ability to fold leads to the 
potential contribution of misfolded protein aggregation [92,98,99]. 

his was shown by de Chiara et al. [100], where ataxin-1 aggregations 
were significantly mitigated by the removal of the AXH domain or by 
replacement of the HBP1 sequence, which is not known to aggregate 
[100]. Additionally, the self-association of ataxin-1 through its AXH 
domain leads to multimerisations that have the ability to aggregate 
polyQ stretches [98,101]. In conclusion, the AXH domain is crucial 
for both normal and aberrant functions of ataxin-1. Its ability to 
independently fold and in the presence of an elongated polyQ stretch, 
allow for rapid aggregation, may be a factor in the increased rate of 
progression when compared to other SCA diseases.

SCA 2
SCA2 is thought to be among the most prevalent of the SCAs, and 

demonstrates a founder effect in Cuba, in particular the north-eastern 
province of Holguin [50]. This region has a 40% prevalence rate of 
SCA2, well above the national average of approximately 6% [47]. The 
age of onset can range from as young as 3 years to age 80, with the 
typical mean age of onset in the third decade [47] (Table 1). 

Clinical features

SCA2 demonstrates an atrophy pattern that resembles sporadic 
multi-system-atrophy, including some associated clinical features. 
These include early and marked saccadic slowing, initial hyperreflexia 
that is followed by hyporeflexia, Parkinson rigidity and myoclonus or 
fasciculation like movements [102,103]. With the slowing of saccadic 
jumps for horizontal gaze being the noticeable oculomotor abnormality 
(Table 1) [104-106]. This is attributed to the early, and sometimes 
rapid degeneration of the pontine brainstem. A study by Velazquez-
Perez et al. (2004) was conducted to assess the effect on expansion 
size and maximal saccade velocity of 82 SCA2 patients and 80 healthy 
controls. It was found that 60-degree maximal saccade velocity was 
influenced by polyQ size rather than disease duration, suggesting 
that the saccade velocity of SCA2 patients is sensitive and specific to 
polyQ length, more so than disease stage or duration [107]. The same 
group conducted a follow up study in 2016 and found that patients 
with larger expansions deteriorated at a faster rate when compared to 

Figure 2: Protein mutation.
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those with smaller expansions. It was concluded that rate of decline in 
maximal saccade velocity is directly influenced by expansion size, thus 
providing clinicians with a sensitive biomarker and a potential measure 
of therapeutic success during clinical trials [108].

Other associated secondary characteristics such as insomnia (20% 
of cases) and sexual dysfunction (10%) are not uncommon for SCA2 
patients [109]. Interestingly, individuals with relatively large expansions 
(>200) are reported to have retinitis pigmentosa/macular degeneration 
and myoclonus-epilepsy, which are two features commonly found in 
SCA7 and DRPLA, respectively [110,111]. As with SCA1, the early and 
significant loss of Purkinje cells is seen in this disease, with analysis 
indicating that the cerebellar flocculus is also affected to varying 
degrees [86,112]. 

Molecular genetics

The causative gene of SCA2 is ATXN2 that was first localised to 
12q24.1 in 1993 by Gispert et al. [113]. It was not until 1996 when three 
groups independently identified the CAG repeat expansion in ATXN2 
[40,114,115]. ATXN2 encompasses approximately 130 kb of genomic 
DNA and consists of 25 exons, with the triplet repeat region located in 
the first exon (Table 2). The CAG repeat region in healthy individuals 
was found to have 1-3 interruptions of interspaced CAAs, the most 
common being two CAA interruptions, with a structure (CAG)8 CAA 
(CAG)4 CAA (CAG)8 [40,115]. Healthy individuals have 17-29 repeats, 
while those individuals with incomplete penetrance (pre-mutation) 
have between 30-36 repeats. Severe pathogenesis is seen in individuals 
who have an uninterrupted CAG repeating range of 37 and above 
[40,114,115]. Interestingly, a moderate expansion size has also been 
implicated in another common motor neuron disease, amyotrophic 
lateral sclerosis (ALS) [116].

Wild-type and mutant protein

ATXN2 encodes for a highly basic protein (1,313 aa) with a molecular 
weight of approximately 140 kDa and in this specific isoform of ataxin-2, 
23 glutamines are at the polyQ domain (ENST00000377617.7) (Figure 
2). Ataxin-2, is the largest of the ‘ataxin proteins’ and the second largest 
protein after the CACA1A protein of the SCAs. The polyQ repeat 
region is located at the N-terminus of the protein. There are four other 
known functional domains in ataxin-2; two globular domains, spaning 
exons 2-7 named the Like Sm domain (Lsm; aa 255-346) and the Lsm 
associated domain (LsmAD; aa 354-476); towards to the C-terminus 
there is a PAM2 motif, aa 909-926, encoded by exon 16 that facilitates 
the association of polyA-binding protein (PABP); lastly the C-terminus 
contains a A2D region, that associates with Mp1 [117,118]. Ataxin-2 is 
ubiquitously expressed in adult tissues, with common, highly expressed 
regions such as the brain, gut, liver, heart muscle thyroid and lung. The 
most prominent expression of the protein is in the brain, with its major 
localisation being in Purkinje cells [119]. 

Normal ataxin-2 has been shown to be involved in numerous 
cellular processes, including transcriptional regulation, RNA 
metabolism, cytoskeletal reorganisation and calcium homeostasis [120-
123]. Ataxin-2 is considered a cytoplasmic protein that is localised at 
the rough endoplasmic reticulum (rER) [124]. The globular domains 
(Lsm and LsmAD) are two regions that are highly conserved in proteins 
thought to be involved the process of RNA metabolism, such as splicing 
and modification [125,126]. The Lastres-Becker et al. study, found 
that when starved, mouse and human ataxin-2, was able to modulate 
translational control at the pre-initiation complex via PI3K/mTOR 
pathways [125]. This study highlights another possible major function 

of ataxin-2, its ability to regulate some metabolic activity with a study 
in C. elegans showing that down regulation of the ataxin-2 homolog 
leads to fat storage and an increase in growth. However, even when a 
dietary intervention was implemented, the C. elegans phenotype was 
unable to be reverted [127]. Several studies in the past several years 
have implicated ataxin-2 in body weight regulation and fat distribution, 
with a recent review Carmo-Silva et al. [123] describing the processes 
in greater detail [127-129].

Interestingly, neuronal nuclear inclusions are not as prominent 
in SCA2 patients when compared to other SCAs [130,131]. However, 
Purkinje cell death and selective neuronal degeneration is still apparent 
[130,131]. The conformational changes in ataxin-2, can be seen in 
the changes to the Lsm, LsmAD and PAM2 domains. A 2016 study 
used I-TASSER for 3D structure for protein structure prediction, and 
found several changes when the pathogenic polyQ repeat number was 
assessed. These changes are thought to contribute to the pathogenesis 
of SCA2 [132].

SCA3
SCA3/ Machado-Joseph disease was first described in 1972, in 

Portuguese immigrants living in Massachusetts, who were known to 
be decedents of William Machado [133]. SCA3 is the most common 
of the SCA disorders, and is at its highest prevalence in the Azores 
Islands, Portugal (~1:3472) [134]. SCA3 is widely known to be the most 
common of the SCA diseases, however, this does fluctuate between 
populations [67,69,80,84,85,135].

Clinical features 

SCA3 typically onsets in the fourth decade and the average life 
span after onset is 10 years, with a range of 1-20 years. Along with 
the common clinical characteristics, SCA3 is often distinguished by 
the evident pyramidal and extrapyramidal signs [136]. The selective 
neuronal loss seen in SCA3 is found in the cerebellar dentate neurons, 
basal ganglia and brainstem [9,34,137]. SCA3 is also known for its 
higher frequency of lid retraction and infrequent blinking, commonly 
known as “staring eyes” (Table 1) [67]. The degree of peripheral 
involvement in pathogenesis is the greatest variable feature of SCA3, 
some patients have minor disease features, while others develop 
marked distal amyotrophic characteristics with sensory disturbances 
and areflexia [67]. 

Molecular genetics

SCA3 is caused by an expanded tract of CAG repeats in the coding 
region of the penultimate exon (exon 10) of the ATXN3 gene (14q32.1), 
encoding the ataxin-3 protein [35,75]. The ATXN3 gene, spanning a 
genomic region of approximately 48 kb (ENST00000558190.5) consists 
of 11 exons, with the start codon in exon 1 and the CAG repeat sequence 
located at the 5’ end of exon 10 (Table 2) [138]. Healthy individuals 
have up to 44 CAG repeats, whereas affected individuals possess 55-
86 repeats, and the intermediate range of 45-54 repeats is generally 
associated with incomplete penetrance [75]. However, there is much 
conjecture as to exactly number of repeats that may be associated with 
disease, since as few as 51 repeats have been reported to be pathogenic 
in some cases.

Wild-type and mutant protein

To date, 56 splice variants of ATXN3 have been identified in blood, 
and 20 of these have the potential to be translated into a functional 
ataxin-3 protein [139]. Ataxin-3 has a molecular weight of approximately 
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42kDa and is 361aa in length with 8 glutamines [53] (Figure 2). 
Ataxin-3 is believed to have several roles within the cell, acting as an 
isopeptidase and is also thought to be involved in de-ubiquitination, 
proteasomal protein degradation, the chaperone system and regulation 
of misfolded proteins [98]. Although there are several isoforms of the 
Ataxin-3 protein, this review will refer to the isoform most commonly 
expressed in brain tissue, a 361aa protein with 8 glutamines at the 
polyQ region [75]. Located at the N-terminal of ataxin-3 is a Josephin 
domain, containing the amino acids (cysteine 14 (C) histidine 119 (H) 
and asparagine 134 (N)) that are crucial for the isopeptidase activity 
and two nuclear export signals (NES). The C-terminal contains three 
ubiquitin interacting motifs, a nuclear localisation signal and the polyQ 
tract [140-142].

Ataxin-3 is not only found in all cells, but is also dispersed 
throughout the cell. The protein has the ability to translocate from the 
cytoplasm to the nucleus and vice versa [143,144]. Todi et al. [145] 
conducted an in vitro study, where they catalytically inactivated ataxin-3 
by a mutation to the active site cytosine at position 14 (C14A) and 
found that enzymatically active ataxin-3 preferentially localises to the 
nucleus, compared to the inactive form [145]. Additionally, the inactive 
form was degraded at a slower rate by the proteasome, an event found 
to be independent of ubiquitination. These two findings suggest that the 
catalytic activity of ataxin-3 regulates a number of its cellular properties 
and may in turn play a role in the disease pathogenesis of SCA3 [145]. 
Other studies suggest that there are several regions and factors that 
affect the localisation of ataxin-3, most of which are believed to be due 
to the NLS and NES [117,146].

The Josephine domain along with the three ubiquitin interacting 
motifs can either save proteins from degradation or stimulate the 
catalytic deubiquitinisation of proteins, thus resulting in protein 
degradation and clearance [140,147]. Poly-ubiquitin chains of four 
units or more are known to be recognised by ataxin-3 and the ubiquitin 
interacting motifs mediate selective binding to these ubiquitin chains 
and therefore restrict the types of chains that are cleaved [148]. Atxain-3 
is also implicated in the regulation of misfolded endoplasmic reticulum 
protein degradation as it binds to the valosin-containing protein (VCP/
p97) involved in ER-associated degradation [149,150].

Two important impaired functions of mutant ataxin-3 have 
been recognised, impaired protein degradation and transcriptional 
deregulation [65,151]. As ataxin-3 is thought to play a role in 
transcriptional regulation due to its interaction with transcriptional 
regulators, deregulation of this process is thought to be a factor when 
considering SCA3 pathogenesis. Due to the sequestration of ataxin-3 
and other factors into nuclear aggregates, a secondary effect of 
transcriptional deregulation is thought to occur [152,153]. Additionally, 
Evert et al. showed that mutant ataxin-3 had impaired transcriptional 
repression through its ability to inhibit histone acetylase activity [154].

Interestingly, ataxin-3 has been found to bind more efficiently to 
VCP/p97 compared to normal ataxin-3, but by mechanisms unknown, 
and it interferes with protein degradation and misfolded protein 
clearance [155]. Although the exact mechanism by which interference 
occurs is poorly understood, several theories have been proposed. 
One such theory postulates that due to the increased binding affinity 
of mutant ataxin-3, it is unable to release itself after the misfolded 
proteins are extracted from the endoplasmic reticulum, thus affecting 
the subsequent round of protein extraction and degradation [156].

It has previously been unclear whether the protein aggregates 
observed in patients with SCA3 are full-length protein, shorter 

cleaved fragments or a combination of the two. However, more 
recently it appears that fragmented mutant ataxin-3 initially forms the 
intracellular aggregates and then acts a seed or a catalyst for recruitment 
of the full-length protein [53,157]. A study showed that L-glutamine-
induced excitation of neurons lead to Ca2+ dependent proteolysis 
of ataxin-3, creating SDS-insoluble aggregates [57]: suggesting that 
initial microaggregates catalyse and precede large inclusion bodies 
that ultimately lead to neural death and rapid disease progression. It 
was also found that aggregation of the ataxin-3 fragments was calpain 
dependent and that the phenotypic changes could be abolished by 
calpain inhibition. The same study also showed that aggregation was 
neuron specific, which is in keeping with disease pathogenesis as 
aggregation is almost always observed in neural tissue of SCA3 patients. 

Another line of thinking is that although mutant ataxin-3 is 
able to undergo ubiquitination at similar rates to wild type ataxin-3, 
mutant ataxin-3 was found to exist longer in the cell compared to wild 
type ataxin-3, thus facilitating aggregation through the lower rate of 
protein degradation [158]. There is ever growing evidence that both 
the truncated and full-length proteins are implicated in the aggregation 
of ataxin-3 in neurons. It is clear that neural aggregation of ataxin-3 
directly leads to disease pathogenesis, however, the exact mechanism 
by which this is caused remains elusive.

SCA6
Clinical features

Unlike other SCA diseases, SCA6 typically presents as a milder form 
of disease, and is associated with “pure” cerebellar ataxia. However, 
ocular-movement abnormalities are often reported, with nystagmus 
being the most common form [112]. The disease onset tends to be later 
when compared to other SCA diseases (fifth or sixth decade) and is 
often less aggressive with average life duration being >25 years (Table 1) 
[136]. A comprehensive study on the frequency of nonataxic symptoms 
was conducted in 2008 by Klockgether and colleagues who found that 
SCA6 had a lower frequency in all but one (rigidity) of the 16 nonataxic 
symptoms when compared to SCA1, 2 and 3. These features included 
a number of very common symptoms such as; brainstem oculomotor 
signs, hyperreflexia, extensor planter and muscular atrophy [159]. It 
was also found that disease severity is largely age-dependent rather 
than linked to expansion size. This is not surprising due to the relatively 
small expansion size range. 

Molecular genetics

SCA6 is one of only two SCA diseases to be caused by expansion 
in a protein other than an ataxin, the other being SCA17. The CAG 
expansion is seen in the α1A voltage-dependant calcium channel gene 
(CACNA1), localised to 19p13 [39]. The expansion in CACNA1 is 
located in the last exon of the gene (exon 47) and is relatively small 
compared to those in other SCA diseases, with a healthy range of 4-18 
repeats and a disease range of 21-30 repeats, with most cases being 
reported as 22-23 repeats (Table 2) [159,160]. 

Interestingly, several dominant mutations in CACNA1 are 
associated with three different, independent diseases; SCA6, episodic 
ataxia type 2 and familial hemiplegic migraine-1. Although these 
mutations arise in the same gene, the disease phenotypes are highly 
variable, with episodic ataxia type 2 being the most common form 
of episodic ataxia that typically presents during childhood or early 
adolescence. Familial hemiplegic migraine-1 is a debilitating variant 
of migraines, accompanied by aura that is characterised by severe 
attacks of motor deficits [161]. Traditionally, SCA6 is the only disease 
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to be associated with the polyQ expansion, as episodic ataxia type 2 is 
associated with a loss of function mutation, while familial hemiplegic 
migraine-1 is a gain of function mutation. However, familial studies in 
recent times have suggested that SCA6 phenotypes may also arise from 
missense mutations rather than expansion of the CAG repeating unit 
(more detail on these mutations can be found [162,163]).

Wild-type and mutant protein

CACNA1A encodes for the α1A subunit of the P/Q calcium-
dependent voltage channel (Cav2.1). With the P/Q denoting the cell 
types in which the currents were initially isolated; P refers to Purkinje 
cells, while Q refers to granule cells in the cerebellum [164]. Unlike 
the ataxin proteins, Cav2.1 is brain specific, with no expression found 
in the heart, liver or muscle. Cav2.1 is the largest (by a significant 
manner) of the SCA proteins and its main isoform, of which there are 
seven, is a 2506 aa, 275 kDa protein with a polyQ region of 13 repeats 
(ENST00000360228.10) (Figure 2). Cav2.1 is a subunit responsible for 
pore-formation and plays a crucial role in neurotransmitter release 
from presynaptic terminals, and to a lesser extent, intrinsic firing 
patterns in Purkinje cells [164]. 

SCA6 has attracted attention due to its apparent ‘deviation’ from 
other SCA diseases. The expansions in the other five diseases are 
between 35-300 repeats, whereas SCA6 is typically 22 [165]. The 
apparent mechanism of toxic gain of function might not be as applicable 
to SCA6 as it is to the other SCAs. The belief is that the polyQ expansion 
in SCA6 somehow affects the normal wild-type function of the 
protein, altering functions of the P/Q channel, leading to Purkinje cell 
degeneration. However, this view is contentious and conflicting reports 
are presented, with conflicting reports on the alterations of the P/Q 
calcium-dependent voltage channel properties as a direct result of the 
expanded polyQ region [165-167]. Most recently, a 2015 study on SCA6 
knock-in mice was conducted [165] and showed that polyQ length does 
not directly affect function of the Cav2.1, as mice with varying CAG 
lengths (84Q; 30Q and 14Q) had similar changes in current density 
[165]. This study concluded that like other polyQ diseases, SCA6 is 
most likely the result of toxic gain of function. These conflicting reports 
highlight the complexity of SCA diseases and present prime examples 
of why additional research is required to identify the exact pathogenic 
mechanisms behind these diseases.

SCA7
Clinical features

SCA7 is almost always distinguished from other SCA disease 
by virtue of severe cone-rod dystrophy retinal degeneration, and is 
sometimes referred to as olivopontocerebellar atrophy III [168]. SCA7 
is typically the only SCA where affected individuals go completely blind 
(Table 1) [111]. SCA7 retinal pathology initially affects the cones, with 
progression to the rod photoreceptors, although cones are found to be 
more severely affected [78]. The initial sign of retinal degeneration is 
dyschromatopia in the blue-yellow axis [169]. Due to the large range 
of expansions in SCA7, infantile onset has devastatingly widespread 
pathogenesis that extends outside the typical CNS pathology. Magnetic 
resonance imaging of SCA7 patients show that the cerebellum and 
the pons are the most affected regions of the brain, however other 
regions of SCA brains are also effected [170]. SCA7 patients may also 
present with an increased amount of pontine atrophy when compared 
to other SCA patients. Hernandez-Castillo et al. conducted a study 
using 24 confirmed SCA7 patients and assessed the effect of selective 
degradation and its relationship to ataxic symptoms. It was found that 

ataxic severity was associated with a decrease in grey matter volume of 
distinct regions of the cerebellum, as well as degeneration of specific 
cortical areas [171].

Disease onset is typically in the third or fourth decade, however, 
SCA7 may present as early as the first year, the earliest onset of all SCA 
diseases [136]. Interestingly, in early onset patients, visual impairment 
can be apparent up to almost a decade before ataxic symptoms [73]. 
Conversely, late onset patients can experience ataxic symptoms decades 
before first visual pathology is observed [73].

Molecular genetics

The causative gene for SCA7, ATXN7 was mapped to 3p14.1 and first 
cloned in 1997 [38]. The gene has 13 exons with the polyQ repeat region 
in exon 3, the first coding exon of the gene. The healthy repeat range 
in SCA7 is 7-19, with an incomplete penetrance of 19-35, while a wide 
disease range of 36 to >400 repeats has been reported (Table 2) [172]. 
Although all SCA diseases have a tendency for genetic anticipation, 
ATXN7 is particularly known to be highly unstable, resulting in 
extreme anticipation and expansion during paternal transmission 
[38]. Expansions as large as 60 or more are associated with infantile 
SCA7 and disease progression is rapid and premature death is almost a 
certainty [173]. Such is the nature of the disease that pathogenesis may 
be apparent well before the first year of life in extreme cases [136,174].

Wild-type and mutant protein

ATXN7 encodes for ataxin-7, a ubiquitously expressed protein 
thought to be involved in transcriptional regulation and …other 
secondary functions. Ataxin-7 is an 892 aa, 98 kDa protein that has 
a polyQ repeat region of 10 (ENST00000295900.10) (Figure 2). The 
N-terminus of ataxin-7 contains the polyQ region, while nearer to 
the middle, a Block I domain is located with a zinc binding domain 
and a NLS located toward the C-terminus [175], with the nuclear 
localisation of ataxin-7 being vital for its transcriptional function. 
Preferential nuclear localisation occurs in many regions of the brain, 
such as the cerebellum, pons and inferior olive [176]. Along with these 
areas of the brain, nuclear localisation is also preferentially seen in the 
photoreceptor cell nuclei of the retina [177]. This is not surprising, 
considering the visual pathology seen in SCA7 that may be due to the 
increased presence of ataxin-7 in the retina. Ataxin-7 is also highly 
homologous to Sgf73, a protein found in yeast that acts as a subunit 
of the SAGA complex, which has its own mammalian homologs, 
namely SPT3/TAF9/GCN5 acetyl-transferase complex (STAGA) 
[178,179]. Ataxin-7 is thought to play an integral role in the interaction 
between the STAGA complex and rod-cone homeobox (CRX) [180]. 
The nuclear localisation of ataxin-7 has been long viewed as vital to its 
primary physiological function. However, a 2011 study by Okazawa and 
colleagues provided a novel role for cytoplasmic axtaxin-7. The group 
found that cytosolic ataxin-7 associates with microtubules, and the 
expression of ataxin-7 aids in the stabilisation of microtubules against 
nocodazole treatment. This was further supported by the observation of 
increased microtubule degradation when ataxin-7 was knocked-down. 
These findings implicate ataxin-7 in the stabilisation of the cytoskeletal 
network, providing a novel function for cytosolic ataxin-7 [181].

As the role of ataxin-7 is well established in transcriptional 
regulation, as well as several biological functions in the retina, it stands 
to reason that mutant ataxin-7 may impair these functions. La Spada et 
al. found that an expanded polyQ region in ataxin-7 severely impaired 
its wild-type function and antagonised CRX function that lead to cone-
rod dystrophy in mice [176]. This finding is of interest as typically, 
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polyQ diseases are attributed to toxic gain of function, while this study 
seems to suggest that one of the main pathogenesis may be due to loss of 
normal function. However, ataxin-7 is still thought to undergo protein 
misfolding and proteolytic cleavage that leads to selective retinal and 
neuronal toxicity as well as the hallmark neuronal nuclear inclusions. 

A 2013 study conducted by Strom and colleagues revealed a 
novel pathogenic mechanism of ataxin-7 in autophagic dysregulation. 
The group found that the inhibition of autophagy was through the 
co-aggregation of p53-FIP200 proteins and ataxin-7 aggregates 
that resulted in destabilisation of ULK1, due to decreased soluble 
FIP200. It was further shown that inhibition of P53 is able to restore 
soluble FIP200 and ULK1, which increases autophagic activity and 
subsequently reduces mutant ataxin-7 toxicity [62]. Therapeutic 
strategies targeting the pathogenic autophagic dysregulation would 
benefit from the understanding of the exact mechanisms by which 
pathogenesis is caused. 

SCA17
SCA17 is an interesting SCA disorder for three reasons; 1) like 

SCA6, the causative gene is not an ATXN but rather the complex and 
vital TBP (TATA-Box binding protein) [41,182,183]. The biological 
functions of most ataxin proteins remain somewhat elusive; however, 
the TBP is a well-described protein. 2) Although TBP function has 
been described since 1991 and numerous protein studies have been 
conducted, SCA17 was only designated in 2001, a considerable time 
after all other SCAs [184,185]. 3) The glutamine tract seen in the TBP 
is due to a polymorphic repeat region of CAGs interrupted by CAA 
rather than the typical contiguous CAG repeats seen in the other SCA 
diseases [183]. 

Clinical features

SCA17 shows typical ataxic symptoms much like other SCA 
diseases, with degeneration of the cerebellum, particularly the Purkinje 
cells. The characteristic feature of SCA17 is the occurrence of frequent 
seizures and the high prevalence of psychiatric abnormalities (Table 
1). Interestingly, immunoreactivity of neuronal nuclear inclusions of 
SCA17 patients appear to be more widely distributed through the grey 
matter when compared to other SCA diseases [182]. Age of onset in 
SCA17 is typically in the fourth decade, however symptoms can be seen 
in juvenile patients in extreme cases [85]. The disease progression of 
SCA17 is fairly rapid, with an average life span after diagnosis being 
10-20 years [136].

Other common clinical features of SCA17 are progressive dementia 
and subsequent and concurrent chorea. These clinical features are highly 
similar to another polyQ disease, Huntington’s disease [186], and SCA17 
is often initially mis-diagnosed as Huntington’s disease prior to genetic 
testing. Due to this, SCA17 is also known as Huntington’s disease-like 
4, and seems to be most prevalent in Asia, particularly Japan, China and 
Korea. It has also been suggested that the polyQ expansion may affect 
the function of TBP and embryonic development to such an extent that 
many do not survive the initial stages of development [187].

Molecular genetics

TBP is a well-studied gene localised to 6q27 that has 8 exons. The 
gene is known to contain a polymorphic CAA/CAG tract in exon 3 
that when expanded causes SCA17 [41]. The TBP repeat region has 
been divided into five domains that include two variable domains (II 
and IV) and three fixed domains (I, III and V) [186]. The variability of 
domains II and IV gives rise to SCA17 with repeat ranges of 7-11 and 

9-21, respectively. Healthy individuals have a total repeat range of 25-
42, incomplete penetrance is caused by 43-46 repeats and the disease 
range varies between 47-66 (Table 2) [186,187].

Mutant and wild-type protein

The TBP is a vital protein that plays a crucial role in the initiation 
of transcription. The protein consists of 339 aa, is 37 kDa in size, with 
a polymorphic glutamine tract of 38 repeats and is the smallest of the 
SCA disease causing proteins (ENST00000230354.10) (Figure 2). TBP 
is one of many general transcription factors and interacts with all three 
eukaryotic RNA polymerases [185]. Of these factors, transcription 
factor IID (TFIID) is the first transcription factor that binds to the TATA 
box, a highly conserved sequence approximately 25-30 nt upstream of 
the transcription start site. TBP, along with numerous (approximately 
13) TBP-associated factors make up the TFIID, which in turn is a 
component of the RNA polymerase II pre-initiation complex [185]. The 
polyQ tract is at the N-terminal of the protein and is thought regulate 
the DNA binding capability of the C-terminal. The variation of TBP 
binding to DNA affects the rate of transcription complex formation, and 
in turn the initiation of transcription [188]. The N-terminus varies in 
length due to the polyQ region, while the C-terminal is highly conserved 
[184]. The C-terminal contains two repeats of 88 aa that produce an 
inverted “U” or “saddle-shape” structure that effectively mounts the 
DNA and binds to the TATA box [184]. Such is the importance of 
TBP to cell survival that a 2002 study demonstrated that embryos with 
homozygous knockout for TBP did not survive past the blastocyst stage 
[189]. Although there are many other intricate functions and biological 
aspects of TBP, these are outside the scope of this review. More detail 
of the functions of TBP and transcription in general can be found at 
[185,190,191]. 

Transcriptional dysregulation has been widely implicated in a 
number of the SCA and polyQ diseases [153,154,192,193]. It stands 
to reason that a SCA disease in which the causative protein is a well-
known transcription factor would have associated transcriptional 
dysregulation. This theory however is weakened by conflicting reports. 
One study demonstrated, via mobility shift electrophoresis, that 
mutant TBP binds less efficiently to DNA contain a TATA box when 
compared to normal TBP, and the polyQ expansion caused aberrant 
interactions between TBP and TFIIB [194]. When a similar study was 
conducted, however using a luciferase assay instead of mobility shift 
electrophoresis, the expanded polyQ TBP actually stimulated TATA 
box transcriptional activity [195]. 

These results suggest that rather than a global model for 
transcription dysregulation in SCA17 patients, a more specific and 
localised impairment of transcription occurs. This has been confirmed 
by numerous studies that implicate mutant TBP in both gain and loss 
of function pathogenesis [187]. Transcription factors such as Su(H), 
Sp1, TFIIB and NFY are all associated with toxic gain of function, 
while XBP1 and MyoD are associated with loss of function [187]. Many 
cellular processes are thought to be involved with these transcription 
factors, such as the chaperone system, TrkA and notch signalling as 
well as ER stress response [196-200], illustrating the complexity of 
SCA diseases and the need for a clear understanding of pathogenic 
mechanisms.

Potential Therapeutic Strategies
Although SCA diseases and their mechanisms of pathogenesis have 

been extensively studied for decades, there is still no effective treatment 
or prevention strategy. Some therapeutic strategies are in place that 
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attempt to alleviate symptomatic pathogenesis; however, these are often 
ineffective and rarely prolong life. For example, in SCA3, some respite 
is found in pharmaceutical strategies that aim to reduce the severity and 
progression of the Parkinsonian-like phenotype and other associated 
symptoms, such as depression [201-203]. Takei and colleagues have 
shown that Tandospirone, an antidepressant used in Asia, may provide 
some benefit to patients with SCA3, as significant improvement was 
observed in several self-rated physical and emotional scales [201]. 
While these results may support some improvement, the treatment is 
nonspecific to SCA3 and only symptomatic relief was observed. 

It is clear that strategies aimed at alleviating progression and/
or delay in onset in SCA diseases are of great interest to the patients 
and health researchers. In order to achieve such strategies, the events 
leading to neural aggregation and selective degeneration need to 
be identified. Although pathogenically heterogeneous, there is 
strong evidence to suggest a role for a number of potential universal 
pathogenic pathways. These include; aggregation-autophagy, protein 
misfolding, the ubiquitin-proteasome system and chaperone system, as 
well as transcriptional dysregulation, For the benefit of this review, only 
therapeutic strategies that have the potential to be applied to multiple 
SCA diseases will be addressed. 

Suppression/modification of mutant gene expression and 
protein assembly 

The current consensus is that the expanded CAG region in SCA 
proteins leads to toxic gain of function. Therefore, a strategy that aims 
to suppress or modify the mutant genes and their translated proteins 
is both logical and highly attractive. The strategies currently being 
trialled include antisense oligonucleotides (AOs) and RNA interference 
(RNAi).

Antisense oligonucleotides are single stranded oligomers typically 
20-25 bp long and are able to anneal to RNA or DNA via Watson-
Crick base pairing to a target (sense) strand. This allows the antisense 
compound to modify gene expression in a very specific manner and 
is dependent on the type of base and backbone chemistry [204]. For 
a long period of time, these oligomers offered significant promise but 
failed to deliver, as first generation oligonucleotides were plagued by 
issues of inconsistent synthesis, delivery and sensitivity to nuclease-
induced degradation. The synthetic single stranded molecules where 
often able to modulate gene expression in vitro, but were unable to 
survive degradation and effectively enter the cell. However, in recent 
times, chemical modifications were developed and introduced that 
not only allowed the AOs to survive nuclease degradation, but also 
provided additional mechanisms to manipulate gene expression.

Currently, AOs are being used to treat various muscular and 
neurodegenerative diseases at varying stages of clinical trials, as well as 
a variety of other disease such as cancer [205]. A recent review showed 
that over 25 genes have been targeted using splice-switching AOs. 
These AOs are used as therapeutics to redirect pre-mRNA splicing, in 
which sequences vital to pre-mRNA processing are targeted, effectively 
blocking binding of the splicing factors to the region [205,206]. These 
types of AOs can be used to restore gene function, correct aberrant 
splicing, produce a novel transcript or even down regulate gene 
expression [205]. Most notably are Exondys 51 and Nusinersen, which 
are treatments for Duchenne muscular dystrophy and spinal muscular 
atrophy, respectively [207,208]. Exondys 51 gained FDA accelerated 
approval in September 2016, and is designed to skip DMD exon 51 
during pre-mRNA processing in order to restore the open reading 
frame. Exondys 51 will treat a subset of Duchenne muscular dystrophy 

patients who have deletions flanking exon 51 [208,209]. Nusinersen 
gained full FDA approval in December 2016 and provides the only 
approved treatment for patients with spinal muscular atrophy [207].

In terms of SCA diseases, van Roon-Mom et al. [210] have 
conducted several studies using AOs as a therapeutic strategy [95,211]. 
In 2011, the group used a single 2’-O-methyl (2’-O-Me) AO on a 
phosphorothioate backbone that effectively reduced several polyQ 
disease protein levels, which included ataxin-1 and ataxin-3 [211]. The 
group used the AOs to reduce transcript levels via selective repeat-
length dependent reduction of the various CAG encoding transcripts. 
The in vitro study assessed the efficacy of various 2’-O-Me (CUG)n 
triplet repeat AOs and found that (CUG)7 not only reduced the main 
target protein, Huntington, but also reduced the mutant mRNA levels 
of ataxin-1 and ataxin-3. Another benefit observed was that reduction 
in mRNA levels was mutant specific, with the wild-type allele remaining 
constant or only reduced by a nominal amount. This has major benefits 
for some of the SCA disease proteins, such as TBP that are essential 
for normal biological and cellular function. Therefore, a treatment that 
spares wild-type protein is viewed as the most beneficial strategy.

A subsequent 2013 study on SCA3 and its associated protein, 
ataxin-3 used AO mediated exon skipping in vitro to remove the CAG 
repeat region in exon 10 and still maintain normal biological function 
of the ataxin-3 protein [95]. Although results in patient cells were not as 
convincing as in healthy cells, the study still showed that exon skipping 
is an attractive potential therapy for SCA diseases. Furthermore, the 
FDA approval of Exondys 51 shows that if an effective means of exon 
skipping in vivo is achieved, and modifications to the SCA proteins 
do not have any negative downstream effects, additional therapies 
using AO technology are not unrealistic. Most recently, a 2017 study 
showed that it was possible to suppress mutant ataxin-3 protein levels 
in a YAC MJD-84.2Q mouse (84 polyQ) transgenic mouse model. 
Methoxyethyl (MOE) modified gapmers, AOs with modified bases 
at the ends on a phosphorothioate backbone with a DNA core were 
injected intracerebroventricularly into the transgenic mice and resulted 
in widespread delivery of the AOs into several key regions of the brain. 
AOs were designed to reduce mutant and wildtype ataxin-3 levels 
by inducing RNase-H degradation of target mRNA at the AO:RNA 
duplex. Three of the 5 AOs tests showed a >50% reduction in the disease 
protein levels in the cerebellum, diencephalon and cervical spinal cord 
[212]. Although both mutant and wild-type mRNAs are suppressed in 
this study, it has been found that ataxin-3 knockout mice appear to be 
normal, which suggests that ataxin-3 may not be essential for viability 
[213]. This avenue therefore provides another strategy for targeting 
reduction or suppression of mutant ataxin-3. 

Synthetic RNA analogues have the potential to bind to RNA target 
sequences and in turn regulate gene expression. Regulation of gene 
expression may be achieved in several ways, such as suppression of 
translation, promotion of specific transcript degradation, redirection of 
pre-mRNA processing or influencing mRNA stability. These molecules 
have long been thought of as attractive candidates for therapeutics 
[214]. Lentiviral encoded short-hairpin RNAs (shRNA) induced 
allele-specific RNA silencing in a rat model for mutant ataxin-3. This 
specificity was achieved through lentiviral vectors encoding siRNAs 
that selectively target a SNP that occurs in over 70% of SCA3 patients. 
This allele specific mechanism decreased the severity of neurological 
pathogenesis associated with SCA3 [215]. Furthermore, independent 
studies used a similar mechanism, adeno-associated viral (AAV) 
vector based delivery of shRNA and small interfering RNA (siRNA) to 
rescue phenotypes in SCA1 [216] and SCA7 in affected mouse models, 
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respectively. In the SCA7 mouse, treatment had a positive effect on 
Purkinje neuron molecular layer thickness and appeared to reduce the 
neuronal nuclear inclusions [217].

In 2012 Lima and colleagues noted that 2’-O-methyl (2’-O-Me) 
and 2’-fluoro (2’-F) modified bases on a phosphorothioate backbone 
yielded RNA-like single strands with the ability to overcome potential 
issues observed with vector based unmodified shRNA and siRNA 
technologies, such as susceptibility to degradation. These modifications, 
termed single-stranded siRNAs (ss-siRNA), allowed the molecules to 
effectively silence gene expression, however, the exact mechanisms by 
which this silencing occurred was not identified. It was hypothesised 
that the ss-siRNAs were able to enter the protein machinery and induce 
an RNAi like effect [218]. The same group went on to use these ss-
siRNAs to silence expression in the two most common polyQ diseases, 
HD and SCA3 [219,220]. The ss-siRNA molecules are complementary 
to the CAG repeat regions found in these genes, thus, inhibiting 
expression of both ataxin-3 and Huntington via the same mechanisms 
for both diseases. A more recent 2017 study, using similar a chemistry 
supported these findings, with selective and efficient downregulation 
of mutant ataxin-3 observed in cultured fibroblasts [221]. Holistically, 
the positive results described show that both non-selective and selective 
modification of ATXN3 and HTT is achievable, and further testing into 
the safety and efficacy of these treatments is needed. These tests will 
allow the treatment strategies to progress from preclinical to phase I 
and II trials, hopefully providing the first viable therapeutic strategies 
for the treatment of SCA diseases.

Prevention of misfolding and protein aggregation
There is much debate as to the exact role neuronal nuclear inclusions 

plays in pathogenesis, as researchers are still unable to determine 
whether the aggregates directly induce neurodegeneration or if the 
presence of misfolded proteins and oligomeric intermediates are to 
blame [7,8,222-224]. However, the prevention or reversal of neuronal 
nuclear inclusions still remains one of the most attractive avenues for 
therapeutic treatment [225]. 

Of note, the prevention of mutant SCA proteins or the removal of 
the CAG repeat should have a positive downstream effect on protein 
aggregation. Prevention of mutant SCA proteins or removal of the toxic 
CAG expansion will inhibit protein aggregation before it has a chance 
to be produced. These strategies therefore, have a twofold benefit and 
are believed to be the most promising of therapeutic possibilities in 
the opinion of many clinical researchers. In terms of direct inhibition, 
two main approaches exist; the inhibition of protein misfolding 
and aggregation; and the upregulation of protein/neuronal nuclear 
inclusions clearance.

Molecular chaperones are a large group of proteins that aid in 
covalent folding/unfolding of macromolecular structures, with a 
primary focus on protein folding. Heat shock proteins (HSP) are one 
such class of chaperones that are believed to play a key protective role 
in the aggregation of many SCA disease misfolded proteins [226-228]. 
Several studies over the past few decades have found therapeutic promise 
in upregulating the expression of various HSPs due to their potential to 
refold proteins and increase degradation [225]. Specifically, HSP40 and 
HSP70 have been shown to repress polyQ-induced neurodegeneration, 
as well as protect from cell death [227,229]. 

Of the HSP, the HSPB subfamily that comprises 10 individual 
protein members has anti-aggregation properties in vitro [228]. Vos 
et al. [228] conducted an in vitro study and studies in a Drosophila 
model, to assess the individual polyQ anti-aggregation properties of 

the HSPB. Although a significant proportion of the work reported was 
conducted in Htt expressing cells, many inferences can be drawn due 
to the similarities of pathogenic mechanism. HSPB7 and HSPB9 were 
the only two proteins shown to reduce aggregates in cells expressing a 
repeat region of 74, while HSPB7 was the only effective protein in cells 
expressing a 119 polyQ region. This work was replicated in vivo and 
showed that HSBP7 requires a functional autophagosomal machine 
in order to function [228]. These results suggest that increasing the 
expression of HSPB7 could be a potential therapeutic strategy. This may 
be easily achieved with a simple supplement of calcium pantothenate (a 
supplemental form of vitamin B5), as it has been reported to modulate 
gene expression of HSPB7 [230]. However, this is by no means a robust 
therapy and further studies would need to be conducted on the effects of 
upregulation and the effectiveness of calcium pantothenate to modulate 
HSPB expression to levels required for therapeutic benefit. Other drugs 
such as epigallocatechin and tetracycline have been linked to altered 
aggregation in SCA diseases, most notably SCA3 [231,232]. The two 
drugs have been shown to positively alter aggregation and toxicity 
of mutant ataxin-3 via two distinct mechanisms. Epigallocatechin 
is believed to inhibit the formation of the amyloidgenic β-sheet-rich 
structures that are known components in protein aggregation, and 
steer formation towards non-toxic forms. While tetracycline did not 
appear to create any structural alterations, it significantly increased the 
solubility of the previously insoluble aggregates [231].

The ubiquitin proteasome system and autophagy are believed to 
be the main avenues to improve protein clearance in SCA diseases 
and would be most beneficial when targeting the removal of short 
misfolded proteins, while autophagy is preferentially tailored to clear 
larger toxic fragments that potentially form oligomeric complexes. 
Autophagy is well known to be negatively regulated by mTOR, therefore 
therapies targeted at increasing autophagy may increase the biologically 
clearance of aggregated protein. Rapamycin is one of the most widely 
known mTOR inhibitors and has been found to induce a higher rate 
of autophagy in several polyQ diseases [63,233]. Temsirolimus (a 
rapamycin analogue) was administered to mice via intraperitoneal 
injection and found to decrease SCA3 aggregates as well as ameliorate 
motor function and coordination [234]. More recently, a derivate of 
triazole, OC-13 showed promise in increasing autophagic clearance 
of insoluble aggregates and demonstrates another plausible therapy in 
increasing autophagy [66]. 

Transcriptional dysregulation

Transcriptional dysregulation and repression have been implicated 
in several of the SCA diseases and none more so than SCA17, with 
SCA1, 3 and 7 also reported to involve some form of transcriptional 
dysregulation. Altered histone deacetylase activity has been reported 
in numerous SCA diseases, with a SCA3 mouse model providing 
evidence that HDAC overactivity may be apparent [153,235]. Histone 
deacetylases are a group of evolutionary conserved enzymes that are 
responsible for the removal of acetyl groups from lysine residues on 
proteins [236]. The group consists of four classes (I, II, III, IV), that are 
separated on the basis of biological mechanism [237]. 

Evidence suggests that SCA3 mouse models show transcriptional 
repression through the hypoacetylation of H3 and H4 histones 
[153,235]. A 2011 study by Wang and colleagues found that sodium 
butyrate, a known HDAC inhibitor, enhanced histone acetylation, 
which led to increased gene expression in genes that are typically 
supressed in the cerebellum of SCA3 mice [235]. Additionally, sodium 
butyrate treatment delayed onset and improved ataxic symptoms in 
the mouse model, as well as improved survival and the neurological 
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phenotype. A subsequent study using a different HDAC inhibitor, 
valproic acid, supported these results. The study used Drosophila and 
SCA3 cell models in two independent studies. Studies in the fly model 
demonstrated that prolonged administration of valproic acid slowed 
neurodegeneration, reduced climbing disability and increased the 
average lifespan of the flies. In cultured cells, valproic acid supressed 
apoptosis while increasing the H3 and H4 acetylation levels [238]. 
These studies show that it is possible to alleviate, to some degree the 
phenotypes associated with SCA3, and indicates potentially viable 
options for the treatment of SCA3. 

Ataxin-7 has also been shown to interact with HDAC, with an 
increase in cerebellar (neurons and glia) HDAC3 protein levels observed 
in transgenic SCA7 mice. In fact, in vitro work conducted in transfected 
HEK293T cells, showed that ataxin-7 directly interacts with HDAC3, 
and that this interaction may be a possible route of pathogenesis through 
altered deacetylation [239]. In keeping with this concept, a study 
demonstrated altered decacetylase activity and lysine acetylation levels, 
in the brain of transgenic mice. Although the Wang et al.’s and the Yi et 
al. [238] study showed that HDAC inhibition is a potential therapeutic 
strategy, a more recent 2014 study reported a contradictory finding. 
Venkatraman et al. aimed to examine the role of HDAC3 in SCA1 and 
HDAC3s potential for therapeutic treatment, by testing the effects of a 
Purkinje-neuron specific, genetically depleted and null model of HDAC 
on transgenic SCA1 mice. Interestingly, knockout HDAC3 models 
showed a greater degree of motor impairment and neurodegeneration 
when compared to unmodified models. These results suggest that 
HDAC3 inhibition as a therapeutic strategy may pose potential risks, as 
it is likely HDAC3 function may play a crucial role in normal Purkinje 
neuron function [240]. It is clear that further research is required to 
accurately describe the role of HDAC in SCA pathogenesis, for it seems 
that targeting HDAC3 may not be a viable option. 

Final Remarks
Advances in diagnostics in the past few decades have revealed 

a similar pathogenic mechanism in six of the autosomal dominant 
spinocerebellar ataxias. These six diseases (SCA1, 2, 3, 6, 7, 17) are 
caused by an expansion of a CAG repeating sequencing in the coding 
region of six independent genes. All six diseases present with common 
ataxic symptoms, however, there is still a large degree of phenotypic 
variation, from the rapid and early progression of SCA7, to the 
more slowly progressive, milder form of SCA6. The high degree of 
phenotypic variation is attributed to the varying number of the CAG 
repeats as well as the toxic function of the mutant protein. Although 
significant resources have been utilised in an endeavour to discover 
the exact mechanisms of toxicity caused by polyQ SCA diseases, a 
definitive answer still remains elusive, however, there is consensus 
that disease is caused by a toxic gain of function rather than wild-type 
loss of function. Other secondary causes such as protein misfolding, 
aggregation, transcriptional dysregulation and RNA toxicity have also 
been proposed. These common modes of pathogenesis are logical and 
suggest potential avenues for therapeutic intervention, with several 
pre-clinical studies being conducted in an attempt to provide relief 
for patients, in areas such as protein clearance and modification of 
gene expression. It is clear that the current symptomatic alleviation 
treatments are severely limited in their benefit. Ongoing research 
into the pathogenic cause of these diseases is needed, since once the 
primary causative mechanism of disease is found, a more focused and 
directed therapeutic target for this class of devastating diseases may 
be possible.
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Abstract: Spinocerebellar ataxia type 3 (SCA3) is a devastating neurodegenerative disease for which
there is currently no cure, nor effective treatment strategy. One of nine polyglutamine disorders
known to date, SCA3 is clinically heterogeneous and the main feature is progressive ataxia, which
in turn affects speech, balance and gait of the affected individual. SCA3 is caused by an expanded
polyglutamine tract in the ataxin-3 protein, resulting in conformational changes that lead to toxic
gain of function. The expanded glutamine tract is located at the 5′ end of the penultimate exon
(exon 10) of ATXN3 gene transcript. Other studies reported removal of the expanded glutamine
tract using splice switching antisense oligonucleotides. Here, we describe improved efficiency in the
removal of the toxic polyglutamine tract of ataxin-3 in vitro using phosphorodiamidate morpholino
oligomers, when compared to antisense oligonucleotides composed of 2′-O-methyl modified bases on
a phosphorothioate backbone. Significant downregulation of both the expanded and non-expanded
protein was induced by the morpholino antisense oligomer, with a greater proportion of ataxin-3
protein missing the polyglutamine tract. With growing concerns over toxicity associated with
long-term administration of phosphorothioate oligonucleotides, the use of a phosphorodiamidate
morpholino oligomer may be preferable for clinical application. These results suggest that morpholino
oligomers may provide greater therapeutic benefit for the treatment of spinocerebellar ataxia type 3,
without toxic effects.

Keywords: spinocerebellar ataxia type 3; antisense oligonucleotides; exon skipping; ataxin-3;
polyglutamine; phosphorodiamidate morpholino oligomer

1. Introduction

Spinocerebellar ataxia type 3 (SCA3) is a progressive, typically late-onset autosomal dominant
neurodegenerative disease [1]. SCA3 is one of a larger group of diseases, termed, the polyglutamine
(polyQ) diseases [2,3]. These diseases all share a common pathogenic mechanism; an expanded CAG
repeat in the coding sequence of nine genes, and in the case of SCA3, the CAG expansion is located in
the penultimate exon (exon 10) of ATXN3 (14q32.1) [4]. Healthy individuals have a stable repeat range
of 7–44, while SCA3 patients usually have 54 or more repeats. SCA3 is known to have an unstable
pre-mutation range of 45–53 repeats, and while these individuals are typically asymptomatic, they
have the ability to pass on an expanded allele in what is known as ‘genetic anticipation’. As with
other polyQ diseases, the pathogenic severity and age of onset is typically inversely correlated to the
size of the expansion: the larger the expansion, the more severe the pathogenesis and the earlier the
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age of onset [5]. The ATXN3 encodes for a 361 amino acid (aa), 45 kDa protein (ENST00000558190.6),
termed ataxin-3. The ataxin-3 protein is known to act as an isopeptidase and is well documented in
cell deubiquitination, as well as proteasomal protein degradation [2,6].

The expanded CAG repeat located in exon 10 of ATXN3 results in the addition of an extended
glutamine tract in ataxin-3, directly leading to conformational changes that give the protein a toxic
gain of function(s), as well as subjecting the protein to formation of neuronal nuclear inclusions [7].
Although SCA3 is clinically heterogeneous in presentation, the main feature is progressive ataxia,
which in turn affects speech, balance and gait of the affected individual [3]. Despite arising from a single
variant gene, the pathogenesis of SCA3 has been difficult to characterize, as several toxic pathways
and mechanisms have been proposed to play a role in the disease.

Several studies that use antisense oligonucleotides (AOs) to modify the mRNA of ATXN3 by
attempting to remove the CAG containing exon have been conducted [8–10]. Until now, van Roon-Mom
and colleagues have published two reports detailing the removal of the CAG containing exon in the
ATXN3 transcript [8,9]. These studies show removal of the CAG containing exon, and production
of a functional truncated protein using a modified 2′-O-methoxy-ethyl nucleotide (2′-MOE) on a
phosphorothioate (PS) backbone. Growing concerns regarding safety of PS oligonucleotides, such as
hepatotoxicity, liver necrosis and altered regulation of protein and metabolic pathways [11–13] and
thus, the consequences and safety of long-term exposure to AOs on a PS backbone [11–16] may limit
applicability of these compounds. Phosphorothioate backbone AOs have resulted in severe injection
site reactions, thrombocytopenia and renal toxicity in clinical studies [16,17]. An in vitro study by Flynn
et al. (2018), demonstrated severe, sequence-independent backbone-specific effects of 2′-O-methyl
modified bases on a phosphorothioate backbone (2′-Me PS) AOs, including altered distribution of
nuclear proteins, the appearance of abnormal but highly structured nuclear inclusions and aggregates
and global disturbance of the transcriptome [18].

An AO chemistry currently in clinical use is the phosphorodiamidate morpholino oligomer
(PMO) [19]. This chemistry has a backbone of methylene morpholine rings, with phosphorodiamidate
group linkages and an oligomer of this chemistry has been granted accelerated approval by the FDA.
Eteplirsen (Sarepta Therapeutics, Ma) is designed to excise dystrophin exon 51 during pre-mRNA
processing to restore functional protein expression in a subset of boys with Duchenne muscular
dystrophy (DMD). The drug restored modest dystrophin expression in patient muscle where previously
no, or only traces of dystrophin were evident [20]. The PMO chemistry is reported to have excellent
biological stability, and to be safe and well tolerated, with no serious adverse effects reported in the
Eteplirsen treated children and young men to date [21,22].

Here, we describe efficient removal of the CAG containing exon 10 to produce a truncated ataxin-3
protein, lacking the polyglutamine tract, an isoform reported by Toonen et al. (2017) to be functionally
active [8]. Our study shows that by using the PMO chemistry, not only is exon 10 skipping enhanced
at the RNA level, but also significant downregulation of the protein with higher number of glutamine
repeats and an increase in production of the truncated protein is observed, when compared to the use
of the 2′-Me PS AO chemistry. With robust splice switching efficiency and an established long-term
safety profile, the PMO oligomers described here are presented as lead pre-clinical candidates to treat
SCA3 patients.

2. Results

2.1. ATXN3 Transcript and Strategic Removal of Exons

The predominant full-length ATXN3 transcript (ENST00000558190.6) includes 11 exons and is
approximately 7000 bases in length (Figure 1) and encodes the 361 aa ataxin-3 (Figure 1). The initial
focus of this study was to utilise splice switching AOs to remove the polyQ containing exon from
the mRNA transcript and thus create an internally truncated protein, missing the toxic polyQ tract.
AOs were designed to remove exons 9 and 10 in order to keep the reading frame intact, with the
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locations of the AO annealing sites illustrated in Figure 1. Removal of the polyQ tract as a therapeutic
strategy is plausible, as the main functional domain (Josephin Domain) is located at the N-terminus of
the protein, encoded by exons 1–7. Other vital functional domains include the ubiquitin interacting
motifs (UIM1–3), as well as the nuclear localisation signal (Figure 1).
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Figure 1. Schematic representation of the ATXN3 gene transcript (ENST00000558190.6) and reading
frame, showing location of encoded protein (361 amino acid) domains below the exon map. In-frame
exons are represented as rectangles, whereas those bounded by partial codons are represented with
chevron sides. Exonic/intronic locations of antisense oligonucleotides designed to redirect ATXN3
pre-mRNA processing are represented as black bars above the transcript.

2.2. Evaluation of AOs to Induce Exon 9 and 10 Skipping from the ATNX3 Transcript

Initially, several 2′-Me PS AOs were designed to target exon 9 and exon 10 simultaneously for
removal from the ATXN3 transcript (Table 1), in an effort to exclude the polyQ domain and maintain
the open reading frame of the transcript and the entire 3′UTR. An unrelated control AO that does not
anneal to any transcript was included in all transfections as a negative experimental control. All AOs
were transfected into SCA3 patient-derived dermal fibroblasts (74Q; 24Q) at various concentrations
(400, 200, 100 nM) for 24 h before RNA extraction and RT-PCR to assess exon skipping. Gel fractionation
of the RT-PCR amplicons revealed shorter products arising from exclusion of either exon 9 (∆97 bp) or
exon 10 (∆119 bp) (Figure 2A), confirmed by Sanger sequencing (Figure 2B). Efficient exon skipping
was achieved with AOs targeting exon 9 at concentrations as low as 100 nM.

Table 1. Sequences and coordinates of AOs employed in this study.

Name Sequence (5′–3′)

ATXN3 H9A (− 22 + 03) UACCUGAAAACAAAACACAACACAA

ATXN3 H9A (+ 38 + 62) UUCUGAAGUAAGAUUUGUACCUGAU

ATXN3 H9D (+ 20 − 05) UUUACUUUUCAAAGUAGGCUUCUCG

ATXN3 H10A (− 17 + 08) GCUGCUGUCUGAAACAUUCAAAAGU

ATXN3 H10A (+ 10 + 34) * CUGCUGCUGCUGCUGUUGCUGCUUU

ATXN3 H10A (+ 35 + 59) * GUCCUGAUAGGUCCCCCUGCUGCUG

ATXN3 H10D (+ 24 − 01) * CCUAGAUCACUCCCAAGUGCUCCUG

ATXN3 H10A (+ 05 + 29) GCUGCUGCUGUUGCUGCUUUUGCUG

ATXN3 H10A (+ 15 + 39) * UGCUGCUGCUGCUGCUGCUGUUGCU

ATXN3 H10A (+ 30 + 54) GAUAGGUCCCCCUGCUGCUGCUGCU

ATXN3 H10A (+ 40 + 64) ACUCUGUCCUGAUAGGUCCCCCUGC

ATXN3 H10A (+ 66 + 90) GUGGCUGGCCUUUCACAUGGAUGUG

ATXN3 H10A (+ 03 + 22) #/* CUGUUGCUGCUUUUGCUGCU

Control AO @ GGAUGUCCUGAGUCUAGACCCUCCG

Gene Tools Control CCTCTTACCTCAGTTACAATTTATA

* These sequences were selected for synthesis as the phosphorodiamidate morpholino oligomer chemistry (PMO).
PMO oligomers are synthesised with Thymine (T) rather than Uracil (U). # Sequence from Toonen et al. (2017) [8].
@ unrelated sham control sequence. GeneTools Control; commercially available from GeneTools.
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Excising exon 10 alone removes the polyQ coding motif from the transcript and introduces a
novel stop codon early in exon 11, resulting in the loss of 69 aa from the C-terminus of ataxin-3
(ENST00000558190.6). The consequence of excluding this block of amino acids leads to the loss of the
UIM3 domain (Figure 2C,D). However, this exact isoform has been reported by Toonen et al. (2017)
and from their data, it appeared that the loss of UIM3 does not adversely affect the ubiquitin binding
capability of ataxin-3 [8]. The most efficient exon skipping was induced at a transfection concentration
of 400 nM, with little cell death evident. At transfection concentrations of 600nM and greater, toxicity
associated with 2′-Me PS AO cationic lipoplexes caused almost 100% cell death (data not shown).
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Figure 2. Evaluation of antisense oligonucleotides (AOs) designed to alter ATXN3 transcript structure.
(A) Screening of 2′-Me phosphorothioate (PS) AOs targeting exon 9 or exon 10 for removal. AOs were
transfected as lipoplexes at three concentrations, 400, 200, 100 nM, and after RT-PCR and gel fractionation,
products representing the full-length (FL 74Q; FL 24Q), exon 9-skipped (∆9, 384 bp) and exon 10-skipped
(∆10, 362bp) transcripts were identified. (B) Sanger sequencing of the RT-PCR products generated by
skipping of exon 9 or 10, shows the junction between exon 8 and 10, and exons 9 and 11, respectively.
(C) Although removal of exon 10 alters the reading frame, the residue encoded by the exon 9 and 11
junction codon is synonymous (lysine). Immediately following this lysine is an in-frame termination
codon (TGA). (D) Removal of exon 10 from the ATXN3 coding sequence results in a truncated,
291 aa protein (missing the terminal 69 aa) of approximately 34 kDa that is reported to be functional.
aa = amino acid; NES = nuclear export signal; NLS = nuclear localisation signal; UIM = ubiquitin
interacting motif. Q = polyglutamine tract.

2.3. PMO Mediated Exon Skipping Reduces Full-Length Ataxin-3 Proteins and Induces a Truncated
Ataxin-3 Isoform

Following initial screening of AOs to remove exon 10, this strategy was deemed most appropriate
due to the need to only skip one exon to generate a functional ataxin-3 isoform. Equimolar amounts of
two AOs targeting ATXN3 exon 10 were combined into cocktails and evaluated, as we have found that
the efficiency of exon removal can be greatly enhanced by such strategies (Table 2) [23,24]. All cocktails
reported were co-transfected at equal molar AO (1:1) ratios. The transfection concentration of 400 nM
(200 nM of each AO) was selected and as expected, some AO cocktails induced more efficient exon 10
skipping than single AO treatments (Figure 3A). The lead sequences revealed by the AO screening
pipeline were synthesised as PMOs (Table 1), since this chemistry performs better both in vitro and
in vivo when compared to 2′-Me PS AOs [20,23,25].
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To investigate the effect of exon 10 skipping and consequent modification of ataxin-3 protein,
SCA3 patient fibroblasts were transfected with the lead candidate cocktails, prepared as 2′-Me PS
AOs or PMOs, and RNA and protein were isolated 48 h following transfection. The unrelated control
AO and GeneTools control PMO were included. Gel electrophoresis showed that the 2′-Me PS AO
transfection consistently produced lower levels of exon 10 skipping when compared to the PMO
transfections, with the exception of cocktail 22 (Figure 3A,B). The 2′-Me PS AO cocktail 22 induced an
approximate 25% higher percentage of exon 10 skipping, however, this did not translate to detectable
changes in the modified ataxin-3 protein (Figure 3C). Consistent with our previous experience [26],
2′-Me PS AOs have a modest ability to generate the truncated ataxin-3 isoform in vitro, with cocktail
21 resulting in about 20% of the total ataxin-3 protein being truncated (Figure 3C). Most of the 2-Me PS
AO transfections downregulated ataxin-3 protein production, which was evident when normalised to
the sample from the control AO transfection (Figure 3C).

Table 2. AO cocktails containing two different, non-overlapping exon 10 sequences. Each cocktail
comprises of a 1:1 molar ration of each AO.

Cocktail Number AO Combination

Cocktail 19 ATXN3 H10A (+ 10 + 34)

ATXN3 H10A (+ 35 + 59)

Cocktail 20 ATXN3 H10A (+ 10 + 34)

ATXN3 H10D (+ 24 − 01)

Cocktail 21 ATXN3 H10A (+ 35 + 59)

ATXN3 H10D (+ 24 − 01)

Cocktail 22 ATXN3 H10A (+ 15 + 39)

ATXN3 H10D (+ 24 − 01)

Cocktail 23 ATXN3 H10A (+ 05 + 29)

ATXN3 H10D (+ 24 − 01)

Cocktail 24 ATXN3 H10A (+ 30 + 54)

ATXN3 H10D (+ 24 − 01)

In contrast, the PMOs induced downregulation of both expanded and non-expanded proteins
when the data was normalised to the full-length isoforms from cells transfected with the Gene Tools
control PMO (p value < 0.001) (Figure 3D). Downregulation of the full-length isoform was greatest after
transfection with cocktail 21, with an average 5.49-fold reduction of full-length isoforms (Figure 3C,D).
While full-length ataxin-3 downregulation was induced by all PMO cocktails, the truncated isoform was
the predominant isoform when compared to the both full-length proteins (Figure 3C,D). Although an
exact comparison may seem biased towards PMO treatments, due to the 50-fold discrepancy in
transfection concentrations between the two chemistries, 2′-Me PS AO are negatively charged, and
thus can be complexed with a lipid-based transfection agent (Lipofectamine 3000) for efficient cell
uptake at much lower concentrations. The PMOs are uncharged and cannot be delivered into the cells
under equivalent conditions.
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Figure 3. Comparison of ATXN3 exon 10 skipping in patient cells, transfected with 2′-Me PS AOs and
PMOs. Cells were harvested 48 hr following transfection for protein and RNA analysis. Agarose gel
fractionation of ATXN3 amplicons, following 2′-Me PS AO (A) and PMO (B) cocktail transfections at
concentrations of 400 nM and 20 µM, respectively shows full-length (FL 74Q; FL 24Q) and induced
transcript products after skipping of exon 10 (∆10). Ataxin-3 protein was analysed by Western blotting
following 2′-Me PS AO (C) and PMO (D) cocktail transfection at a concentration of 400 nM and 20 µM,
respectively. The disease-causing 74Q protein is approximately 60 kDa, the protein encoded by the
healthy allele is approximately 48 kDa and the ∆10 encoded protein, 34 kDa. Beta-Tubulin was used
as a loading control. The samples were also probed with an anti-polyglutamine antibody to identify
the pathogenic stretch of glutamines in the ataxin-3 protein. Densitometric analysis performed on the
Western blots are shown below the blots (means plus error bars. Error bars = standard deviation, n = 3).
Samples are normalised to the GT control. (FL = full-length, ∆10 = exon skipped product, GT = Gene
Tools control PMO, Q = glutamine, PolyQ = polyglutamine).

2.4. 2′-O-Methyl PS AOs Induce Sequence Independent Sequestration of Paraspeckle Protein NONO

Recently, a number of reports have described sequence-independent off-target effects associated
with the phosphorothioate backbone, including non-specific interactions resulting in recruitment
of paraspeckle and other nuclear proteins and formation of paraspeckle-like structures [12,15].
To establish if the 2′-Me PS ataxin-3 specific AOs can alter subcellular protein distribution, or induce
nuclear inclusions, primary healthy human fibroblasts were transfected for 24 h and subsequently
immunolabelled for the paraspeckle protein, NONO. Three ATXN3 specific AOs, as well as the
commercially available Gene Tools control AO, were tested as 2′-Me PS AOs and as PMOs to determine
if any off-target effects are backbone specific and/or sequence dependent (Figure 4).

Immunofluorescent staining of NONO showed that all 2′-Me PS AOs sequestrated NONO, at
various subcellular locations (Figure 4A), while the identical sequences synthesised as PMOs had
no such effects (Figure 4B). Consistent with the report by Flynn et al. (2018) [18], the Gene Tools
control sequence seemed to induce the highest amount of NONO-containing nuclear inclusions when
applied as a 2′-Me PS AO. All 2′-Me PS sequences tested in this study did induce NONO inclusions in
most cells, some inclusions were located within the nucleus while others appear to be peri-nuclear or
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distributed in the cytoplasm (Figure 4A). This suggests that the PS backbone is directly responsible for
the sequestration of NONO, while such effects were not observed when the PMO chemistry was used
at higher concentrations over the same time period.
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H10A (+ 10 + 34) out-performed H10A (+ 03 + 22) and H10A (+ 35 + 59) at both 10 and 5 μM 
concentrations (Figure 5). Although H10A (+ 03 + 22) was synthesised as a PMO, the study conducted 
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published data. 

Figure 4. Immunofluorescent labelling of paraspeckle protein NONO in transfected healthy fibroblasts.
(A) Immunolabelling of primary normal human fibroblasts following transfection with various 2′-Me
PS AO lipoplexes at a concentration of 400 nM. Cells were fixed 24 hrs following transfection. Staining of
the paraspeckle protein NONO shows sequestration and aggregation of NONO in various subcellular
locations. (B) Immunofluorescent labelling of NONO following Endoporter transfection of primary
normal human fibroblasts with various PMOs at concentrations of 10 or 5 µM. Cells were fixed 24 hrs
following transfection. (C) Untreated (control) showing endogenous subcellular distribution of NONO.
GTC = Gene Tools Control sequence. Scale bar is 20 µm.

In addition, we compared the efficiencies of exon 10 skipping mediated by the PMOs shown in
Figure 4. The H10A (+ 03 + 22) AO that induced ATXN3 exon 10 skipping was reported by Toonen et al.
(2017) [8], while the other two PMOs were identified in this study (Figure 5). It can be seen that H10A
(+ 10 + 34) out-performed H10A (+ 03 + 22) and H10A (+ 35 + 59) at both 10 and 5 µM concentrations
(Figure 5). Although H10A (+ 03 + 22) was synthesised as a PMO, the study conducted by Toonen et al.
(2017) used the MOE chemistry and thus a direct comparison cannot be made to the published data.
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Figure 5. Agarose gel fractionation of ATXN3 transcript products from SCA3 patient derived fibroblasts,
following PMO transfection at concentrations of 10 and 5 µM. Fractionation shows full-length products
(FL 74Q; FL 24Q) and removal of exon 10 (∆10) (product size of 362 bp). Densitometric analysis of
the gel image is shown below the gel (means plus error bars. Error bars = standard deviation, n = 3).
(FL= full-length, ∆10 = exon skipped product, GT = Gene Tools control PMO, Q = glutamine).

3. Discussion

The pathogenesis of SCA3 is attributed to the expanded polyQ tract that confers a toxic gain of
function to the protein [4,27,28]. Therefore, the removal of the polyQ tract may provide a therapeutic
strategy to delay onset or reduce severity of SCA3. As a consequence of exon 10 removal, the induced
ataxin-3 isoform is missing the UIM3 domain. As reported by van Roon-Mom and colleagues, the
291aa, 34kDa protein, although missing the UIM3 domain, still binds ubiquitin in a similar manner to
the full-length ataxin-3 [8]. Additionally, two naturally occurring isoforms lacking UIM3 have been
shown to actually have higher rates of deubiquitination, relative to the major isoform containing the
UIM3 [29]. With recent FDA approvals of AO therapeutics to restore gene expression to treat spinal
muscular atrophy and DMD, pre-mRNA splicing intervention could be applied to downregulate or
modify expression of toxic-gain-of-function diseases. This proof of concept study may be relevant to
other polyQ diseases where the polyQ tract is found in a removable and dispensable exon. However,
this would need to be the subject of functional studies to determine the effect of removing regions of
other polyQ proteins. For example, Huntington’s disease is unlikely to be amenable to exon skipping,
as the polyQ tract is located in the initial exon [3]. Here, we show removal of ATXN3 exon 10, and
consequently the polyQ repeat from the normal and expanded ataxin-3 protein, using two different AO
chemistries. Additionally, these in vitro experiments demonstrate proof of concept and can provide
pre-clinical candidate molecules for eventual in vivo administration. Dosage regimens, clearance
rates and delivery methods will need to be optimised to assess the effects of PMOs compared to
other chemistries.

We confirm apparent off-target effects of AOs on a PS backbone, transfected in vitro. The 2′-Me
PS AO targeting ATXN3 induced sequestration of the paraspeckle protein NONO, while no such
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consequences were observed when cells were treated with the same sequences synthesised as PMOs, in
keeping with our previously reported findings and those of the Crooke group [12,13,18]. While these
studies were only conducted in vitro, van Roon-Mom and colleagues described activation of the innate
immune system as the result of intracerebroventricular administration of 2′-Me AOs into mice [15].
Marked upregulation of Oasl2 and Bst2 proteins, both of which are involved in interferon signalling,
particularly in response to viral infections [30–32], was a major finding [15]. Several other studies have
described adverse effects of AOs on a PS backbone, including thrombocytopenia, severe injection site
reaction, cytotoxicity and induction of double-stranded DNA breaks [33–35].

The safety of PMOs in the clinic is evident from long term treatment (240 weeks) of DMD patients
with the PMO Eteplirsen. No evidence of serious adverse reactions were reported [33,36], while the
same cannot be said for the 2′-Me PS AO drug Drisapersen. Every drug on a the PS backbone tested
to date has been reported to elicit off-target effects [33,36,37]. This may be explained by the crucial
difference that PMOs, unlike 2′-Me PS AOs, are uncharged and therefore do not readily interact with
proteins [38–40]. We, and others have shown that PMOs generally outperform 2′-Me PS AOs for splice
switching applications [37,41], possibly due to the superior stability, specificity and binding affinity of
PMOs, compared to 2′-Me PS AOs [38,40]. Although PMO-treated cells were transfected at higher
concentrations than the 2′-Me PS AOs that are transfected as lipoplexes, these high concentrations are
required for gymnotic PMO uptake but were nevertheless well tolerated by cells. Although the delivery
of 2′-Me PS AOs is greatly enhanced through the use of cationic liposome preparations, concentrations
of 600 nM and above lead to widespread cell death in vitro.

Although PMOs outperformed 2′-Me PS AOs in vitro, the PMOs do have several limitations.
When administered in vivo, PMOs are rapidly cleared by the renal system and must therefore be
dosed at relatively high levels. This is compounded by poor uptake and delivery of PMOs into target
tissues [42]; due to their uncharged nature PMOs cannot readily move through cellular membranes [43].
These limitations are currently subject to extensive research in developing technologies, such as
conjugation to cell penetrating peptides and various physical and chemical methods to increase uptake
and reduce the rapid clearance [42,44]. Despite these draw backs, from our in vitro data we believe
PMOs to have greater therapeutic potential for SCA3 and other diseases, such as muscular disorders
that are amenable to splice switching [45]. In saying that, it is important to note that in vitro studies
and in vivo animal models do not always translate into successful treatments for patients. This is
mainly due to sequence differences in the cases of in vivo models, with a prime example being a mouse
model of Duchenne muscular dystrophy, whereby subtle changes in sequences can drastically affect
AO efficiency [46].

We show significant knockdown of the full-length ataxin-3 isoforms encoded by both alleles,
as well as modification of the ataxin-3 protein to produce a truncated protein, missing the polyQ
tract. While the impact of global ataxin-3 knockdown is under debate [8,47,48], the role of ataxin-3
in the ubiquitin-proteasome machinery is well-established, and there are conflicting views as to
whether ataxin-3 is essential in maintaining normal cellular function [3,49,50]. Figiel and colleagues
(2011) created a functional Atxn3 knockout mouse that showed no obvious phenotype, with a life
span comparable to that of the wildtype mouse [48]. Another group reported similar findings, with
no adverse effects on Atxn3 knockout mouse life span or fertility and no apparent abnormalities,
but they did report apparent increased anxiety and increased levels of ubiquitinated proteins in
the Atxn3 knockout model [51]. Separately, AO treated transgenic SCA3 mice (expressing a human
full-length, 84Q ATXN3 gene), showed that knockdown of ataxin-3 was well tolerated with no signs of
astrogliosis or microgliosis [52]. However, our data show a high proportion of the truncated protein as
a consequence of ATXN3 exon 10 skipping, and thus this may provide sufficient functional protein
to support ubiquitination and protein degradation [53]. With that being said, the Paulson group
conducted in vitro experiments to assess the effects of ATXN3 knockout using Atxn3 null mouse
embryonic stem cells. They found that the loss of Atxn3 caused dysregulation in signalling pathways
that included depression of Wnt and BMP4 pathways, as well as elevated growth factor pathways [54].
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In contrast, the same group showed that knockdown of an expanded ATXN3 in a transgenic mouse
model (MJD-Q84.2) using a 2′-MOE AO rescued the phenotype with no apparent adverse effects,
thus suggesting in vivo treatment and knockdown of ATXN3 may be feasible [55]. Moreover, in the
current study it is believed that the removal of the CAG repeat alone without removal of key functional
domains would result in limited downstream effects. Further studies investigating the long-term
impact of ataxin-3 knockdown in vivo will be required to determine if skipping of exon 10 has potential
as a treatment for SCA3.

In conclusion, while this study was a preliminary in vitro investigation, PMOs consistently
produced a significantly higher proportion of the truncated protein, missing the toxic polyQ repeat,
relative to 2′-Me PS AOs. With increasing numbers of AO therapeutics being approved for clinical use,
our results suggest that the lead PMOs may be an attractive therapeutic option for the treatment of
spinocerebellar ataxia type 3.

4. Materials and Methods

4.1. AO Design and Synthesis

Splice-switching AOs were designed to target and anneal to splicing motifs at the intron/exon
boundaries as well as predicted exon splice enhancer sequences identified using the web-based
application, Human Splicing Finder 3.0 [56]. In addition, specificity of the AOs for the ATXN3 target
motifs was confirmed via BLAST analysis to identify potential off-target annealing. 2′-Me PS AOs
were obtained from TriLink Biotechnologies (Maravai LifeSciences, San Diego, CA, USA), while PMOs
were purchased from Gene Tools, LLC (Philomath, OR, USA). Nomenclature of AOs is according to
Aung-Htut, McIntosh et al. (2019) and indicates gene, exonic target with annealing coordinates relative
to the intron:exon:intron arrangement (Tables 1 and 2) [57].

4.2. Cell Culture

Primary dermal fibroblasts were cultured from a skin biopsy taken from a healthy volunteer, after
informed consent, and the project received approval from the Human Research Ethics Committee
at Murdoch University (approval number, 2013/156). Healthy human fibroblasts were cultured in
Dulbecco’s Modified Essential Medium (Gibco; Life Technologies, Melbourne, Australia), supplemented
with 15% fetal bovine serum (FBS) (Scientifix, Cheltenham, Australia). The SCA3 fibroblast cell line
(GM6151b) was obtained from Coriell Cell Repositories (Camden, NJ, USA) and cultured in minimal
essential medium (MEM), supplemented with 15% FBS (Scientifix), 1% Glutamax (Gibco) and 1x
penicillin/streptomycin.

4.3. Transfection

All cell strains were either transfected with 2′-Me PS AO, Lipofectamine 3000 (Life Technologies)
lipoplexes in Opti-MEM (Gibco) according to manufacturer’s instructions, or with PMOs, using
Endo-Porter (Gene Tools, LLC) according to manufacturer’s instructions in MEM (Gibco), supplemented
with 7.5% FBS (Scientifix) [58]. Cells were harvested 24 h following transfection for transcript analysis
or after 48 h for protein studies.

4.4. RNA Extraction and RT-PCR Assays

Total RNA was extracted using the MagMax™ nucleic acid isolation kits (ThermoFisher Scientific,
Melbourne Australia) in accordance with the manufacturer’s instructions. Transcripts were amplified
using the one-step SuperScript® III reverse transcriptase, with 50 ng of total RNA as the template.
To amplify the ATXN3 transcript, exon 7-F (5′GTCCAACAGATGCATCGACCAA3′) and exon 11-R
(5′AGCTGCCTGAAGCATGTCTTCTT3′) primers were used (Gene Works, Adelaide, Australia).
The cycling reactions included 55 ◦C for 30 min, 94 ◦C for 2 min, with 28 cycles of 94 ◦C 30s, 55 ◦C 30s
and 68 ◦C 1.5 min. The PCR products were fractionated on 2% agarose gels in Tris-Acetate-EDTA buffer.
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4.5. Western Blotting

Cell lysates (~800,000 cells) were prepared in 100 µL of 125 mM Tris-HCl, pH 6.8, 15% SDS,
10% Glycerol, 1.25 µM PMSF (Sigma-Aldrich, Sydney, Australia) and 1 × protease inhibitor cocktail
(Sigma-Aldrich) and subsequently sonicated 6 times (1 s pulses) prior to the addition of bromophenol
blue (0.004%) and dithiothreitol (2.5 mM). Samples were heated at 94 ◦C for 5 min, cooled on ice and
centrifuged at 14,000× g for 2 min before loading onto the gel.

Total protein (25 µg), determined by a BCA assay (ThermoFisher Scientific), was loaded onto
NuPAGE Novex 4–12% Bis/Tris gradient gels (ThermoFisher Scientific). Samples were subsequently
fractioned at 200 volts for one hour. Proteins were then transferred onto a Pall Fluoro Trans®

polyvinylidene fluoride membrane at 350 mA for one hour. Following blocking in 5% skim milk in
TSBT for one hour, the membrane was incubated with either mouse monoclonal anti-ataxin-3 antibody
(Millipore, cat. No. MAB5360, Billerica, USA) at 1:500 dilution or rabbit polyclonal anti-β-tubulin
antibody (ThermoFisher Scientific, cat. No. PA1-41331) at 1:1000 dilution in 5% skim milk in TSBT,
overnight at 4 ◦C. For detection of pathogenic polyQ stretches, the membrane was probed with mouse
monoclonal anti-polyQ antibody (Millipore, cat. no. MAB1574, Billerica, USA), at 1:1000 dilution in 5%
skim milk in TSBT, overnight at 4 ◦C.

For immunodetection, polyclonal goat anti-rabbit or anti-mouse immunoglobulins/HRP (Dako,
cat. no P0448 and D0447 respectively, Sydney, Australia) at a dilution of 1:10,000 and Luminata
Crescendo Western HRP substrate (Merk Millipore, Sydney, Australia) were used. The blots were
exposed for a serial scan of 20 s using the Fusion FX gel documentation system (Vilber Lourmat,
Marne-la-Vallée, France).

4.6. Immunofluorescence

Approximately 7500 patient fibroblasts were seeded into each well of an 8 well chamber slide
(Ibidi, Martinsried, Germany) and incubated for 24 h, prior to transfection. Following transfection,
with 2′-Me PS AOs or PMOs, cells were fixed in ice-cold acetone:methanol (1:1) for 5 min and then
air dried.

Fixed cells were incubated in PBS containing 1% Triton X-100 for 10 min at room temperature to
permeabilise the nuclear membrane, and then in PBS to remove excess Triton X-100. Mouse anti-NONO
monoclonal antibody (a gift from Prof. Archa Fox, The University of Western Australia) was diluted in
PBS containing 0.05% Tween20 and applied to cells for one hour at room temperature. NONO was
detected using AlexaFluor488 anti-mouse IgG (ThermoFisher Scientific, cat no. A-11001) (1:400) after
incubation for one hour at room temperature, and subsequently counterstained with Hoechst 33342
(Sigma-Aldrich) for nuclei detection (1 mg/mL diluted, 1:125).

4.7. Densitometric and Statistical Analysis

Densitometric analysis was conducted using ImageJ (version 1.8.0_112) imaging software (NIH,
Bethesda, MD, USA) [59]. p value refers to unpaired two tailed student’s t tests. A p value < 0.05 was
considered statistically significant.
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Abbreviations

2′-Me 2′-O-methyl
2′-MOE 2′-O-methoxy-ethyl
AO Antisense oligonucleotide
DMD Duchenne muscular dystrophy
PMO Phosphorodiamidate morpholino oligomer
PolyQ Polyglutamine
PS Phosphorothioate
SCA3 Spinocerebellar ataxia type 3
UIM Ubiquitin interacting motif
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Abstract: The process of pre-mRNA splicing is a common and fundamental step in the expression of
most human genes. Alternative splicing, whereby different splice motifs and sites are recognised
in a developmental and/or tissue-specific manner, contributes to genetic plasticity and diversity
of gene expression. Redirecting pre-mRNA processing of various genes has now been validated
as a viable clinical therapeutic strategy, providing treatments for Duchenne muscular dystrophy
(inducing specific exon skipping) and spinal muscular atrophy (promoting exon retention). We have
designed and evaluated over 5000 different antisense oligonucleotides to alter splicing of a variety
of pre-mRNAs, from the longest known human pre-mRNA to shorter, exon-dense primary gene
transcripts. Here, we present our guidelines for designing, evaluating and optimising splice switching
antisense oligomers in vitro. These systematic approaches assess several critical factors such as the
selection of target splicing motifs, choice of cells, various delivery reagents and crucial aspects of
validating assays for the screening of antisense oligonucleotides composed of 2′-O-methyl modified
bases on a phosphorothioate backbone.

Keywords: antisense oligonucleotide; splice modulation; 2′-O-Methyl; transfection

1. Introduction

Splice switching antisense oligonucleotides (AOs) are gaining interest as therapeutics for a
wide variety of inherited and acquired diseases, with the approvals of Eteplirsen and Nusinersen
to treat Duchenne muscular dystrophy and spinal muscular atrophy, respectively [1–3]. Antisense
oligonucleotides are short, synthetic nucleic acids or analogues, typically 18 to 30 nucleotides in
length that can specifically anneal to a complementary DNA or RNA sequence via Watson–Crick
base-pairing [4]. Depending upon the nature of the AO (modified bases and backbone chemistry),
these compounds can be designed to alter gene expression through several distinct mechanisms;
including, but not limited to, RNase H mediated mRNA degradation [5], induction of RNA silencing [6],
translation blockade [7], suppression of miRNA action, and modulation of pre-mRNA splicing [8].
The specific mechanism induced is determined by the AO chemistry as well as the annealing location
in the gene transcript. Here, we specifically focus on AO design and delivery to modulate pre-mRNA
processing, by redirecting splice site/motif selection to promote either specific exon skipping or
retention in a target pre-mRNA [9]. We also provide reference AOs optimised to modulate ubiquitously
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expressed human gene transcripts that may be employed as controls to monitor the efficiency of
transfection, RNA extraction, and RT-PCR amplification.

Splice modulating AOs are designed to anneal to elements within or flanking an exon and
influence its recognition by the spliceosome so that the exon is preferentially retained or excised from
the mature mRNA as required. Redirection of splicing is presumably a consequence of preventing
positive (enhancer) or negative (silencer) splicing factors from recognising enhancer or silencer elements
in the pre-mRNA transcript. Steric hindrance at these sites alters the recognition of normal splice
sites by the splicing machinery and leads to alternative selection of exons or intronic sequences in
the targeted transcript [10]. Web-based tools such as SpliceAid 2 [11], Human Splicing Finder [12],
and RegRNA [13] have facilitated the prediction of potential splice factor motifs in any given sequence.
Bioinformatics can contribute to the design of splice switching AOs [14,15]. While it is relatively
straightforward to target AOs to predicted enhancer or silencer motifs, or to confirmed splice donor or
acceptor sites [14–16], this approach does not consistently yield effective splice altering AO sequences.
Although the original AO that induced specific dystrophin exon 23 skipping in mdx mouse muscle was
directed to the donor splice site [17], AOs targeting the same coordinates of the human dystrophin
transcript were completely ineffective [18]. Similarly, targeting the human dystrophin exon 51 donor
splice site with AOs of different lengths and chemistries did not induce any exon skipping. Ultimately,
identifying target domains within a pre-mRNA that influence splicing and then refining AO design
through micro-walking must be done empirically.

To date, our laboratory has screened over 5,000 AOs directed at numerous gene transcripts, linked
to genetic diseases that may be potentially amenable to a splice intervention therapy. In addition,
we are also exploring non-productive splicing to downregulate expression of selected gene transcripts
through inducing non-functional isoforms by either excising exons encoding crucial functional domains
or disrupting the reading frame. Consequently, we have developed general guidelines that are efficient
and effective in developing biologically active splice switching antisense oligomers.

1. The pre-mRNA sequence is interrogated by one or more in silico prediction programs to identify
potential splice enhancer or silencer motifs.

2. Antisense oligonucleotides, typically 20 to 25 mers, are designed to anneal to the target motifs
and synthesised as 2′-O-methyl (2-OMe) modified bases on a phosphorothioate (PS) backbone.

3. The test compounds are complexed with cationic liposome preparations and transfected into cells.
4. After incubation, total RNA is extracted and the target transcript is amplified using RT-PCR to

assess differences in pre-mRNA processing, with and without AO treatment.
5. Oligomers shown to induce the desired changes in pre-mRNA processing are further refined by

micro-walking around the annealing site and/or altering AO length.
6. Transfection studies over a range of concentrations are performed to identify compound(s) that

modify splicing in a dose-dependent manner, and at the lowest concentration.

Oligomers composed of 2-OMe PS can be either sourced commercially from a variety of suppliers
or, in our case, synthesised in-house on a nucleic acid synthesiser such as an Expedite 8909 or Akta
OligoPilot plus 10. The 2-OMe PS AOs are excellent research tools as they are relatively easily
transfected into many different cultured cells with the aid of cationic lipoplexes such as Lipofectamine™
3000, Lipofectin™, and Lipofectamine™ 2000. However, when subsequent protein or functional studies
are required, the optimised sequences are generally synthesised as phosphorodiamidate morpholino
oligomers (PMOs), as this chemistry offers more efficient and sustained splicing modification and
protein isoform expression without non-specific effects [19]. The PMO chemistry is well tolerated both
in vitro and in vivo, even at relatively high dosages [20] and is our preferred oligomer chemistry for
in vivo evaluation in animal studies and ultimately, for clinical application.

Unless directly coupled to a cell-penetrating agent, most AOs require a transfection reagent or
protocol for efficient delivery into cultured cells, and in the case of splice switching compounds, be taken
up into the nucleus where pre-mRNA processing occurs. Most commonly, a lipid-based solution is
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complexed with the AO prior to transfection [21], as the creation of a cationic lipid-complex capable of
entering the cell via endocytosis vastly increases the AO uptake into the cell, compared to a gymnotic
AO uptake. For screening of 2-OMe PS AOs, we typically use commercially available lipid transfection
reagents, depending on the cell type. We have previously described transfection methods for efficient
delivery of PMOs into cultured cells [22]. In addition to the transfection reagent or protocol, other factors
that affect AO transfection efficiency in vitro include cell type and hence expression of the target gene,
cell passage number and growth stage in culture, differentiation status, cell density, media and cell
morphology during transfection, and AO chemistry and sequence composition. Here, we describe
in vitro methods for AO design and the factors to consider during an initial screen of the most effective
splice modifying antisense sequences using 2-OMe PS.

2. Results

Guidelines for Developing Splice Switching AOs

Step 1—Selection of Target Motifs

Once a target gene transcript and strategy is identified (e.g., exon skipping to remove a
compromised exon from a disease causing gene, or disrupt expression of a target gene), open source
web-based bioinformatics tools SpliceAid 2 [11] and Human Splicing Finder [12] may be used to
identify predicted splice motifs, such as exon splice enhancers or exon splice silencers (Figure 1).
Antisense oligomers complementary to the potential splice-associated motifs will then be synthesised
as 2-OMe PS AOs. To induce exon skipping, the canonical acceptor and donor splice sites are obvious
and well-defined targets, and since most exons are less than 200 bases in length, an additional three or
four AOs, typically 20–25 nucleotides in length, provide reasonable coverage in the first pass.
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Finder (A) and SpliceAid 2 (B). Exon position is identified by the black line above the sequence in
SpliceAid 2.

We have reported a nomenclature system for the AOs according to gene, species, exon number,
and annealing coordinates [23] (Figure 2). The nomenclature begins with the name of the transcript
(e.g., survival of motor neuron 1; SMN1), then the species of the target mRNA (e.g., H: human or M:
mouse), followed by the target exon number of the specified transcript and specification of an acceptor
(A) or donor (D) site. The annealing coordinates are shown in brackets from the 5′ to 3′ position within
the pre-mRNA transcript. The intronic bases are designated with a negative prefix (-) and the exonic
position with a positive (+) symbol. The annealing coordinates are the positions of bases relative to the
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acceptor or donor sites of the reference transcript as denoted by National Center for Biotechnology
Information and Ensembl genome browser 96. It is important to describe the reference transcript ID,
especially in the case of targeting gene transcript isoforms that are composed of different numbers of
exons. This AO nomenclature provides researchers with a unique designation, conveying the precise
annealing coordinates of the targeted transcript that is particularly relevant when refining AO design
by micro-walking around a responsive annealing site. Subtle shifts in AO annealing coordinates or
length are immediately apparent and facilitates optimal AO design.
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Step 2—Choice of Cell Type

When possible, screening and evaluation of splice switching AOs should be performed in cells
expressing the target gene transcript and protein. GeneCards [24] offers a quick and convenient guide
to cell and tissue-specific gene expression. However, certain disease-affected cell types—e.g., motor
neurons or photoreceptors—may be difficult, impractical, or impossible to obtain and propagate
from living patients. Consequently, it may be necessary to initiate AO design and evaluation in
patient-derived lymphocytes or skin fibroblasts, and while not optimal, these cell types are relatively
easy to obtain and culture. Although target gene expression may be relatively low in lymphocytes or
fibroblasts, it may be sufficient for initial proof of concept studies at the RNA level.

When studying most muscle diseases, patient-derived myoblasts would be the preferred material
for study. However, obtaining muscle biopsies for the propagation of myogenic cells requires more
invasive procedures compared to collecting a skin punch or blood sample. Unless elective surgery has
been scheduled, working with healthy or patient-derived myogenic cells should only be considered
after careful deliberation and consultation. Dermal fibroblasts can be propagated and subsequently
induced into the myogenic lineage using MyoD expressing vectors, a common method routinely used
to differentiate fibroblasts into myogenic cells [25–27].

In some instances, it is not necessary to use patient cells for the design of potentially therapeutic
AOs. For example, the most common type of Duchenne muscular dystrophy-causing mutation is
the genomic deletion of one or more exons, with subsequent disruption of the open reading frame.
Since a normal exon flanking the frame-shifting deletion must be excised to restore the reading
frame, the current suite of dystrophin exon skipping oligomers were designed against the normal
dystrophin sequence and first evaluated in cells derived from healthy individuals [1,2,8]. Furthermore,
AO optimisation in healthy cells sets a high standard, since the full complement of splicing factors are
present in the context of the normal transcript, and the transcript induced by skipping a frame-shifting
exon will be out of frame and hence subject to nonsense-mediated decay. While developing AOs to
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excise human dystrophin exon 8, compounds were first evaluated using healthy myoblasts, and clear
differences in exon skipping efficiencies were readily evident. However, when these same compounds
were tested in amenable patient-derived myogenic cells (e.g., missing exons 3-7 or 5-7), the distinction
between poor and robust exon skipping AOs was much less evident [28]. For AOs designed to
downregulate expression of a target protein by disrupting normal splicing, screening can again be
undertaken initially in healthy cell lines. Once optimised, proof of concept studies can then be initiated
in patient-derived cells for further validation and protein studies.

For gene transcripts not expressed in either fibroblasts, lymphocytes or myoblasts, other
commercially available cell lines, such as HEK293 (human embryonic kidney epithelium) or SH-SY5Y
(neuroblastoma) lines available from repositories (Coriell Institute for Medical Research or American
Type Culture Collection), may suffice. However, for specific disease-causing mutations, patient-derived
cells are required for testing and validation of the AO and assessing the mutation specific effect.
The construction of mini-gene assays to study the consequences of a particular splice mutation and AO
intervention can be helpful. However, the utility of mini-gene assays can be limited by the length and
structure of the cloned exonic and intronic sequences, and the cell type or strain used.

Step 3—Delivery Reagents

Once the AOs are designed and an appropriate cell type is chosen, we recommend exploring
different transfection reagents for optimal AO delivery and uptake. Depending on the mechanism
of action, AOs are required to be delivered to either the cytoplasm (for protein translation blockade
and RNase H mediated mRNA degradation) or the nucleus (to alter pre-mRNA processing, including
splicing or polyadenylation). Oligomers labelled with various fluorophores (e.g., FAM and TET) may
be used to assess gross transfection efficiency, distribution, and uptake of each reagent; however,
when exploring novel splice modification approaches, we recommend using a validated splice
modulating AO as a control. As shown in Figure 3, one such control is an AO designed to induce
skipping of exon 3 from the ITGA4 transcript, a widely expressed gene in many different cell types.
Not only will transfection of a control AO provide a guide to the transfection efficiencies, it can also be
useful in assessing RNA quality and quantity in conjunction with the RT-PCR assays.

The ITGA4 transcript in healthy human fibroblasts was analysed by end point RT-PCR. The cells
were transfected with 100 nM ITGA4 H3A (+ 30 + 49), a 2-OMe PS AO that induces skipping of exons 3
and 4 from the ITGA4 gene transcript, using three different lipid-based transfection reagents (Figure 3A).
Although all transfection reagents tested did deliver the AO, the transfection using Lipofectamine™
3000 reagent induced the highest level of exon skipping in these cells. Lipofectamine™ RNAiMax
showed a similar exon skipping pattern as Lipofectamine™ 3000, however, higher levels of cell death
were induced by the former. The recommended lipid-based transfection reagents for delivery of 2-OMe
PS AOs into the cell lines tested in our laboratory are listed in Table 1. Once the optimal transfection
reagent is identified for a particular cell type, evaluation of AO sequences can proceed.

Table 1. Recommended transfection reagents for different cell lines

Cell Lines Transfection Reagents

Dermal fibroblasts Lipofectin™, Lipofectamine™ 3000

Myoblasts and myotubes Lipofectamine™ 2000

Lymphoblasts and lymphocytes Nucleofection P3 Primary Cell Kit

Huh7 Lipofectamine™ 3000, Lipofectamine™ RNAiMax

HEK293 Lipofectamine™ 3000

H2k mdx Lipofectin™

MO3.13 Lipofectamine™ 3000

iPSCs and neural stem cells Lipofectamine™ Stem

Note: When evaluating AOs for splice modulation in primary cells, it is preferable to use cultures of lower passage
number as we found that cultures with higher passage numbers tend to be transfected with lower efficiencies.
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One important parameter to consider when designing primers for RT-PCR analysis of the
full-length and AO-induced transcripts is to place the forward and reverse primers a few exons away
from the targeted exon. We have now encountered several examples where targeting one exon for
exclusion from the mature mRNA also influences recognition and retention of flanking exons and
introns. As shown in Figure 3, amplification of the ITGA4 transcript from exons 1 to 10 (Figure 3A)
showed robust exon skipping, but not when amplified from exon 1 to 4 after transfection with the
same AO designed to skip exon 3 (Figure 3B).
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Figure 3. Modification of integrin alpha 4 (ITGA4) transcripts after healthy human fibroblasts were
transfected with different lipid-based transfection reagents. (A) Three lipid-based reagents were used
to transfect cells with ITGA4 H3A (+ 30 + 39) at 100 nM for 24 hr. Total RNA was extracted and
RT-PCR was undertaken across exons 1 to 10 of the ITGA4 transcripts. Transfection reagent volumes
are indicated above the gel. Ctl; control AO that does not anneal to any sequence, UT; untreated,
-; no template control. Percentages of ITGA4 exon 3 and 4 skipping are indicated below the gel.
The control AO was transfected using the maximum volume of transfection reagents. (B) RT-PCR
amplification of the ITGA4 transcript across exons 1 to 4 from RNA extracted from sample transfected
with Lipofectamine 3000 from (A).

Step 4—Initial AO Screen

In early AO splice switching studies, the use of negative AO control sequences—either random,
scrambled, or unrelated sequences—was essential to confirm specific target modification. Establishing
target specificity is particularly crucial in situations where gene downregulation is the desired outcome.
However, in many cases of splice switching, either exon skipping, exon retention or intron retention,
the presence of a novel transcript is proof of the anticipated antisense mechanism. When AOs designed
to a specific target do not affect the processing of that specific gene transcript, it is likely (but not
inconceivable) that imperfect annealing to another pre-mRNA would have a minimal, if any effect.

Depending upon the gene and targeted exon, it has been our experience that up to two out of
three AOs designed in a first pass can induce some level of exon skipping. However, targeting certain
motifs noticeably results in more efficient exon skipping than others, and when developing any AO for
clinical use, it is obvious that the most appropriate compound will be one that induces robust splice
switching at a low concentration. The use of a positive transfection control AO is recommended for each
transfection experiment, as this can control for transfection efficiencies across different experiments.
It is also important to note that cell confluency, passage number, and other culture conditions can
substantially influence transfection efficiency in primary cells and may lead to variations in AO efficacy
between biological replicates.

In some cases, individual AOs are ineffective at modifying exon selection, even after transfection
at high concentrations. We have frequently found that selective AO cocktails, which include two or
more AOs used in conjunction for a given exon target, mediate exon skipping in a synergistic manner,
while each AO transfected alone is ineffective [18,29]. Conversely, we have also observed a marked
decrease in exon skipping efficiency when two highly effective AOs are combined.

Note: It is recommended to confirm the identity of novel ‘exon skipped’ products by direct
DNA sequencing, as nearby cryptic splice sites may be activated and generate amplicons of a similar
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length to the expected product. A difference of only a few bases in length can be difficult to resolve
on an agarose gel, and such differences would be impossible to detect in longer RT-PCR products
representing multiple exons [30].

Upon identification of amenable sites in the pre-mRNA that induce the desired splice modulation,
AOs can be further optimised by ‘micro-walking’ and shifting the AO annealing sites in either direction
to ensure the most amenable splice motifs have been targeted. An example of micro-walking is
illustrated in Figure 4. Generally, to find the most effective AO, the annealing sites are moved five
nucleotides in either the 5′ or 3′ direction, while retaining the same AO length. As shown in Figure 4,
secondary screening of the AOs, ITGA4 H3A (+ 41 + 65) and ITGA4 H3A (+ 51 + 75), marginally
improved exon skipping efficiency, compared to ITGA4 H3A (+ 46 + 70) indicating this general region
would be suitable as an AO target. Alternatively, shifting the annealing site targeted by ITGA4 H3D
(+ 6 − 19) further into the intron with ITGA4 H3D (+ 1 − 24) improved exon skipping efficiency from
18% to 34%. If considered necessary and of particular relevance, further micro-walking could be
undertaken via moving the lead AO candidate target sequence by a few nucleotides in either the 5′

or 3′ direction. As a final optimisation step, once the most responsive or amenable annealing site is
defined, the AO length may be truncated from either end. Shorter AOs are not only more efficiently
synthesized, but substantially less costly to produce, an important consideration that will influence
eventual clinical implementation. In some cases, AOs longer than 25 bases may be justified and must
be considered on a case-by-case basis. We showed that efficient dystrophin exon 16 could be induced
by overlapping 25 mers but increasing the length to a 30 mer resulted in a four-fold increase in exon
skipping efficiency [31]. Hence, a 20% increase in AO length (and cost) resulted in a 400% increase in
potency as assessed in vitro, thus allowing cost: benefits to be assessed.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 13 
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Figure 4. (A) RT-PCR analysis of ITGA4 transcripts demonstrating refinement of splice switching
AOs targeting ITGA4 exon 3. Oligomers tested in the first screen are indicated by red lines and the
micro-walked AOs tested in the second screen are represented by blue lines. Levels of exon skipping
after transfection at 100 nM are indicated in brackets. (B) Comparison of two AOs that induce skipping
of ITGA4 exon 3 and 4 at various concentrations (100, 50, and 5 nM). Ctl; control AO that does not
anneal to any sequence, UT; untreated, -; no template control.

As a final evaluation to demonstrate reproducibility and efficacy, AO titrations should be performed
to discriminate between AOs that induce similar levels of exon skipping, as shown in Figure 4B. Both
ITGA4 H3A (+ 41 + 65) and ITGA4 H3A (+ 51 + 75) resulted in efficient exon skipping at 100 nM.
However, when both AOs were transfected at 50 nM, the lower efficiency of ITGA4 H3A (+ 51 + 75)
compared to ITGA4 H3A (+ 41 + 65) was evident.
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3. Discussion

Here we describe general guidelines for developing, screening, and refining splice modulating
AO sequences. It has been our experience that within a given gene transcript, some exons are readily
excised from the mature mRNA, albeit at variable efficiencies in vitro, whereas other exons in the same
transcript are more resistant to exon skipping [22,29]. In some cases, there may be either only a single
region found to mediate AO-induced exon skipping, or combinations of AOs are needed to induce
exon skipping, with the combinations sometimes acting synergistically [29]. We are yet to determine
parameters that predict the ideal exon or transcript target for the design of splice modulating AOs,
and experimental optimisation is therefore critical to the development of AO therapeutics.

As with all forms of genetic therapies, AO delivery is a crucial aspect for splice switching efficacy.
Relatively minor changes to the transfection protocol can dramatically improve or weaken apparent
AO splice switching efficiency, and consequently, we suggest that before any AO is classified as
ineffective in modulating splicing, various transfection methods should be evaluated. We describe an
AO sequence that can be used as a positive control to modify the expression of the ITGA4 transcript,
widely expressed in most cell types. We suggest the use of this AO as a positive transfection control,
an important inclusion during the initial stages of AO strategy design. A positive control AO allows
one to monitor the experimental protocols (e.g., transfection, RNA extraction, RT-PCR).

Oligomer synthesis demands high coupling efficiencies and hence oligomer length can be an
important and significant consideration in AO drug design, highlighting the need to keep the AO
length as short as possible while still maintaining adequate exon skipping levels. Some sequences
can be challenging to synthesise, for example AOs with a high GC content (>75%) and sequences that
include stretches of four Gs have the ability to form G-quartets [32]; structures that stack on top of each
other and form tetrad-helical structures, thus severely inhibiting the functionality and solubility of the
oligomer [33].

One crucial aspect of developing splice modulating AOs is to enhance stability in biological
systems without compromising efficiency and introducing toxicity. At present, 2-OMe PS AOs are
cost-effective for initial screening. However, in several studies, the oligonucleotides on a PS backbone
have shown toxicity, off-target effects, and injection site reactions [34–37]. Nevertheless, these negatively
charged AOs are ideal as research tools as they can be readily transfected into cultured cells as cationic
lipoplexes. The lead AO sequences identified by 2-OMe PS AO screens may prove more effective
when synthesised as the clinically safe PMO chemistry. There are no reports of serious adverse events
occurring after long-term treatment with Exondys 51 [1,2], while the same cannot be said for the 2-OMe
PS AO drug Drisapersen. PMOs escape the electrostatic repulsion from the negatively charged RNA
or DNA due to their neutral backbone [20,38]. This enables much higher binding specificity and
affinity when compared to 2-OMe PS AOs. Furthermore, PMOs exert little to no off-target effects or
non-specific binding, which is largely attributed to their neutral charge [20].

In conclusion, we have described a robust approach for developing and designing splice
modulating AOs that may eventually enter the clinic. Extensive refining of the AO sequences
to achieve the shortest oligomer with high efficacy is crucial to reduce the cost and production issues of
the candidate oligo sequences. Antisense oligomer-mediated modulation of gene transcripts involved
in genetic diseases has great potential for therapeutic application. The systematic evaluation of AOs
in the manner we describe here will ensure the selection of the most efficacious and safe AOs for
clinical trials.

4. Materials and Methods

4.1. Cell Culture

All cell culture reagents were purchased from Gibco, ThermoFisher Scientific, (Scoresby, Victoria,
Australia) unless otherwise stated. Primary dermal fibroblasts obtained from a healthy volunteer,
with informed consent (approved by the Murdoch University Human Research Ethics Committee,
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approval number 2013/156, 25 October 2013) were propagated in Dulbecco’s modified Eagle medium
(DMEM) supplemented with L-Glutamine and 10% foetal bovine serum (FBS) (Scientifix, Cheltenham,
Victoria, Australia).

4.2. Antisense Oligonucleotides (AOs)

Antisense oligonucleotides comprising 2′-O-methyl modified bases on a phosphorothioate
backbone (2-OMe PS) were synthesised in-house on an Expedite 8909 Nucleic Acid synthesiser
(Applied Biosystems, Melbourne, Victoria, Australia) using the 1 µmol thioate synthesis protocol
as described previously [39]. Briefly, phenyl acetyl disulphide was used in the sulphrisation of the
oligonucleotide. The 2’-hydroxyl positions are protected with t-butyldimethylsilyl group. Specifically,
benzoyl was used as the protection reagent for nucleotide A and C monomers, while isobutyryl
was used for nucleotide G monomer and U monomer not requiring protection. After synthesis,
the oligonucleotides were cleaved from the support following incubation in ammonium hydroxide for
a minimum of 16 h at room temperature. The AOs were subsequently desalted under sterile conditions
using the NAP-10 columns (GE Healthcare, Sydney, NSW, Australia) according to manufacturer’s
instructions. A list of 2-OMe PS AOs used in this study are summarised in Table 2.

4.3. 2′-O-Methyl Phosphorothioate AO Transfection

Approximately 15,000 fibroblasts were seeded onto 24-well tissue culture plates and incubated
overnight at 37 ◦C in fibroblast propagation media. When approximately 70–80% confluent, cells were
transfected with 2-OMe PS AOs using Lipofectamine™ 3000, Lipofectamine™RNAiMax, or Lipofectin™
transfection reagent according to the manufacturer protocols. Opti-MEM media was used for all
transfections. Transfected cells were incubated at 37 ◦C for 24 h before RNA was extracted for
transcript analysis.

4.4. RT-PCR

Total RNA was extracted using Trizol (Life Technologies, Scoresby, Victoria, Australia) according
to manufacturer’s guidelines for transcript analysis. RT-PCR was performed using RNA (50 ng) from
AO-treated and untreated cells and a Superscript III One-Step RT-PCR System (Life Technologies,
Australia). Primer sequences for all RT-PCR primers used in this study can be found in Table 3. RT-PCR
amplification was performed using the following thermocycling conditions: 55 ◦C for 30 min, 30 cycles
of 94 ◦C for 30 s, 55 ◦C for 30 s, and 68 ◦C for 2 min. RT-PCR products were resolved on 2% agarose
gels in Tris-acetate EDTA buffer and images were captured using a Fusion-FX gel documentation
system (Vilber Lourmat, Eberhardzell, France). Product identity was confirmed by reamplification and
purification of separated amplicons [40], followed by Sanger sequencing by the Australian Genome
Research Facility (AGRF).

Table 2. List of AOs [41].

Name Sequence (5′ – 3′)

ITGA4 H3A(+30+49) UCUCUCUCUUCCAAACAAGU

ITGA4 H3A(-18+7) GGGCUACCUAUAGCAUGUGAAAAUA

ITGA4 H3A(+20+39) CCAAACAAGUCUUUCCACAA

ITGA4 H3A(+46+70) GUGACCCCCAACCACUGAUUGUCUC

ITGA4 H3A(+41+65) CCCCAACCACUGAUUGUCUCUCUCU

ITGA4 H3A(+51+75) AAAGUGUGACCCCCAACCACUGAUU

ITGA4 H3D(+6-19) GACCAGUUCCAAUACCUACCACGAU

ITGA4 H3D(+11-14) GUUCCAAUACCUACCACGAUGGAUC

ITGA4 H3D(+1-24) CUGUGGACCAGUUCCAAUACCUACC

Ctl GGAUGUCCUGAGUCUAGACCCUCCG
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Table 3. List of primers used in this study.

Name Sequence (5′ – 3′) Amplification Performed after Treatment with the
Following AOs

ITGA4 ex1_F gagagcgcgctgctttaccagg
All AOsITGA4 ex10_R gccatcattgtcaatgtcgcca

ITGA4 ex1_F gagagcgcgctgctttaccagg ITGA4 H3A(+30+49)
ITGA4 ex4_R ggcactccatagcaaccacc
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Abstract: One of the crucial aspects of screening antisense oligonucleotides destined for therapeutic
application is confidence that the antisense oligomer is delivered efficiently into cultured cells.
Efficient delivery is particularly vital for antisense phosphorodiamidate morpholino oligomers, which
have a neutral backbone, and are known to show poor gymnotic uptake. Here, we report several
methods to deliver these oligomers into cultured cells. Although 4D-Nucleofector™ or Neon™
electroporation systems provide efficient delivery and use lower amounts of phosphorodiamidate
morpholino oligomer, both systems are costly. We show that some readily available transfection
reagents can be used to deliver phosphorodiamidate morpholino oligomers as efficiently as the
electroporation systems. Among the transfection reagents tested, we recommend Lipofectamine
3000™ for delivering phosphorodiamidate morpholino oligomers into fibroblasts and Lipofectamine
3000™ or Lipofectamine 2000™ for myoblasts/myotubes. We also provide optimal programs for
nucleofection into various cell lines using the P3 Primary Cell 4D-Nucleofector™ X Kit (Lonza), as
well as antisense oligomers that redirect expression of ubiquitously expressed genes that may be used
as positive treatments for human and murine cell transfections.

Keywords: antisense oligonucleotide; morpholino; PMO; transfection; electroporation; exon skipping

1. Introduction

Antisense oligonucleotides (ASOs) are short, single-stranded molecules that can be designed to
specifically bind to DNA or RNA via Watson-Crick base pairing, with the aim of modifying specific gene
expression. Although ASOs have been used as laboratory tools since these agents were first reported,
it took more than three decades for their arrival in the clinic as therapeutics. An extensive amount of
time and effort can often be spent on in vitro development, assessment, and validation of antisense
oligomer efficacy, to ensure that the optimal ASOs progress to clinical trials. In 1978, Zamecnik and
Stephenson were the first to report blocking Rous sarcoma viral replication in chick embryo fibroblast
cell cultures after transfection with a 13-nucleotide oligomer and, despite not knowing the mode of
action, proposed the use of ASOs as antiviral agents [1,2]. As natural DNA oligonucleotides with the
phosphodiester backbone are susceptible to enzymatic degradation, chemical modifications to bases
and backbones were developed to enhance binding affinity, increase resistance to nuclease digestion
and allow different modes of action that include specific degradation through RNase H induction or
siRNA action, blocking protein translation or redirecting pre-mRNA processing [3–6]. Since these
modifications and mechanisms were introduced, research into ASO compounds as therapeutics for
many diseases, including those caused by genetic mutations, has grown immensely.
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The U.S. Food and Drug Administration has now approved several ASO drugs involving various
chemistries in different stages of clinical development [7–10]. The success of all approved therapeutic
ASOs was based upon careful design and screening of the optimal sequences, first in an in vitro system
and then in vivo. Therefore, it is imperative to have confidence in a consistent and reliable delivery
protocol to ensure cellular or nuclear uptake of the ASOs [11].

Unlike many other synthetic nucleic acid analogues in clinical development, phosphorodiamidate
morpholino oligomers (PMOs) have a neutral charge and delivering these compounds into cultured
cells can be problematic [5,12,13]. Although gymnotic delivery for some PMOs has been reported in
human myotube cultures when applied at high concentrations [14], this process is largely inefficient.
The inefficiency is generally attributed to the PMO’s inability to translocate through cell membranes
as an uncharged molecule and may be overcome by the addition of a peptide-conjugated tag, which
provides a significant charge to the PMO allowing for easier delivery. Thus, uncharged PMOs generally
require delivery agents or protocols to enhance intracellular uptake, although recently Miyatake et al.
(2019) demonstrated that scavenger Receptor Class A1 mediated uptake of PMOs both in vitro and
in vivo [15]. This study may provide further insight into the gymnotic uptake of these compounds and
lead towards an improved drug delivery system.

One must be confident that any transfection protocol used efficiently delivers the PMO into the
cell. As learnt from previous reports, in vitro analysis of DMD exon 46 skipping using a morpholino
oligomer was ineffective compared to the same sequence composed of 2′O-methyl-modified bases
on a phosphorothioate backbone (2′-OMe ASOs) [16]. Conversely, in vivo assessment of PMOs
showed efficient exon 46 skipping of the DMD transcript in humanised DMD mice [17]. Therefore,
the discrepancy between these results arose from an issue of delivery rather than an ineffective ASO,
highlighting the need for confidence in efficient delivery in vitro during ASO development.

The importance of PMO chemistry for protein studies was revealed during the development of
ASOs to correct the defect in the canine model of DMD [18]. Antisense oligomer optimisation to skip
dystrophin exons 6 and 8 used the 2′-OMe ASOs, and while this chemistry was suitable for RNA
studies, detecting dystrophin restoration was not possible [18]. However, when the equivalent ASOs
were prepared as PMOs or PMOs conjugated to a peptide-conjugated tag (PPMO), dystrophin protein
of near full-length was readily detected [18]. When the uncomplexed PMO cocktail was added to cell
media, uptake was poor and dystrophin expression modest. In contrast, the PPMO-treated canine
DMD cells showed robust multi-exon skipping and unequivocal dystrophin restoration [18].

One simple and relatively effective means of delivering PMOs into cultured cells is
“scrape-loading”, where adherent cells are gently scraped to create small transient holes in the
plasma membrane, thus allowing for better uptake of the PMO [19]. Alternatively, Gebski et al.
reported annealing sense-strand DNA “leashes” to antisense PMOs, thereby allowing the negatively
charged PMO: DNA duplex to form complexes with commercially available cationic lipid transfection
reagents [20]. In this approach, the PMO delivery is more comparable to that used to transfect the
commonly used ASOs composed of 2′-OMe or locked nucleic acid (LNA) oligomers. Gene Tools has
developed a novel peptide-mediated delivery reagent, Endo-Porter, that allows PMO delivery via
endocytosis to adhered cells without the use of a leash [21]. Electroporation-mediated transfection
using a 4D-Nucleofector™ or Neon™ system also offers efficient delivery of PMOs to different cell
types, including both adherent and suspension cells [22,23].

The first compound to be granted accelerated approval for the treatment of Duchenne muscular
dystrophy, Exondys 51, was developed in our laboratory [24–26], and we are currently researching
nucleic acid therapeutics for numerous diseases amendable to RNA splicing intervention [24,25,27–29].
Consequently, we have experience in the design, delivery and evaluation of hundreds of PMOs in
different cell lines to address various mutations. We found that PMOs can be delivered into adherent
cells, without a leash, using commercially available cationic lipid-mediated transfection reagents, with
an efficiency similar to that observed with nucleofection. Cationic lipid transfection reagents were
chosen due to the ease of accessibility to most laboratories throughout the world. In addition, little
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literature exists regarding alternative transfection methods. Of the transfection reagents evaluated, we
found that Lipofectamine 3000™ had the least impact on cell morphology and viability but offered
relatively effective PMO delivery into fibroblasts. In addition to Lipofectamine 3000™, Lipofectamine
2000™ also offered effective PMO delivery into cultured myoblasts/myotubes. Nucleofector or Neon
electroporator instruments and their consumables are relatively costly; however, the advantage of these
delivery systems is that the PMO can be delivered to as many as 20 or 6 million cells, respectively, using
substantially lower amounts of PMO. Consequently, we routinely use nucleofection for PMO delivery,
and we report optimised PMO delivery programs using the P3 Primary Cell 4D-Nucleofector™ X Kit
(Lonza) that can be used for various cell lines.

2. Results

2.1. PMO Delivery into Human Dermal Fibroblasts

We have chosen previously optimised exon skipping PMOs targeting the ITGA4 and SMN
transcripts expressed in most cell types and cell lines (Figure S1). To determine whether the nominated
widely used cationic lipid transfection reagents available in the laboratory offer an economical and
reliable method to deliver PMOs into human dermal fibroblasts, we selected two commonly used
cationic lipid transfection reagents; Lipofectamine 3000™ and Lipofectin™, for complex formation with
ASO 1, optimised to induce skipping of exons 3 and 4 from the ITGA4 pre mRNA transcript [30]. In
addition to the lipoplex: PMO transfection, alternative transfection strategies including nucleofection,
Endo-Porter and gymnotic uptake of uncomplexed PMO were evaluated in a direct comparison. The
same experiments were repeated using human myoblasts, except Lipofectin™ was replaced with
Lipofectamine 2000™ for comparison, as the latter shows better transfection efficiency in myoblasts in
our laboratory.

The morphology and viability of fibroblasts and myoblasts treated with PMOs complexed with
the Lipofectamine 3000™ reagent were similar to that of cells treated with the uncomplexed PMO and
untreated fibroblasts or myoblasts (Figure 1A,B). In contrast, substantial cell death was observed after
fibroblasts were treated with PMO complexed with Lipofectin™ (10 µl/mL) and myoblasts treated
with PMO: Lipofectamine 2000™ complex (Figure 1C,D). Nucleofection did not visibly affect the
morphology or viability of the fibroblasts or myoblasts (Figure 1A–D). The morphology of fibroblast
cultures after Endo-Porter-mediated PMO delivery was atypical when compared to other reagents
(Figure 1A). Aggregates, possibly complexes of PMO and peptide, bordered the cells, and small cell
bodies with slender cell extensions were prominent in Endo-porter treated cells, but not observed in
untreated fibroblasts.

The uptake of ASO 1 and subsequent ability to redirect pre-mRNA processing was demonstrated
by RT-PCR analysis of the ITGA4 transcripts (Figure 1E,F). All treatments, except for the uncomplexed
PMO, induced exon 3 and 4 skipping with similar efficiencies, although higher levels of exon skipping
were observed in the fibroblasts treated with PMO: Lipofectin. Increased levels of exon skipping
may have been a consequence of the extensive cell death observed after the Lipofectin™ transfection,
compared to the other treatments. Similarly, myoblasts treated with PMO: Lipofectamine 2000™
caused more than 50% cell death. The average percentages of exon skipping from three biological
replicates are shown in Figure 1E,F and the original gel images are shown in Supplementary Figure S3.

Although evidence of cell death appeared minimal after Endo-Porter-mediated PMO delivery
(Figure 1C,D), the fibroblasts nevertheless showed signs of cell stress. Therefore, we analysed the
expression profile of the cell stress-related proteins using the proteome profiler human cell stress
array kit (Figure S2), which consists of an analysis of relative expression levels of 26 cell stress-related
proteins. Although the levels of some of the stress-related proteins were altered, the most compelling
changes were observed in two proteins, Cited 2 and p21, which were decreased by more than 50% in
Endo-Porter treated fibroblasts, compared to the untreated cells.
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Figure 1. Micrographs of fibroblasts (A) and myoblasts (B) treated with 10 µM of ASO 1 for 24 h using
the delivery methods indicated above each panel. Cell viability of (C) fibroblasts and (D) myoblasts
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treated with PMO complexed with indicated reagent, uncomplexed and untreated. RT-PCR products
of the ITGA4 transcript amplified from (E) fibroblasts and (F) myoblasts treated as in (A) and (B)
respectively. Shown are the average percentages of exon skipping from three biological replicates
represented as a bar graph below the gel image. GTC: Gene Tools Control PMO. Error bar; SEM.

2.2. Nucleofection Programs for PMO Delivery into Different Cell Lines

Nucleofection is one of the commonly used methods to efficiently deliver nucleic acids, including
PMOs, into cultured cells. Nucleofection is our preferred method for PMO delivery as the test
compounds can be delivered into a million cells (using the 4D-Nucleofector X Kit S) without
compromising the efficiency (Figure 2A) or using excessive amounts of PMO, as well as being
highly reproducible (Figure 2A). We have optimised nucleofection programs using the P3 kit (Table 1)
for multiple, extensively used cell lines that are commercially available, and achieved 70% or more
exon skipping of the target transcript with less than 10% cell death as shown in Figure 2B. We selected
two PMOs, ASO 2 targeting exon 3 of the ITGA4 transcript (Figure 2A), and ASO 3 targeting exon 7 of
the murine Smn transcript [31] for standardised evaluation (Figure 2B). Although ASO 3 was designed
to target the murine Smn transcript, it is also capable of inducing exon 7 skipping from the human
SMN transcript despite 2 mismatches at the 8th and 21st position. From these experiments, it can be
seen that nucleofection is an efficient and reproducible method of transfection.
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Figure 2. (A) RT-PCR products of ITGA4 transcript amplified from human fibroblasts nucleofected
with ASO 2 at 50 µM concentration in the cuvette using the P3 nucleofection kit and CA-137 program
and various cell densities. The number of cells nucleofected is shown above the gel. Shown are the
average percentages of exon skipping from three biological replicates represented as a bar graph next
to the gel image. UT: Untreated. Error bar; SEM. (B) RT-PCR products of SMN transcript from Huh7
cells nucleofected with ASO 3 at 50 µM concentration in the cuvette using P3 kit, and CA-137 or Ex-147
program. Shown are the average percentages of exon skipping using CA-137 program from three
biological replicates represented as a bar graph next to the gel image. UT: Untreated. Error bar; SEM.

Table 1. Optimal nucleofection programs for the P3 kit and the cell numbers tested in specified cell lines.

Cell Type Name P3 Program Cell Number

Human dermal fibroblasts HDF CA-137 2.5−10 × 105

Human skeletal muscle myoblasts HSkM CM-138 2.5 × 105

Human T lymphocytes Jurkat CL-120 2-5 × 105

Human Glial (Oligodendrocytic)
Hybrid Cell Line MO3.13

CA-138 2.5 × 105

DR-114 2.5 × 105

EM-110 2.5 × 105

Human neuroblastoma SH-SY5Y CA-137 2.5−10 × 105

Human hepatocarcinoma Huh7 CA-137 2.5 × 105

Human hepatocarcinoma HepG2 EH-100 2.5 × 105

Murine primary splenocytes DN-100 10 × 105

Murine myoblast H2Kmdx CM-138 2.5 × 105
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3. Discussion

It is often stated that there are three great challenges to genetic therapies: delivery, delivery and
delivery. While the design of the therapeutic vector, plasmid or antisense oligomer is a fundamentally
crucial aspect, without efficient and effective delivery to the target tissue or cells, the most therapeutically
active compound may appear inert. We have extensive experience in designing and assessing the
potential of splice modulating antisense oligomers, initially as research-grade 2′-OMe phosphorothioate
oligonucleotides that can be readily synthesised in-house, and perhaps more importantly, easily and
efficiently transfected into cultured cells as cationic lipoplexes.

Apart from the considerable cost, PMOs have other limitations, including poor cellular/nuclear
uptake unless particular strategies are employed. Indeed, PMOs were discounted as possible splice
switching agents for dystrophin exon skipping after researchers compared PMOs, 2′-OMe, LNA
and peptide nucleic acids (PNA) [16]. The PNA was ineffective while the PMOs induced only
weak exon skipping compared to the 2′-OMe ASOs and LNAs. It is of interest to note that the
transfection conditions to compare these different oligonucleotides were not equivalent in this study,
with polyethylenimine complexed with the 2′-OMe and LNA oligomers, ethoxylated polyethylenimine
mixed with PMO and a DNA sense strand, and no transfection agent for the PNA. We had earlier
shown that an optimised PMO, when annealed to a variety of sense strand DNA/RNA-like leashes
and complexed with Lipofectin™, was found to induce robust exon skipping after transfection at
concentrations as low as 30 nM, whereas the uncomplexed PMO showed no activity at 30-fold higher
transfection concentrations [20].

Conscious of the importance of PMO delivery, we evaluated various protocols to introduce
PMOs into cultured cells. The most common cell types studied in our laboratory are human dermal
fibroblasts and myoblasts, as these cells could be readily obtained from individuals after Human Ethics
Committee approval and informed consent through our collaborating clinicians. Depending upon
commercial availability and tissue-specific gene expression, other cell lines may also be studied, and
we provide nucleofection programs for the P3 kit to deliver PMO into various cell lines, in addition to
liposome transfection.

Convention dictates that when delivering uncharged PMOs into cells with cationic liposome
transfection reagents, annealing the PMO to a complementary strand DNA or RNA-like “leash” would
provide the necessary negative charge for PMO: lipoplex formation. Counter-intuitively, we found
that a leash was not necessary for PMO: lipoplex formation with either Lipofectamine 3000™/2000™
or Lipofectin™. Significantly, these reagents can deliver PMOs into cells with efficiencies similar to
that achieved by nucleofection. Transfection with ASO 1 showed consistent but modest levels of exon
skipping and was therefore chosen for study so it would be possible to discern between the efficiencies
of different delivery protocols confidently [31]. When assessing a PMO that induces efficient skipping
(>80%), it can become more difficult to reliably discern subtle differences in transfection efficiency and
densitometric analysis with titration experiments. Uncomplexed ASO 1 was not taken up by fibroblasts
after 24 h incubation, and therefore, any exon skipping detected in the fibroblasts transfected with
ASO 1 complexed with transfection reagent must be attributed to enhanced delivery through these
transfection reagents. In our experience, Lipofectamine 3000™ is versatile and shows little or no toxicity
in most cell types. It is possible that the cell death observed in fibroblasts treated with Lipofectin™
may be limited by lowering the concentration of Lipofectin™ utilised for PMO delivery. However, the
10 µL/mL Lipofectin™ we applied is lower than the recommended DNA: transfection reagent ratio of
1:1. Lipofectamine 2000™ consistently outperformed Lipofectamine 3000™ in myoblasts regarding
the exon skipping efficiency, although it caused higher levels of cell death. Among the biological
replicates performed in myoblasts, we noticed that there was a positive correlation between the extent
of myotube formation and uncomplexed PMO uptake. However, once the PMO was complexed with a
delivery agent, uptake improved in all cultures, regardless of myotube formation.

The fibroblasts treated with Endo-Porter and PMOs showed anomalies around the cell membrane,
and this may be due to the novel peptide promoting endocytosis and thus stressing the membrane.
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Although endocytosis is a natural biological process in most cells, we speculate that Endo-Porter may
induce a degree of endocytosis that exceeds the capacity of the pathway during normal endogenous
function, compromising the cell membrane and thus inducing cell stress. Analysis of cell stress-related
protein levels in Endo-Porter-treated cells suggested that cells may be under considerable stress, as
indicated by the reduced expression of Cited 2, one of the proteins downregulated under ER stress [32].
Although the level of p21 in Endo-Porter-treated fibroblasts was lower than that in untreated fibroblasts,
we speculate that the untreated fibroblasts were more confluent at collection than the Endo-Porter
treated fibroblasts, accounting for the relatively higher p21 level.

In summary, this study provides various PMOs to modify the expression of broadly expressed
genes that may be used as positive treatments for assessment of PMO delivery in a range of cultured
cell types. We recommend the use of an electroporation system, particularly nucleofection that, over
the years, has provided efficient and reproducible PMO delivery into many different cell types in our
laboratory, with very little evidence of stress on the cells. We have provided optimised programs
for various cell lines using a single P3 kit, but if this system is not available, Lipofectamine 3000™
can be used for reliably delivering PMO to most cell types, including fibroblasts, and Lipofectamine
2000™ for myoblasts. The PMOs described here target genes widely expressed in many different
cell types and could be used as controls to monitor and confirm efficient delivery into most cell lines
under investigation.

4. Materials and Methods

4.1. PMO Nomenclature

The nomenclature of all PMOs outlined in this study is as described by Mann et al. 2002 [33], as it
indicates annealing coordinates and allows a sharp distinction between overlapping ASOs targeting a
common region. Briefly, the first letter designates the species (H: human) followed by the targeted exon
number with the specification of an acceptor (A) or donor (D) site and the annealing coordinates in
brackets from 5′ to 3′ position of the mRNA transcript. The intronic bases are represented by negative
(−) and the exonic position by positive (+). The annealing coordinates were based on the reference
transcript as denoted by NCBI and Ensembl genome browser 96.

4.2. PMOs

The PMOs used in this study, optimised after microwalking and designed to redirect ITGA4 or
Smn pre-mRNA processing [30,31] (Table 2), were purchased from Gene Tools, LLC (Philomath, OR,
USA). These oligomers target ubiquitously expressed genes (ITGA4 and Smn) and may be useful as
positive transfection controls in other studies. These gene targets were chosen as they are widely
expressed throughout common commercial cell lines. Expression patterns of both genes (adapted from
GeneCards.org) can be found in Supplementary Figure S1.

Table 2. Information for ASOs.

Name ASO Nomenclature Sequence (5′ to 3′) Target Protein

ASO 1 ITGA4 H3A (+ 30 + 49) TCTCTCTCTTCCAAACAAGT Integrin alpha 4
ASO 2 ITGA4 H3A (+ 41 + 65) CCCCAACCACTGATTGTCTCTCTCT Integrin alpha 4
ASO 3 Smn M7A (+ 7 + 36) TGAGCACTTTCCTTCTTTTTTATTTTGTCT Survival motor neuron
GTC GTC-Gene Tools Control CCTCTTACCTCAGTTACAATTTATA Beta-globin chain

4.3. Cell Culture

All cell culture reagents were purchased from Thermo Fisher Scientific Australia Pty. Ltd.
(Scoresby, VIC, Australia) and cultures were maintained at 37 ◦C under a 5% CO2/95% air atmosphere,
unless otherwise stated. The use of human cells was approved by the Murdoch University Human
Research Ethics Committee (approval 2013/156). Human dermal fibroblasts were propagated in DMEM
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supplemented with L-Glutamine and 10% foetal bovine serum (FBS). Human myogenic cells were
prepared from biopsies taken from healthy individuals undergoing elective surgery at Royal Perth
Hospital, Perth Western Australia, as described by Rando and Blau [34] with minor modifications [35].
Primary human myogenic cells were propagated in Hams F-10 Medium supplemented with 20%
FBS and 0.5% chick embryo extract (Jomar Life Research, Scoresby, VIC, Australia) on flasks coated
with 100 µg/mL Matrigel (BD Biosciences, Sydney, NSW, Australia). Jurkat cells were supplied by
the European Collection of Cell Cultures (ECACC; Salisbury UK) and purchased from CellBank
Australia (Westmead, NSW, Australia) and maintained in RPMI-1640 supplemented with 10% FBS.
Human glial (oligodendrocytic) hybrid cell line MO3.13 was purchased from BioScientific Pty. Ltd.
(Kirrawee, NSW, Australia) and maintained in DMEM supplemented with 10% FBS. The human bone
marrow neuroblastoma cell line, SH-SY5Y, was purchased from ATCC (In Vitro Technologies Pty.
Ltd., Noble Park North, VIC, Australia) and maintained in a 1:1 mixture of MEM and F-12 Medium
supplemented with 10% FBS. The human hepatocarcinoma cell lines, Huh7 and HepG2, were supplied
by the JCRB Cell Bank (Osaka, Japan) and purchased from CellBank Australia (Westmead, NSW,
Australia). These cells were maintained in DMEM supplemented with 10% FBS. Murine H2k mdx
myoblasts were cultured in poly D-lysine (50 µg/mL) and Matrigel (100 µg/mL) coated flasks at 33 ◦C
under a 10% CO2/90% air atmosphere in high-glucose DMEM supplemented with 20% FBS and 10%
horse serum, 0.5% chicken embryo extract and 20 units/mL γ-interferon (Roche Products Pty. Ltd.,
Sydney, NSW, Australia).

4.4. Isolation of Splenocytes

Splenocytes were freshly isolated from the spleens taken from two mdx mice (Murdoch University
approval number R2829/16). All steps were performed on ice and in RPMI-1640 supplemented with 10%
FBS. Both spleens were sliced into small pieces (approximately 4 mm2) and mashed using the frosted
side of pre-sterilised glass slide. The undissociated pieces of spleen were removed by centrifugation at
100× g for 8 min before the supernatant was centrifuged for a further 8 min at 200× g. The pellet of
splenocytes was resuspended in 10% FBS, RPMI-1640 and the number of cells was determined using a
haemocytometer (Sigma-Aldrich, Sydney, NSW, Australia).

4.5. Transfection

Approximately 70% confluency/15,000 fibroblasts per well were plated in a 24-well plate one day
prior to transfection [31]. Human myoblasts were plated in a 24-well plate that had been previously
coated for 1 h with 50 µg/mL poly D-lysine (Sigma-Aldrich, Sydney, NSW, Australia) and 100 µg/mL
Matrigel at 70% confluency/30,000 cells per well in Low Glucose DMEM supplemented with 5%
horse serum, and cultured for 24 h [36]. Transfection complexes were formed according to the
manufacturer’s recommendations. PMO was transfected at a final concentration of 10 µM using
3 µL/mL Lipofectamine 3000™, 10 µL/mL Lipofectin™ or 10 µL/mL Lipofectamine 2000™. Briefly,
the PMO and transfection reagents were separately diluted into 50 µL OptiMEM before mixing.
PMO/lipid complexes were formed by incubating for the recommended time (10–15 min Lipofectamine
3000™; 30–45 min Lipofectin™; 5 min Lipofectamine 2000™) at room temperature before topping up
to 300 µL with OptiMEM and adding to the cells. For Endo-Porter (Gene Tools) transfection, 80%
confluency/25,000 cells were plated per well (as per the manufacturer’s recommendations) one day
before transfection, replaced with fresh media, and PMO was added to the media before adding the
Endo-Porter (3 µL/mL).

4.6. Nucleofection

All nucleofections were performed using the 4D-Nucleofector™ X Unit and P3 kit (Lonza, Mt
Waverley, VIC, Australia) with the concentration of PMO set at 50 µM in the cuvette (volume of
1 µL 1 mM PMO in 20 µL cuvette volume), unless otherwise stated. The cell type, number of cells,
and the program used for nucleofection is shown in Table 1, in accordance with the manufacturer’s
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recommendations. After the nucleofection pulse with the PMO, the cells were allowed to recover for
10 min at room temperature before being resuspended in the appropriate growth medium. Total RNA
was extracted after 24 h using Direct-zol™ RNA Kit (Zymo Research, Tustin, CA, USA) according to
the manufacturer’s instructions.

4.7. Microscopy

The images of transfected cells were captured using a Nikon® TS100 (Nikon, Sydney, NSW,
Australia) prior to extracting total RNA using the Direct-zol™ RNA Kit.

4.8. RT-PCR

RT-PCR was performed using a Superscript III One-Step RT-PCR System (Life Technologies,
(Scoresby, VIC, Australia). Total RNA (50 ng) from PMO-treated and untreated cells was used as a
template for all reactions. RT-PCR amplification across the ITGA4 transcript was performed using
exon 1F (5′ gagagcgcgctgctttaccagg 3′) and 10R (5′ gccatcattgtcaatgtcgcca 3′) primers with the cycling
conditions of 55 ◦C for 30 min for the reverse transcription step, followed by 28 cycles of 94 ◦C for
30 s, 55 ◦C for 30 s and 68 ◦C for 2 min. The RT-PCR products were fractionated on 2% agarose gels in
Tris-acetate EDTA buffer and images of RedSafe™ (iNtRON Biotechnology, Inc., Burlington, MA, USA)
stained gels were captured using a Fusion-FX gel documentation system (Vilber Lourmat, Marne la
Vallée, France). Densitometric analysis was performed using ImageJ (NIH).

4.9. Protein Stress Array

The GTC PMO was delivered to fibroblasts using Endo-Porter as described above and analysis
of stress proteins performed using the proteome profiler human cell stress array kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s protocol. Protein concentrations were
determined using Pierce BCA protein assay kit (Thermo Fisher Scientific, Scoresby, VIC, Australia) and
200 µg protein was used for each assay. The pixel density was analysed using Image J (NIH).

Supplementary Materials: The following are available online, Figure S1: Genecards.org gene expression profile
of human ITGA4 and SMN2 transcripts in major tissues. Figure S2: Normal human dermal fibroblasts were either
untreated or treated with Endo-Porter complexed with GTC for 48 hours, and 200 µg of cell lysates were analysed
on human stress arrays. Figure S3: Experimental biological replicates for Figure 1.
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8.1 The Current Therapeutic Landscape for Expansion Diseases 

Microsatellites are classified as repetitive tracts of single bases (e.g. A) or blocks up to 10 bases repeated 

typically 5 – 100 times, although as many as 1000s of repeats may occur, without being disease causing. 

Sequence repeats occur at thousands of locations throughout the genome, and differences in repeat 

length are often used in a forensic setting for genotyping individuals [199]. However, in 1991 an 

unexpected discovery occurred; “expansions” of a specific microsatellite having the ability to cause 

genetic disease [10,200].  

Two independent groups identified the causative genetic mutations for two distinct X-linked diseases: 

fragile X syndrome and spinal and bulbar muscular atrophy. Fragile X syndrome and spinal and bulbar 

muscular atrophy were initially reported to produce disease phenotypes by encoding proteins with 

expanded poly-amino acid tracts in the FMR1 and AR genes, respectively [200,201]. Although it was 

initially thought that fragile X syndrome was caused by an expanded polyarginine tract, subsequent 

studies revealed that the predicted translation initiation codon for the FMRP was incorrect. Instead, the 

CGG repeat expansion in FMR1 is actually located in the 5′ UTR of the gene [201,202], so that the 

expansion significantly reduced FMR1 expression through hypermethylation of FMR1’s CpG-rich 

promoter [203,204]. Spinal and bulbar muscular atrophy is recognised as the first member of a sub-

category of expansion diseases, known as the polyglutamine (polyQ) diseases [7,150]. As polyQ disease 

expansions are always located in the coding regions, these diseases often contain “small and defined 

expansions”, typically 30 – 180 repeats, while the ‘explosions’ as seen in the 3′-UTR of DMPK (causative 

gene of myotonic dystrophy type 1) where up to 30 repeats are seen in healthy individuals, with the 

potential for affected individuals to have expansions up to 2000 repeats [7]. 

Since 1991, over 40 diseases have been linked to expansions of microsatellites at various intragenic 

regions, leading to at least four known mechanisms of repeat expansion disease; loss-of-function of the 

gene containing the repeat; toxic gain-of-function due to production of a protein containing an expanded 
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polyQ tract (protein misfolding and aggregation); toxic gain-of-function due to production of RNA 

containing an expanded CUG tract (toxic RNA); and gain-of-function due to production of a protein 

containing an expanded polyalanine tract (protein misfolding and aggregation) [7,10,158,194]. Of these 

mechanisms the most common in neurodegenerative expansion diseases, is the toxic gain-of-function 

leading to protein misfolding and insoluble protein aggregation, a hallmark of neurogenerative disease 

[205]. 

Currently, there are no effective therapies for any of the expansion diseases, with symptomatic 

management the only available option [8]. As there is a large number of expansion diseases, only the 

most common diseases and potential therapeutics will be discussed. Due to the variety in pathogenic 

pathways of mutant repeat expansion proteins or mRNA, therapeutic strategies targeting a wide range 

of disease mechanisms exist, with three general approaches emerging [206]. 

1) Modulation of critical pathways in cognitive aging  

2) Modulating endogenous mechanisms to increase misfolded protein clearance 

3) Genetic therapies to suppress disease-causing protein and RNA expression and/or mutation 

correction mediated by antisense oligonucleotides (AOs) or genome editing 

8.1.1 Modulation of Cognitive Aging Pathways 

The average age of onset differs for the different expansion diseases; however, disease progression and 

manifestation are age related and directly linked to the size of the expansion. A common theme exists: 

as the expansion increases in size, disease severity increases and age of onset decreases [9]. Therefore, 

any modulation of the pathways that are linked to cognitive aging could have enormous therapeutic 

consequences. Although addressing cognitive aging does not tackle the mutant proteins or mRNAs 

directly, it has gained traction as a potential blanket approach in treating expansion diseases and many 

other neurodegenerative diseases for that matter.  
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Over the past decade, the link between diet, cognition and mental well-being has been established, albeit 

with sometimes equivocal data [207-210]. Many studies have applied various methods of calorie 

restriction, such as a ketogenic diet, intermittent fasting or a diet rich in phenols, in multiple different 

murine models of human Huntington’s disease (HD) and Alzheimer’s disease, in an effort to delay or slow 

neurodegeneration [206,208,209]. Some studies show that an intermittent caloric fasting intervention 

slows cognitive aging and delays aspects of neurodegeneration onset and/or progression in various 

models of neurodegeneration, such as HD and Alzheimer’s disease [207-209]. However, the 

inconsistencies in reports of therapeutic benefit leaves this approach flawed in many ways, attributed to 

imperfect murine models and experimental design shortcomings [206]. The issues surrounding 

transgenic mouse models of human disease arise when trying to recapitulate human disease 

progression. Some models show acute phenotypes for diseases such as HD, where progression in 

humans is slow and gradual, thus short term benefit of calorie restriction may not provide an accurate 

outcome regarding delaying neurodegeneration [207]. Thus, a conundrum exists when assessing 

cognitive aging in transgenic models; aggressive disease models are most likely not an appropriate 

vehicle to examine anti-aging interventions. 

While there is some scientific backing for calorie restriction being linked to positive cognitive outcome in 

healthy individuals; the underlying complex, multifaceted disease pathogenesis associated with 

neurodegenerative disorders is too powerful to be overcome by diet and calorie restrictions alone, 

emphasising the urgent need for drug interventions to address pathogenic pathways. 

8.1.2 Increasing Mutant Protein Clearance 

The presence of misfolded and aggregated mutant proteins are hallmark features of neurodegenerative 

diseases, including most protein coding expansion diseases. In expansion diseases where the mutation 

is located in the coding region of the gene, the additional amino acids leads to conformational changes 

that confer a toxic gain-of-function and result in misfolding and eventually insoluble and currently 
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irreversible protein aggregation [211]. The exact role of misfolded proteins in neurodegeneration disease 

progression is still not well understood, however what is known is that the presence of these proteins is 

widespread in a variety of diseases [212]. Thus, targeting mechanisms that are responsible for the 

homeostatic maintenance of endogenous protein misfolding, such as autophagy, is an obvious and 

logical pathway of interest [213]. Efforts have focused on activating and increasing either autophagy or 

chaperone-dependent pathways to enhance mechanisms that clear misfolded proteins.  

Chaperone-targeted therapies have focused on heat shock proteins Hsp70 and Hsp90 that act together 

to regulate the proteostasis of targeted proteins, and interestingly regulate both HTT and the androgen 

receptor, proteins implicated in Huntington’s disease and spinal-bulbar muscular atrophy, respectively 

[214]. Various small molecule inhibitors of Hsp90 promote expanded polyglutamine (polyQ) HTT and 

androgen receptor degradation to ameliorate phenotypes in disease models [215]. However, targeting 

the chaperone-dependent machinery as a therapeutic strategy is not without significant challenges. The 

Hsp90 chaperone machinery targets hundreds of proteins, including critical regulators of signal 

transduction and gene expression. Inhibition of Hsp90 not only affects aggregates and mis-folded 

proteins, but also dozens of other critical proteins [215]. A potential alternative to targeted clearance of 

misfolded proteins is to activate or upregulate Hsp70-dependent ubiquitination, a strategy that has been 

demonstrated to rescue the phenotype in mouse models of repeat expansion disease [215]. Moreover, 

due to overexpression of Hsp70 being beneficial in several disease models, efforts to target the Hsp70 

transcriptional regulator (heat shock factor protein 1) have recently garnered attention [216]. Although 

targeting the chaperone machinery may be a difficult and challenging therapeutic strategy to achieve 

without off-target effects, it could provide insights into disease mechanisms and pathology.  

There is strong evidence that the autophagy pathway clears cytosolic protein aggregates and has a 

critical role in maintaining neuronal homeostasis [217-222], with dysregulation implicated in the 

pathogenesis of expansion diseases [213]. The induction of autophagy was first reported in models of 
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Huntington’s disease, demonstrating degradation of aggregate-prone polyQ proteins by autophagy 

[223,224]. Several pre-clinical and clinical trials are underway, using small molecules to upregulate the 

autophagic process [213,225,226]. These include rapamycin, a known inhibitor of mTOR, administered 

to Huntington’s disease patients, however, the downfalls of rapamycin are that it also exerts an 

immunosuppressive and sometimes toxic effect, as well as showing little benefit in ALS patients [225]. 

Nearly 20 pharmacological agents have been assessed for therapeutic effect in mouse models of various 

expansion diseases, and showed some benefit [148]. However, most compounds entering clinical trials 

fall short of demonstrating a clinical improvement, and only a handful of the compounds provide some 

symptomatic relief. A clinical trial assessed the effect of lithium in 20 SCA2 patients and a significant 

effect was observed for only the Beck Depression Inventory, while no benefit was evident on the Scale 

for the Assessment and Rating of Ataxia score [227]. Although small molecules have failed to provide a 

therapeutic benefit to date, stimulation of autophagy still remains a promising area of investigation. Other 

methods, including genetic therapies that stimulate autophagy have the potential to ameliorate the 

consequences of repeat expansion disorders.  

8.1.3 Genetic Therapies to treat repeat expansion disorders 

Over the past 15 years, genetic therapies targeting the causative mutations in a wide assortment of 

genetic diseases have been implemented [228]. Genetic therapies provide the greatest hope for 

expansion diseases by directly targeting the cause of the disease, rather than the associated symptoms. 

Three approaches gene and genetic therapies are being investigated in pre-clinical and early-phase 

clinical studies of expansion diseases, mostly for HD; adeno-associated viral vector delivery of small-

interfering RNAs (AAV-siRNAs); CRISPR-Cas9 and single stranded antisense oligonucleotides (AOs). 
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8.1.3.1 Gene silencing in repeat expansion disorders 

siRNAs induce a process known as RNA interference that is a mechanism for sequence-specific, post-

transcriptional gene silencing, initiated by double stranded RNA that is homologous to a target gene [99]. 

A 2013 study in a humanised SCA3 mouse model demonstrated that intracerebellar injection of synthetic 

siRNA or AAV-mediated delivery of siRNAs targeting the 3′ UTR of the ATXN3 transcript induced 

silencing of the human disease-causing ataxin-3 [229]. Interestingly, acute treatment with siRNA cleared 

the nuclear accumulation of ataxin-3 throughout the cerebellum, however there was no long-term rescue 

of motor impairment or increased survival [229]. Keiser and colleagues conducted multiple studies using 

siRNA to knockdown ataxin-1 in various SCA1 mouse models [230-232]. Upon bilateral injection into the 

dorsal cochlear nucleus, SCA1 mice showed improvements in behavioural and neuronal phenotypes 

[230]. In 2018, the FDA approved the first-ever RNAi therapeutic, Patisiran, for the treatment of 

polyneuropathy of hereditary transthyretin-mediated amyloidosis, and a year later a second approval was 

grant for treatment of acute hepatic phorphoria with Givosiran [138,167]. Although siRNAs are known for 

off-target silencing, approval for this type of intervention, and on-going investigations into nontoxic 

chemical modifications and delivery methods will support further advances in the field and promote 

broader application of the technology. 

The CRISPR-Cas9 system has been adapted from a naturally occurring genome editing and antiviral 

defence system in bacteria for use as a unique technology that enables editing of parts of the genome 

[233,234]. By delivering the Cas9 nuclease, together with a synthetic guide RNA targeting the region of 

interest, the genome of a cell can be cut, allowing a gene to be inactivated and/or new genes or 

sequences to be added, in vitro and in vivo [233]. This process of genome editing fundamentally requires 

two steps [235] : 

1) The successful and specific recognition by a “DNA-binding domain” and  

2) An “effector domain” to cleave the DNA or regulate transcription 
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Therefore, inducing a double-strand break in the DNA demonstrates a higher degree of gene modification 

than if one was not induced. This occurs mainly through the activation of the two DNA repair mechanisms: 

homology directed repair or non-homologous end joining. Non-homologous joining introduces deletions 

or insertions withing a given sequence, while homology directed repair requires a donor sequence, that 

allows recombination with the target sequence ultimately leading to a point insertion of the given donor 

sequence [235]. When related to repeat expansion diseases one would ideally aim to excise the 

expanded repeat region in a given expansion diseased gene, followed by HDR-mediated repair and 

introduction of a normal, non-expanded sequence. However, it has been shown that large expansions as 

seen in the DMPK gene may be too difficult to delete and the subsequent HDR is likely to have a low 

efficacy [233,235,236]. Therefore, the more discrete expansions seen in the polyQ diseases may be more 

applicable to CRISPR-Cas9 technology. 

Studies in mice suggest that non-selective CRISPR/Cas9-mediated deletion of the HTT repeats from 

both alleles could be used to permanently eliminate polyglutamine expansion-induced neuronal toxicity 

in the adult mouse brain [237,238]. Lastly, genome editing has been successfully tested in various repeat 

expansion disease cell lines, including SCA2, SCA3 and fragile X syndrome [236,239,240]. However, 

due to the high incidence of permanent off-target gene edits, the field requires further careful scrutiny, 

with rigorous testing and validation, prior to commencement of first-in-human studies [235]. In saying 

that, with careful guide selection and the development of targeted nucleases with improve safety profiles. 

Given the potential of this technology for the treatment of repeat expansion disorders and other targets 

where AO technology is not applicable the field could provide a revolutionary treatment for several 

neurological diseases. 

8.1.3.2 Single stranded oligonucleotide therapies 

Single stranded antisense oligonucleotide intervention (AOs from here on) is currently one of the most 

promising therapies for expansion diseases. With several approvals over the past 15 years, AOs are now 
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showing commercial success as genetic therapies for rare diseases. Rather than reviewing all strategies 

and current studies, a broad overview is presented. 

The first AO approach targeting expansion diseases was conducted in 1997, using an 18-mer DNA PS 

AO targeting the HTT gene transcript for RNaseH degradation, however, this in vivo study did not show 

any reduction in the mutant protein [241]. RNaseH degradation of a target transcript has since become 

the most widely reported application of AOs for therapeutic development. 

IONIS Pharmaceuticals are currently conducting the only Phase III clinical trial for AO-mediated 

downregulation of an expansion disease, with the aim to downregulate the HTT mRNA and hence protein 

as a therapeutic strategy for Huntington’s Disease. Other RNaseH-mediated downregulation studies by 

a number of groups target several CAG polyglutamine disorders, including SCA1, SCA2, SCA3, spinal 

and bulbar muscular atrophy and myotonic dystrophy type 1 [229,242-247]. These studies all show 

promise, with each reporting some degree of phenotypic rescue. To date, SCA3 is the only polyQ disease 

for which successful removal of the exon encoding the polyQ repeat, mediated by a splice switching AO, 

has been published [169,248-250]. The Van Roon-Mom laboratory was the first to describe the removal 

of the polyQ repeat in ataxin-3 in vitro [248,249], and have further validated the outcomes in vivo, showing 

modest phenotypic rescue in a humanised ATXN3 transgenic mouse model of SCA3 [248]. With the 

current therapeutic landscape of repeat expansion diseases looking promising, on-going efforts to reduce 

phenotype and/or delay onset of disease via various AO-mediated interventions should only increase. 

8.2 AO Strategies to Treat Expansion Diseases and the Major Findings 

The main focus of this thesis was to develop splice-switching AO strategies that are safe and effective 

for the treatment of diseases caused by repeat expansions, as risk/benefit considerations will always be 

important when assessing if a treatment is acceptable and cost effective. Two separate approaches were 

investigated: 
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1) Targeted exon 10 removal from the ATXN3 transcript as a therapy for spinocerebellar ataxia 

type 3 (SCA3). 

2) Targeted knockdown of transcription elongation factor SUPT4H1 through AO-induced exon 

skipping. 

8.2.1 Antisense Oligonucleotide-mediated removal of the polyglutamine repeat in 

ATXN3 

Initial in vitro data derived from transfection of 2′-O-Methyl AOs on a phosphorothioate backbone (2′-Me 

PS AOs) into SCA3 patient cells show that it is possible to create an internally truncated protein, missing 

the toxic polyQ repeat contained in ataxin-3 while maintaining normal function of the protein [169,248]. 

Toonen et al. (2017) were able to shown that the truncated ataxin-3 has the ability to bind ubiquitin at a 

similar level to that of the wild-type protein [248], This indicates that the protein retains the critical 

deubiquitinating properties in SCA3 patient cells, confirmed that skipping of the target exon can generate 

an internally truncated ataxin-3 protein missing the toxic polyQ repeat. These studies used 2′-O-Methyl 

AOs on a phosphorothioate backbone (2′-Me PS AOs), and the outcomes were greatly improved when 

the patient cells were transfected with the same sequences synthesised as PMOs. Furthermore, we also 

noted significant downregulation of both the mutant and non-expanded protein. Clinically, this may be 

important as downregulation of the mutant protein, in addition to removing the toxic repeat in the 

expressed protein, would provide a combination of benefits. While the impact of global and sustained 

ataxin-3 knockdown is under debate, the role of ataxin-3 in the ubiquitin-proteasome machinery is well-

established, and there are currently conflicting viewpoints as to whether ataxin-3 is vital in maintaining 

normal cellular homeostasis [251-253]. In saying that, the Figiel group (2011) created a functional Atxn3 

knockout mouse that showed no obvious phenotype, with a life span comparable to that of the wildtype 

mouse [252]. Moreover, the average onset of SCA3 is in the fourth decade, it takes decades for misfolded 

ATXN3 to accumulate, aggregate and eventually cause disease. Consequently, reducing expression of 
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ataxin-3 via long term PMO administration could result in a significant delay in SCA3 disease onset if 

successfully applied in vivo [148]. Based upon our experiences with the 2′-Me PS AO and PMO 

chemistries, we consider the latter to be superior for in vivo and clinical application, as these compounds 

are chemically stable and have an excellent safety profile to date [97,99,108,117,168,175,176,189].  

Widely reported off-target effects of the PS backbone also suggest that PMOs are a safer and more 

efficacious chemistry for RNA interventions to treat human disease, including SCA3 [85,169,175]. The 

off-target effects observed in the current study are sequence-independent and complemented by several 

in vitro studies that show sequestration of paraspeckle proteins by AOs on a PS backbone [85,175]. 

Several additional studies show other non-specific off-target effects of PS chemistries in vitro [84,86]. 

Taken together, there is mounting evidence that PMOs are a safer chemistry than PS AOs for long-term 

RNA therapeutics, with data presented in this thesis supporting these findings.  

8.2.2 AO-Mediated Knockdown of SUPT4H1 as a Modifier to Ameliorate Repeat 

Expansion Diseases 

The transcription elongation factor SUPT4H1 is reported to be selectively required for transcription 

through expanded repeats, signifying a potential therapeutic target in repeat expansion diseases. Both 

in vitro and in vivo studies in mouse models showed that targeted knockdown of SUPT4H1, mostly siRNA-

mediated, reduces toxic protein and RNA foci, leading to improvements in disease phenotype [151-153]. 

The concept is that downregulation of SUPT4H1 may reduce efficiency of transcription through large 

repeats by tapping into regulatory transcription elongation mechanisms. Currently, it is theorised that 

SUPT4H1 is only activated when RNA Pol II encounters large, repeated regions (i.e. disease 

expansions). However, the exact threshold of the repeat and/or other regulatory mechanisms, such as 

the surrounding RNA sequence, is still unknown and can only be assessed through empirical observation 

[152,153]. We aimed to downregulate SUPT4H1 through an AO-mediated exon skipping strategy that 

disrupts the open reading frame, thereby reducing translation of the full length, functional protein. 
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We induced significant downregulation of SUPT4H1 expression in SCA3 patient-derived fibroblasts (71Q) 

and SHY-SY5Y (neuroblastoma) cells transfected with splice modulating peptide-conjugated PMOs 

(PPMOs) designed to skip SUPT4H1 exon 2. Most encouragingly, RNA-sequencing data from PPMO 

transfected SH-SY5Y cells show only mild to moderate changes in the transcriptome, as only a small 

number of genes were differentially expressed. The lead candidate sequence 1083 did not induce an 

overall reduction in RNA output. However, transcripts that are differentially expressed, relative to the 

GeneTools Control transfected samples show minor changes to a few biological pathways, including 

‘gene expression’, ‘RNA metabolism’, ‘RNA splicing’ and ‘mRNA processivity’. We were unable to 

demonstrate a reduction in mutant ATXN3 protein and mRNA levels in transfected patient-derived SCA3 

fibroblasts, despite inducing nearly 80% knockdown of SUPT4H1. This result was very surprising 

considering when reviewing reports from SUPT4H1 knockdown studies that suggested a 50% knockdown 

of SUPT4H1 was sufficient to indirectly reduce expression of expansion proteins/RNA [153,173]. 

Although disappointed, we speculate that SUPT4H1 knockdown may be more effective in modulating 

expression of larger expansions, certainly larger than the expansions explored in this thesis. We suggest 

this hypothesis because evidence relating to the threshold repeat size requiring SUPT4H1 ‘support’ for 

RNA Pol II transcription is currently lacking [153]. Thus, we believe that the lack of evidence for ataxin-3 

knockdown may be due to the relatively modest expansion (71Q) in these cells. Future work will assess 

SUPT4H1 knockdown in cell lines that carry massive expansions, such as a 180Q repeat expansion 

causing Huntington’s disease, and cells carrying ~1000 triplet repeats in DMPK, derived from a myotonic 

dystrophy type 1 patient.  

In conclusion, direct targeting of the causative mutation could address a single expansion disease 

(SCA3), the SUPT4H1 downregulation approach may provide a ‘pan-genetic’ therapy for several 

expansion diseases caused by the larger repeat expansions. A cautious approach is advised, as 

modulating pathways critical to overall transcriptome homeostasis may prove to be catastrophic where 

long term administration in patients is needed. With that being said, further pre-clinical data in vitro and 
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in vivo systems would potentially provide insight as to why no follow-on knockdown of expanded ATXN3 

was observed.  

8.2.3  Systematic Development of 2′-Me PS AO and Delivery Optimisation of PMOs 

In addition to the design and appraisal of AO therapeutic strategies described in this thesis, a significant 

goal herein was to create a systematic approach (or approaches) to developing and evaluating splice 

switching AOs. We provide a step-by-step description of AO development, from AO design to functional 

assays [156]. This provides the basis for a comprehensive design protocol and screening method to 

ensure that the optimal AO sequences enter the clinical development pipeline [143,254]. After 25 years’ 

experience designing AOs, our laboratory has found that within a given gene transcript, some exons are 

readily excised from the mature mRNA, albeit at variable proficiencies in vitro, whereas other exons in 

the same transcript are much more recalcitrant to AO mediated exon skipping [93,156,174,176]. We have 

yet to determine why this selective exon skipping occurs, however, the purpose of this section of the 

thesis was to eliminate the potential to overlook sequences that induce efficient exon skipping through 

poor experimental design. We show that relatively minor changes, such as transfection reagents, cell 

type or even cell density or passage number, can dramatically improve or weaken apparent AO splice 

switching efficiencies [156]. Thus, it is imperative to follow robust guidelines to ensure selection of the 

most effective and safe AOs for clinical trials. 

In another independent study, we also identified uptake by cells in vitro as a major limitation when 

assessing efficiency of splice modulation by PMO sequences, and recognise the importance of methods 

to enhance PMO delivery [113,114,177]. The PMOs are neutrally charged and do not readily traverse the 

cell membrane [97,99], prompting numerous programs by several research groups and industry partners 

to develop cell-penetrating peptides, aptamers and other novel entities to enhance cellular and nuclear 

uptake [255]. A section of this thesis was dedicated to developing a validation method for efficiently 

delivering PMOs into cultured cells. Our study provides sequences of PMOs that can be used as positive 
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transfection controls that may be particularly useful in studies using cells for which delivery is an 

impediment. Additionally, we show that by changing specific nucleofection electroporation protocols we 

can greatly increase or decrease the efficiencies of PMOs in vitro. The gene target we use, ITGA4, is 

ubiquitously expressed in most cell types, and can be used as a control to monitor and confirm efficient 

AO delivery into most cell lines under investigation. 

8.3 Final Thoughts and Conclusion 

This thesis aimed to investigate the potential of AOs as agents to treat expansion diseases, with a 

particular focus on polyQ diseases and SCA3 in particular. We showed that it was possible to generate 

an internally truncated ataxin-3 protein, missing the toxic polyQ repeat, while retaining the function of the 

protein. Although we did not directly conduct the ATXN3 functional assay, Toonen et al. (2017) induced 

the exact same isoform and demonstrated that the truncated ATXN3 isoform bound ubiquitin at similar 

rates to that of the full-length, non-expanded ATXN3 isoform [248]. Due to intellectual property constraints 

on using ATXN3 exon 10 skipping AOs, our research could not be taken further, however, we 

demonstrated that PMOs may be a safer and more effective chemistry, compared to AOs composed of 

the 2′-Me PS chemistry. With that being said, the research presented here offers industry partners 

additional data on the efficacy of PMOs as a potential therapeutic strategy for SCA3, prior to drug 

translation. We are firmly of the belief that cooperation and collaboration between academic researchers 

and industry could provide a better drug development pipeline, safer chemistries, and expedited 

development for future AO therapeutics.  

We also investigated the potential application of targeted knockdown of SUPT4H1, a transcription 

elongation factor reported to selectively assist RNA polymerase II in transcribing though pathological 

repeat expansions. We showed highly reproducible targeted knockdown of SUPT4H1 with our lead 

candidate, while only inducing minor disturbance of the transcriptome. Further work will be required in 

patient derived organoids and in animal models, e.g. humanised rodent models of expansion diseases 
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to ascertain any clinical benefit. Although no modification to mutant ATXN3 was observed in vitro, we 

believe that the AO has therapeutic potential and may show a discernible effect in diseases with non-

discrete expansions of 1000s of repeats, such as myotonic dystrophies. In saying that, assuming off-

target effects are minimal, a dose escalation study in diseases with discrete expansions such as the 

polyQ diseases could be worthwhile, perhaps on small patient numbers, using an adaptive trial design. 

Lastly, we provide detailed and systematic approaches to designing, developing, and evaluating splice-

switching AOs, while also providing validation of methods to enhance PMO delivery in vitro. This thesis 

provides the scientific community with detailed and published protocols, while also addressing the need 

for therapeutics for expansion diseases. Whether applied to exon skipping to truncate a protein or as a 

means to downregulate protein production, this thesis demonstrates the power and versatility of splice 

switching antisense oligonucleotides as potential therapeutics for rare genetic diseases.  
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Chapter 9 – 

Appendices  
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9.1 Appendix 1: Supplementary Figures 

 

Figure S3.1: RT-PCR analysis of PCR primers conducted in normal human fibroblasts at three various annealing 

temperatures 55, 60 and 62˚C (A) RT-PCR optimisation of SUPT4H1 transcript from exon 1 to exon 5. (B) Top left - RT-PCR 

optimisation of SUPT5H transcript from exon 1 to exon 12, top right - exon 11 to exon 19, bottom left - exon 18 to exon 26, 

bottom right - exon 24 to exon 30
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Supplementary Figure S3.2: Evaluation of SUPT5H exon skipping in SH-SY5Y cells, transfected with peptide conjugated-

PMOs (PPMOs). Cells were harvested 4 days following transfection for protein analysis. SUPT5H protein was analysed by 

Western blotting following transfection at a concentration of 5 µM and it shows full-length SUPT5H at approximately 150 

kDa. Beta-Actin was used as a loading control  
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Figure S3.2: RT-PCR analysis of free uptake of peptide conjugated-PMOs (PPMOs) in SH-SY5Y cells at a concentration of 5 μM for 72 hours. (A) Screening of PPMOs targeting exon 2 or 

exon 3 of the SUPT4H1 transcript for removal. After RT-PCR and gel fractionation, products representing the full-length (FL) and exon 2/3-skipped (∆2/3) transcripts were identified. (B) 

Screening of PPMOs targeting exon 3 or exon 6 of the SUPT5H transcript for removal. After RT-PCR and gel fractionation, products representing the full-length (FL) and exon 3/6-skipped 

(∆3/6) transcripts were identified. (C) Analysis of PPMOs targeting exon 2 of the SUPT4H1 transcript and exon 6 of the SUPT5H transcript transfected simultaneously for exon removal. After 

RT-PCR and gel fractionation, products representing the full-length (FL) and exon 2 and exon 3-skipped (∆2/3) of the SUPT4H1 and SUPT5H transcripts, respectively
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9.2 Appendix 2: List of Awards and Achievements Received during PhD 

Candidature  

2017 

• Best Student Oral – Australasian Gene and Cell Therapy Society Conference 2017 

• Best Student Oral (Genetics) – Combined Biological Sciences Meeting 2017 

• 2nd Place Fast-forward Oral Presentation – Murdoch Annual Research Symposium 

• Murdoch Annual Research Symposium Organising Committee (2017 – Present) 

2018 

• Invited Speaker - International Society for Cell and Gene Therapy of Cancer (ISCGT) 2018 China 

Conference. 

2019 

• Best Student Oral - 3-minute thesis – Symposium of Western Australian Neuroscience 2019 

• Best Student Oral - Australasian Gene and Cell Therapy Society Conference 2019 

• Appointed Higher Degree Research Representative for The Centre of Molecular Medicine and 

Innovative Therapeutics (2019 – Present) 

2020 

• Murdoch University Women in STEM Organising Committee (2020 – Present) 

• Internal Perron 2020 grant – Chief Investigator ($22 560) – with M. T. Aung-Htut; T. Fairchild; L. 

Gray Whiley & N. Gray Whiley. 

• City of Perth 2020 Aspire Award Winner 
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