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ABSTRACT 

 

Spinal muscular atrophy (SMA) is a devastating neurodegenerative disease caused 

by the death of motor neurons, leading to muscle denervation and wasting. SMA is the 

leading genetic cause of infant death, most often due to respiratory failure. There is 

currently no cure for SMA and symptom management is the only available therapy. 

SMA is caused by insufficiency of the survival motor neuron (SMN) protein owing to 

homozygous loss of the SMN1 gene. However, multiple copies of a homologous gene, 

SMN2, can partially compensate for absence of SMN1. A single C>T base change 

between SMN1 and SMN2 results in the alternative splicing of a critical exon (7) from 

90% of SMN2 transcripts in neurons. The Δ7-SMN2 transcript is unstable and rapidly 

degraded. A correlation between higher SMN2 copy number and increased SMN levels 

has been shown to result in a milder phenotype. Therefore, SMN2 presents as an ideal 

splice modification target for a therapeutic approach to treating SMA. 

The focus of this study was to design antisense oligonucleotides to manipulate SMN2 

exon 7 splicing and increase the levels of full length SMN2 (FL-SMN2) and SMN 

protein, as a potential therapy for SMA. Antisense oligonucleotides (AOs) are short 

nucleic acid analogues that can be designed to target a specific mRNA sequence to 

modify transcript and protein expression. While there are a number of applications for 

antisense oligonucleotides, the strategy presented here focuses on the ability of 

antisense oligonucleotides to modulate splicing through masking splicing motifs, 

ultimately shifting the balance between positive and negative exon selection. The 

primary aim was to design and test antisense sequences targeting splice silencing 

domains in the introns flanking exon 7, in order to prevent negative splicing factor 

binding and promote exon 7 recognition. A number of 2´OMethyl antisense 

oligonucleotides, on a phosphorothioate backbone were designed to efficiently increase 

the levels of FL-SMN2 in SMA fibroblasts in vitro. These sequences were then 

evaluated using the morpholino phosphorodiamidate oligomer chemistry, with a proven 

safety profile, in an SMA mouse model, and induced a 1.4-fold increase in survival, a 

disappointing outcome, relative to the 8-fold increase in survival reported after 

treatment with a different morpholino oligomer sequence. 

An alternative antisense strategy focused on targeting the SMN2 terminal exon (8) in 

an attempt to slow RNA polymerase II elongation and processing, and increase FL-
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SMN2. Abating the exon 8 acceptor site by antisense oligomer application resulted in 

exon 7 and intron 7 being retained in the mature transcript, leading to a decrease in 

SMN protein levels. The mechanism responsible for transcript down-regulation was 

explored, and presents as a novel application for antisense-mediated knockdown of 

undesirable proteins or those associated with gain-of-function. 

While the SMN protein is critical for the survival of motor neurons, SMN plays an 

essential role in the assembly of ribonucleoproteins necessary for splicing, as well as a 

number of other proteins in all cells. It is therefore not surprising that SMN directed 

therapies will probably need to be delivered systemically to achieve an optimal 

therapeutic response. The low levels of the ubiquitously expressed SMN protein in 

SMA have been shown to affect the function of a number of tissues outside of the CNS, 

including the liver, heart and lungs. Interestingly, while organ defects have been 

identified in SMA patients and animal models, the role of SMN in each tissue or cell 

types is yet to be characterised. We present a strategy whereby AOs can be designed to 

skip exon 7 in normal cells and wildtype mice, essentially generating SMA model 

systems in which the role of SMN can be further elucidated.  

To further unravel AO mechanisms and understand why the different RNA 

analogues investigated showed such discordant effects in vivo, we compared the 

splicing outcomes and off-target effects of particular sequences synthesised as different 

chemistries. The data presented herein sheds new light towards understanding antisense 

mechanisms and how these compounds interact with their target sequence and splicing 

machinery. The observation of sequence independent consequences in cells transfected 

with particular antisense compounds demands further investigation, and could have 

major implications for clinical applications of particular chemistries.   

While this thesis has not delivered an improved therapeutic candidate for SMA in the 

form of a more effective antisense sequence that is free of intellectual property 

restrictions: the findings presented here may contribute towards future therapies for 

SMA, and suggest guidelines for antisense oligonucleotide design and application. 
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1.1 The splicing process 

The expression of particular genes and proteins is a very complex and tightly 

regulated process involving many pathways. One of the fundamental steps required for 

protein expression is pre-mRNA splicing, whereby non-coding elements (introns) are 

removed from the primary gene transcript, allowing the precise joining of exons, to 

produce a mature message that may be translated into a protein. The splicing process is 

carried out by the highly complex spliceosome machinery, entailing a number of 

ribonuclear proteins (Agafonov et al. 2011). Errors in splicing can result in 

inappropriate use of splice sites or exon selection and are estimated to be responsible for 

at least one third of human diseases (K. H. Lim et al. 2011). Approximately 90% of 

human genes undergo splicing, mostly in the form of alternative splicing (Pan et al. 

2008). The schematic in Figure 1.1 shows potential outcomes of alternative splice site 

and exon usage.  

 

Figure 1.1 Schematic showing different potential outcomes of alternative splicing. The blue exons 

represent constitutive exons and the green and purple exons are alternatively spliced exons. 
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Alternative splicing allows different transcripts and proteins to be produced from the 

same gene, greatly expanding the versatility and complexity of the genome. For 

example, the BCL2 gene produces two transcripts of opposing function, the short 

isoform lacks an exon from the coding region and encodes a pro-apoptotic protein, 

while the longer isoform containing all exons encodes an anti-apoptotic protein 

(Anderton et al. 2012). Many factors contribute to the tightly regulated process of pre-

mRNA splicing in human transcripts and are discussed in the following sections and 

shown in Figure 1.2. 

 

1.1.1 The exon definition model 

The “exon definition model” describes how an exon is defined by short cis signals 

including the flanking 5´ and 3´ splice-sites, the polypyrimidine tract and the 

branchpoint sequence, as well as by the balance between positive and negative splicing 

factor binding sites (De Conti et al. 2013). Each of these highly conserved motifs is 

crucial for exon recognition by the splicing machinery and determining whether an exon 

is included in the transcript. Mutations in regions defining an exon can therefore affect 

exon recognition and potentially result in the exon being excluded from the mature 

transcript. For the majority of introns, the 5´ (exon donor) and 3´ (exon acceptor) splice-

sites are typically defined by the recognition sequences GU and AG respectively, and it 

is believed that single base changes in these canonical splice-site recognition sequences 

account for around 10% of disease causing mutations (Krawczak et al. 2007).  

The polypyrimidine tract is generally defined as a pyrimidine-rich region, routinely 

containing 15-20 Uracil bases approximately 40 bases upstream of the exon, and binds 

the U2AF protein during spliceosome assembly (R. Singh et al. 1995). The 

polypyrimidine tract has also been shown to bind the polypyrimidine tract protein, a 

negative splicing factor that binds CU rich regions leading to exon removal, and is 

implicated in a number of diseases including glioblastoma (Fontana et al. 2015). 

Variation in the length of the polypyrimidine tract in intron 9 (legacy intron 8) of the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene transcript has been 

shown to effect exon 10 (legacy exon 9) inclusion and accounts for approximately 9% 

of atypical cystic fibrosis cases (Groman et al. 2004). 

The branchpoint sequence, located around 20-35 bases upstream of the 3´ splice site, 

is defined as yUnAy where the U and A bases are highly conserved relative to the 
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flanking pyrimidines (Gao et al. 2008; Mercer et al. 2015). The branchpoint is necessary 

for U2 small nuclear RNA (snRNA) binding during spliceosome formation. Mutations 

preventing correct binding of the U2 to the canonical branchpoint have been linked to 

global splicing defects in some cancer models (Alsafadi et al. 2016). 

 

1.1.2 Splicing factors – enhancers and silencers 

A crucial factor in determining exon selection is the balance between positive and 

negative splicing factors. Splicing factors identify and bind to specific recognition 

motifs within the pre-mRNA. Splice enhancer domains, located within the exon (exonic 

splicing enhancer, ESE) or the intron (intronic splicing enhancer, ISE), recruit positive 

splicing factors that enable exon recognition by the spliceosome (Black 2003). The most 

widely studied of the positive splicing factors are those belonging to the serine/arginine 

rich protein family (SR proteins). SR proteins are important in defining the 3´ splice site 

and for recruiting and directing spliceosome formation (Busch and Hertel 2012). 

Conversely, splice silencing domains recruit negative splicing factors that prevent exon 

recognition by the spliceosome, leading to the exon being excluded from the mature 

transcript. Again, these can be located within the exon (exonic splicing silencer, ESS) or 

the intron (intronic splice silencer, ISS). The heterogeneous nuclear ribonucleoprotein 

(hnRNP) proteins are the most characterised of the negative splicing factors. hnRNPs 

are thought to inhibit splicing by physically blocking and preventing spliceosome 

assembly, or in the case of hnRNP-A1, by counteracting the positive effect of SR 

proteins, particularly ASF/SF2 (Black 2003; Busch and Hertel 2012). 

Polymorphisms within splicing-factor binding motifs can convert an enhancer motif 

to a silencer, and vice-versa, shifting the balance between positive and negative splicing 

factors. Particularly relevant to this thesis, the survival motor neuron genes (SMN1 and 

SMN2), implicated in spinal muscular atrophy (SMA), are spliced differently due to a 

single C to T (C>T) polymorphism. The motif in SMN1 exon 7 is a splice enhancer, 

whereas the equivalent domain in SMN2 exon 7 acts as a silencer, due to the single base 

change (Cartegni and Krainer 2002; Kashima and Manley 2003). While this will be 

discussed further in following sections, it is important to emphasise that the fine balance 

between positive and negative splicing factor motifs is crucial for accurate transcript 

processing and splicing. 
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1.1.3 The Spliceosome  

The spliceosome, or the splicing machinery, is the complex that initiates the splicing 

process and is classified as two separate spliceosomes. The major or U2 dependent 

spliceosome is responsible for splicing of the majority of intron-containing genes 

characterised by GU/AG splice sites, while the minor or U12 dependent spliceosome is 

responsible for splicing a rare 0.5% of introns classified as U12 type introns (Turunen et 

al. 2013). The U12 spliceosome can recognise non-canonical splice site sequences, 

including AU/AC or AU/AG, however the specific branchpoint sequence and a lack of 

polypyrimidine tract can also lead to U12 mediated splicing (Dietrich et al. 1997).  

There are a number of proteins involved in spliceosome formation, each necessary at 

different times. The assembly of the major U2 spliceosome is illustrated in Figure 1.2. 

The early spliceosome assembly (Complex E) facilitates the binding of U1 snRNP (U1) 

to the 5´splice site (5´ss), the binding of splicing factor 1 (SF) to the branchpoint (A), 

and the binding of U2AF heterodimer 65kDa and 35kDa proteins to the polypyrimidine 

tract (YYY) and the 3´ splice site (3´ss), respectively. The SF and U2AF proteins then 

recruit U2 snRNP (U2), initiating the second stage of spliceosome assembly. To form 

Complex A, U2 replaces splicing factor 1 at the branchpoint, which then recruits U4, 

U5 and U6 snRNPs forming Complex B. U4 is then released and U6 replaces U1 at the 

5´ss, allowing the interaction of U6 and U2 (Complex C) to cleave the 5´ss, releasing 

the first exon. This allows the 5´ss of the intron to join to the branchpoint, forming a 

loop or lariat in the intron. The intron is then cleaved at the 3´ss and degraded allowing 

the exons to ligate. The snRNPs are recycled and begin splicing of the following intron 

to allow the formation of the mature mRNA transcript (Douglas and Wood 2011; 

Matera and Wang 2014). Assembly of the U12 spliceosome is very similar; however U1 

and U2 snRNPs are replaced by U11 and U12. U12 then recruits U4atac, U6atac and 

U5, with U5 being the only common element between the minor and major 

spliceosomes (Turunen et al. 2013). 

Errors in spliceosome assembly have been linked to global splicing defects. For 

example in SMA, the loss of functional SMN protein impedes correct assembly of 

snRNPs, and has been shown in an animal model of SMA to cause splicing defects 

across a number of different transcripts and tissues (Zhang et al. 2008). 
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Figure 1.2 Diagram illustrating the U2 splicing process and the elements involved, including (a) the 

regulatory components crucial to pre-mRNA splicing, (b) Complex E, the first stage of the spliceosome 

assembly, (c) Complex A, the second stage of spliceosome assembly binding U2, (d) Complex B, the third 

stage recruiting U4-U6, (d) Complex C, the fourth stage causes the cleaving of the first exon to allow the 

lariat formation and (e) final cleavage of the second exon, allowing the lariat to be degraded and the exons 

to be joined. Image adapted from (Douglas and Wood 2011; Matera and Wang 2014). 
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1.1.4 Structural determinants 

RNA secondary structures are generated through the self-association and subsequent 

folding of an RNA sequence. This structure can influence RNA and protein interactions, 

effectively modulating transcript expression (Buratti and Baralle 2004; Warf and 

Berglund 2010). A number of RNA structures have been identified that either promote 

or inhibit pre-mRNA splicing through regulating the binding of spliceosome 

components. A stem loop structure identified in exon and intron 7 of the SMN2 

transcript has been shown to negatively affect U1 snRNP binding to the 5´ss of intron 7, 

leading to exon 7 removal from the transcript (N. N. Singh et al. 2007). Alternatively, a 

number of other stem loop structures have been discovered in other gene sequences that 

draw together 5´ and 3´ splice sites in large introns making the sequence more available 

for snRNP binding and spliceosome assembly (Warf and Berglund 2010). Small 

molecules and proteins that can modify RNA structures have been extensively studied 

for their therapeutic benefit in modulating splicing (Naryshkin et al. 2014; Palacino et 

al. 2015a). 

 

1.2 Spinal muscular atrophy 

SMA is a devastating neurodegenerative disorder and the leading genetic cause of 

infant mortality. It is the second most common lethal autosomal recessive trait, affecting 

1 in 10,000 live births and with a cited carrier rate of 1 in 40 (McAndrew et al. 1997; 

Prior 2010). SMA is caused by an insufficiency of the survival motor neuron protein 

(SMN), crucial not only for motor neuron survival but is also involved in a number of 

cellular processes, including snRNP assembly for spliceosome formation (Pellizzoni et 

al. 1998), and will be discussed further in subsequent sections. Due to the critical 

importance of SMN in the motor neuron, SMA is generally characterised by the 

associated neurological pathology. Low levels of SMN cause the death of alpha motor 

neurons in the anterior horn of the spinal cord that supply motor commands from the 

cerebral cortex to the muscles (Lunn and Wang 2008). The denervation of these muscles 

causes muscle fibre hypertrophy, followed by muscular atrophy (Lunn and Wang 2008), 

with early death typically due to respiratory failure. Figure 1.3 summarizes the 

pathological features of SMA, as well as comparing the histopathology of the spinal 

cord and muscle of an SMA patient to that of a healthy individual. 
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Figure 1.3 Histopathology of spinal muscular atrophy. Motor commands generated in the cerebral cortex 

are transmitted through spinal cord α-motor neurons (red cell in spinal cord anterior horn and green arrow 

in (A). The spinal cord anterior horn region shows an absence of motor neurons in a patient (B) compared 

with those in the healthy control (A). Skeletal muscle of a patient (D) shows hypertrophic fibres (white 

arrowhead) surrounded by group atrophy (green arrowhead) compared with healthy fibres with uniform 

morphology in normal infantile muscle (C). Despite the atrophy of muscle fibres in spinal muscular atrophy, 

muscle spindles (black asterisk) are not affected and become more conspicuous (D). All slides are stained 

with haematoxylin and eosin. Image and details taken from (Lunn and Wang 2008)  

 

 

1.2.1 Genetics of SMA 

SMA is caused by loss of function mutations in the survival motor neuron gene 1 

(SMN1). In 95% to 98% of patients, this is the result of the homozygous loss of the 

entire gene, while the remaining 2% to 5% are compound heterozygotes with one 
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chromosome carrying an SMN1 deletion, and the other carrying an intragenic loss of 

function mutation, (Lefebvre et al. 1995; Wirth 2000). The complete loss of functional 

SMN is considered an embryonic lethal mutation and is incompatible with life (Schrank 

et al. 1997). SMN is carried on chromosome 5q13 in a highly repetitive region giving 

rise to a second SMN gene called SMN2 (Lefebvre et al. 1995). Unique to humans 

(Rochette et al. 2001), SMN2 is a near identical centromeric copy of the telomeric 

SMN1, and can partially compensate for the loss of SMN1 in that it encodes an identical 

protein (Lorson et al. 1999).  

A total of 11 nucleotide variations distinguish SMN1 from SMN2, however one 

within the coding region, although translationally silent, causes mis-splicing of SMN2 

exon 7. A C>T base change at position 6 of exon 7 converts a splice enhancing domain 

recruiting the serine/arginine rich (SR) ASF/SF2 and hnRNP-Q splicing factors, into a 

splice silencing domain recruiting hnRNP-A1 and SAM68 splicing factors (Cartegni 

and Krainer 2002; Kashima and Manley 2003). This prevents exon 7 recognition by the 

splicing machinery, resulting in loss of exon 7 from 90% of SMN2 transcripts (Δ7-SMN) 

in neuronal cells. A schematic comparing SMN1 and SMN2 splicing and the proteins 

involved is shown in Figure 1.4. Exon 7 not only carries the stop codon, but also 

encodes a critical part of the protein oligomerisation domain essential for SMN 

functionality (Lorson et al. 1998), therefore the Δ7-SMN transcript encodes an unstable 

protein that is rapidly degraded (Burnett et al. 2009). The motor neuron appears to be 

the most critically affected cell type in SMA patients, with only 10% of normal levels of 

full length and functional SMN produced, compared to 90% of SMN1 transcripts 

producing functional SMN (Lorson et al. 1999; Monani et al. 1999).  

The highly repetitive region within chromosome 5 gives rise to multiple copies of 

SMN2 being expressed (Wirth 2000). Higher SMN2 copy number is associated with 

increased levels of SMN, and is therefore a modifier of SMA severity (Lefebvre et al. 

1997). Patients with 1 or 2 copies of SMN2, generally characterised as “Type I” 

patients, have a more severe phenotype and poor prognosis, while those who carry up to 

4 to 6 copies of SMN2, characterised as Type III or Type IV patients have milder 

disease and may live a normal life span (Lefebvre et al. 1997).  While there is no clear 

distinction between the SMA types based solely on SMN2 copy number (Table 1.1) in 

general, increased levels of FL-SMN are associated with less severe disease. It is 

therefore not surprising that SMN2 has become a very attractive therapeutic target for 
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splice-switching RNA therapies, and is the major focus of the work presented in this 

thesis. 

 

Figure 1.4 Schematic showing the difference between SMN1 and SMN2 exon 7 splicing. The C>T base 

change converts an exon splice enhancer (ESE) recruiting ASF/SF2 and hnRNP-Q splicing factors, into 

an exon splice silencing (ESS) domain recruiting hnRNP-A1 and SAM68 factors. This shift between 

positive and negative splicing factors inhibits spliceosome assembly, leading to exon 7 being excluded 

from the mature SMN transcript. 

 

 

1.2.2 Clinical characteristics of SMA 

SMA is characterized by the degeneration of motor neurons leading to progressive 

muscle weakness. Variation in disease severity and onset means patients could present 

with hypotonia or “floppy baby syndrome” with no head or limb control, to mild muscle 

weakness later in life. Clinical characteristics include, poor muscle tone, developmental 

delays, poor weight gain, cardiac defects, scoliosis, difficulty sucking or swallowing 

and weakness of the respiratory muscles (Lunn and Wang 2008; Messina et al. 2008; 

Shababi et al. 2014). 

Prior to the understanding of the importance of SMN2 copy number, SMA types 

were classified according to the age of onset and clinical severity (Munsat and Davies 

1992). While there is a general concordance between clinical severity and SMN2 copy 

number, phenotype variation and cross-over between these sub-groups indicates a 

continuum in SMA phenotypes, suggesting other factors moderate SMA phenotype 
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(Wirth et al. 2013). Nevertheless, the sub-group classification and correlation with 

SMN2 copy number, shown in Table 1.1, is useful in diagnosis. 

Table 1.1 SMA Types, clinical presentation and SMN2 copy number. 

SMA type 
SMN2 copy 

number Phenotype 

Type 0 - Prenatal Undetermined Onset in utero with reduced foetal movement. Present at 

birth with asphyxia and severe weakness. 

Type I – Infantile 1-2 copies Accounts for about 50% of SMA cases, with an onset 

before 6 months. Patients are unable to sit unaided with no 

head control. Death usually occurs before 2 years of age 

due to respiratory failure. 

Type II – Intermediate 2-4 copies Onset between 7 and 18 months of age. Patients are able 

to sit unsupported, some may be able to stand, but not 

walk unaided. Life expectancy is into adolescence with 

respiratory complications often the cause of death. 

Type III – Juvenile 3-4 copies Patients present with muscle weakness yet generally reach 

independent walking. With an onset after 18 months, they 

show the most diverse phenotype with some patients 

requiring wheelchair assistance in childhood, to those 

continuing to walk into adulthood with only mild muscle 

weakness.  

Type IV – Adult onset 4-6 copies Mild muscle weakness and motor impairment presents in 

adulthood with patients having a normal life expectancy 

and no respiratory phenotype. 

(Crawford et al. 2012; Lunn and Wang 2008; Wirth et al. 2006) 

 

1.2.3  Survival motor neuron protein 

The 38kDa SMN protein is ubiquitously expressed, and interactions with other 

proteins are crucial for a number of cellular processes, including pre-mRNA splicing 

(Pellizzoni et al. 1998). Although considered a housekeeping gene (Wirth 2000), the 

loss of SMN in SMA patients shows the protein to be of critical importance within the 

central nervous system (CNS). SMN appears to be required at much higher levels in 
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neurons than in other cell types, having an essential role in motor neuron survival (Fan 

and Simard 2002). Interestingly, outside of the motor neuron, SMN expression is 

highest in the liver and kidney (Coovert et al. 1997). While the neuron-specific 

pathogenesis of SMA is still not completely understood, evidence of the role of SMN in 

general protein assembly has shed new light on understanding this specific pathology. 

SMN is well characterised for its role in the assembly and maturation of snRNPs 

involved in forming the spliceosome (Li et al. 2014; Pellizzoni et al. 1998). Briefly, the 

SMN complex, comprised of SMN, UNRIP and the GEMINS2-8 proteins, specifically 

binds to arginine-glycine (RG) rich domains of Sm or Sm-like (LSm) proteins, 

facilitating their assembly onto snRNAs, forming a Sm or Lm-ring around the snRNA. 

This complex is then transported from the cytoplasm into the cajal bodies of the nucleus 

where the snRNA-Sm/LSm complex undergoes further maturation into functional 

snRNPs (Burghes and Beattie 2009; Matera and Wang 2014). The import of SMN 

complexes into the cajal bodies is suggested to be aided by SMN interaction with RG 

domains in the coilin protein (Hebert et al. 2001). More recently, SMN has been shown 

to be involved in the assembly of a number of proteins crucial for various cellular 

processes, including histone mRNA processing (Tisdale et al. 2013), mRNA transport 

and stability (Fallini et al. 2016), ribosome production and transcription, and is 

reviewed in Li et al. and Terns et al. (Li et al. 2014; Terns and Terns 2001). The 

interaction of SMN with the RNAs or proteins central to these processes is illustrated in 

Figure 1.5.  

While the role of SMN in snRNP and general protein assembly highlights the 

housekeeping nature of SMN, studies have shown variation in the expression of snRNPs 

across tissue types in normal individuals (Zhang et al. 2008). As well as demonstrating 

global effects of SMN deficiency, this study also suggests that certain cell types may 

have a greater need for SMN-mediated protein assembly. While it is possible that SMN 

deficiency is somewhat compensated for outside of the CNS, it is also likely that SMN 

has a more critical role in neuron specific protein assembly, possibly explaining the 

neural pathology of SMA.  

The finding that SMN localises with hnRNP-R and hnRNP-Q in motor neuron axons 

during development suggests a putative role for SMN in regulating RNA processing 

within neurons (Rossoll et al. 2002). It was later discovered that this interaction could 

determine the level and transport of β-actin within axons (Rossoll et al. 2003), 

ultimately shifting the balance between globular and filamentous actin (G-/F-actin) in 
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SMN deficient neurons (van Bergeijk et al. 2007). Interestingly, a number of 

asymptomatic cases have been reported to be homozygous for loss of SMN1, and the 

imbalance in G-/F-actin being compensated for by abnormally high levels of the actin 

bundling protein plastin 3 (PLS3) (Ackermann et al. 2013). This phenotypic modifying 

effect of PLS3 provides further support for the notion that SMN plays a role in 

determining actin function within neurons.   

 

Figure 1.5 Interactions of components of the SMN complex, including SMN, Gemins 2-8 and Unrip, in 

protein assembly. Showing (a) Sm assembly with U1, U2, U5, U11 or U12 snRNAs for snRNP maturation 

for spliceosome formation, (b) Sm and LSm protein assembly with U7 snRNA for U7-snRNP histone 

processing, (c) LSm assembly with U6 snRNA and U6atac for snRNP recycling, (d) LSm assembly with a 

number of mRNAs for mRNA decay, (e) assembly of RNA binding proteins Hud, hnRNP-R, IMPI and 

KSRP with mRNAs to initiate mRNA transport , (f) SMN assembly with Fibrillarin and GAR1 to produce 

snoRNPs for ribosomal RNA processing, and (g) association of SMN and RNA HelicaseA in producing the 

RNA Polymerase II transcription enzyme.  

 

A role for SMN in axon growth was verified by the discovery that SMN interaction 

with the RNA binding proteins HuD and IMP1 could determine the localisation and 

levels of cytoskeleton-associated growth-associated protein 43 (GAP43) transcript in 
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motor neuron axons (Fallini et al. 2016). Low levels of GAP43 observed in SMA mice 

could be restored following overexpression of HuD and IMP1, and resulted in improved 

axon growth (Fallini et al. 2016). 

SMN is also of particular importance at the neuromuscular junction. Comparison of 

the neuromuscular junctions of SMA and wildtype mice revealed the junctions in SMA 

mice to be on average half the size of those in their wild-type littermates (Kariya et al. 

2008). Furthermore, neonatal knockdown of SMN in wildtype mice suggests that SMN 

requirement peaks on post-natal day 17, coinciding with the maturation of the 

neuromuscular junction (Kariya et al. 2014). This latter study concluded that drug 

intervention should occur as early as possible, before the neuromuscular junction is 

fully formed and would be less critical after this time, unless injury were to occur at the 

neuromuscular junction (Kariya et al. 2014).  

Given the brief life expectancy of severe SMA patients, it is the life threatening 

neurological and neuromuscular symptoms that are considered to require the more 

urgent treatment. However, studying the outcomes from SMN loss in animal models 

provides deeper insight into the role of SMN outside of the CNS. Of particular concern 

are cardiac functional and structural deficits, including inter-ventricular septal 

remodelling and fibrosis from oxidative stress observed in hearts from multiple SMA 

mouse models, including the Δ7-SMA mouse (carrying SMN2 on a null Smn 

background) (Shababi et al. 2010). Distal necrosis of the tail and/or pinnae of the ears 

have frequently been reported in various drug-treated SMA mice showing prolonged 

survival (Foust et al. 2010; Osman et al. 2014; Porensky et al. 2012; Riessland et al. 

2010). This finding is consistent with case studies of vascular abnormalities leading to 

distal necrosis in SMA patients, most likely caused by autonomic nervous system 

dysfunction (Araujo et al. 2009). In addition to cardiac and cardiovascular deficits, 

Schreml and colleagues reported a number of histological abnormalities in the severe 

Tawainese SMA mice (carrying SMN2 on a Δ7-Smn background), including pulmonary 

lesions and discolouration of the lung, and gastrointestinal abnormalities (Schreml et al. 

2013). While these, and other studies, report symptoms of SMN loss outside of the 

CNS, the exact role of SMN in each tissue is yet to be determined.  

Liver defects present in Taiwanese SMA mice were reported at birth, before muscle 

pathology can be detected (Szunyogova et al. 2016). SMN was determined to be 

necessary for erythropoiesis, since congestion of immature red blood cells and iron 

deposits were observed in SMA mice livers, and these symptoms were reversed 
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following treatment with SMN2 correcting antisense oligonucleotides. Low levels of 

proteins necessary for liver development, erythropoiesis, anti-coagulation and iron 

homeostasis in SMA mice suggest a putative role for SMN in these pathways 

(Szunyogova et al. 2016).  

Since the motor neuron and the neuromuscular junction appear to be the most 

effected by SMN loss, SMN therapeutics should most aggressively target the CNS 

(Burghes and Beattie 2009; Kariya et al. 2014). However, the housekeeping nature of 

SMN and the emerging studies showing effects of its loss outside of the CNS, indicate 

that systemic treatment is likely to be necessary for prolonged survival of SMA. Testing 

of SMN targeting drugs in SMA mice have shown that systemic administration could 

extend median survival by up to 25-fold, compared to direct CNS administration (Hua 

et al. 2011) emphasising SMA as a whole body disease. 

 

1.2.4 Current therapeutic strategies for SMA 

At present there is no cure or effective treatment available for SMA patients, with 

symptom management being the recommended therapy. Some of these interventions 

include physical therapy, the wearing of braces or use of a wheelchair, muscle relaxants, 

assisted feeding and ventilation (Stroke 2012). However, the translation of therapeutic 

agents from pre-clinical to clinical studies is rapidly progressing with a number of 

clinical trials currently active. Some of the more advanced therapies include 

neuroprotective compounds, small molecules to modify SMN2 splicing, and perhaps the 

most exciting approaches, viral vector delivery of SMN1 and antisense oligonucleotides 

to modify SMN2 splicing. 

 

Antisense oligonucleotides  

SMA severity correlates with levels of the FL-SMN transcript, presenting splice 

manipulation of SMN2 to increase exon 7 selection as an opportune therapeutic strategy 

for SMA. Antisense oligonucleotides (AOs) are synthetic nucleic acid analogues that 

are designed to specifically target a region of the pre-mRNA to manipulate the 

expression of a particular transcript. AOs can be designed to target and block splicing 

factor binding, to redirect splicing machinery and modulate exon selection. Details of 

AO function and applications are discussed further in section 1.3.  In order to address 

SMA specifically, AOs designed to target intronic silencing regions flanking SMN2 
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exon 7 can block negative splicing factor binding and promote exon 7 retention in the 

SMN2 mRNA. Published intronic silencing regions that have been the focus of AO 

therapeutic development are shown in Figure 1.6 (Hua et al. 2008; Kashima and Manley 

2003; Kashima et al. 2007a; Miyajima et al. 2002; Miyaso et al. 2003; N. K. Singh et al. 

2006; N. N. Singh et al. 2013). Regions of the SMN2 transcript patented by Ionis 

Pharmaceuticals (Carlsbad, CA, USA) and Santaris Pharmaceuticals (Copenhagen, 

Denmark) are indicated, and the regions identified with the black line are areas of focus 

for this study. The most promising and novel antisense approaches to SMA are 

discussed further herein.  

 

Figure 1.6 Schematic of the SMN2 transcript showing published intronic splice silencing domains, as well 

as areas of the transcript already patented as therapeutic targets. 

 

An AO designed by the Singh laboratory to block the ISS-N1 splice silencing 

domain within intron 7 appears to be the lead sequence for SMN2 splice intervention 

thus far. The ISS-N1 motif has been shown to recruit hnRNP-A1 splicing factors and 

further exacerbate the poor splicing effects of the C>T base change in SMN2 exon 7 (N. 

K. Singh et al. 2006). The Anti ISS-N1 AO has shown great promise in vitro at inducing 

FL-SMN2 and increasing SMN protein levels. Furthermore, Anti ISS-N1 has been 

extensively studied in vivo in SMA mouse models, using a number of different AO 

chemistries (Porensky et al. 2012; Rigo et al. 2014; Williams et al. 2009). The Anti ISS-

N1 2´ O-Methoxyethyl phosphorothioate (MOE) AO, licensed as Nusinersen is 

currently being tested in Phase III clinical trials (NCT02193074 and NCT02292537). 

Recent reports on Phase I studies of Nusinersen treatment in Type 2 and 3 patients 

suggest a benefit in those receiving the high (9 mg) dose (Chiriboga et al. 2016), as 

assessed by the Hammersmith Functional Motor Scale test (Main et al. 2003). While 

89% of participants reported adverse events, no serious adverse events attributable to 

the drug were reported (Chiriboga et al. 2016). Preliminary findings from Phase II 

studies in Type 1 patients were disclosed at the 21
st
 Congress of the World Muscle 

Society and the 68
th

 Annual Meeting of the American Academy of Neurology, and 

reported significant improvements in developmental milestones, with one treated patient 
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reportedly walking independently (Bertini 2016; Finkel et al. 2016). Ionis 

Pharmaceuticals have recently submitted a New Drug Application for Nusinersen to the 

US Food and Drug Administration (FDA).* 

While a number of laboratories engaged in SMA research have focused on designing 

AOs to sterically block splicing factor binding to silencing domains, the development of 

bi-functional AOs presented a revolution in AO design. The Muntoni and Lorson 

laboratories have designed mixed chemistry bi-functional AOs that not only block 

silencing domains through standard antisense splice-switching mechanisms using the 

2´OMethyl chemistry, but also comprise a 5´ RNA tail designed to recruit SR splicing 

factors (Skordis et al. 2003). The Lorson group designed AOs with a 2´OMethyl ISS-N1 

blocking domain and either an RNA hTra2β or SF2/ASF recruiting tail domain. When 

tested in Δ7-SMA mice alongside the Anti ISS-N1 2´OMethyl AO, each bi-functional 

AO further enhanced SMN expression in the brain and spinal cord, and induced a 1.2-

fold increase in survival when compared to the Anti ISS-N1 2´OMethyl AO (Osman et 

al. 2012).  

Another alternative AO design from the Lorson laboratory is the “broken” AO, with 

part of the sequence binding either side of the E1 repressor in intron 6 (Osman et al. 

2014). This AO is proposed to act like a staple to fold together the mRNA on either side 

of E1, essentially blocking hnRNP-C1 splicing factor binding. This “E1 PMO” 

significantly improved SMN expression in the brain and spinal cord, with a 4.2 fold 

increase in survival, compared to untreated Δ7-SMA mice (Osman et al. 2014). While 

studies testing bi-functional and broken AOs are less advanced than those examining 

Anti ISS-N1, each concept is an example of the broad potential of antisense strategies.  

 

Gene replacement therapy  

The results of gene replacement trials are arguably the most exciting for SMA 

therapies thus far. Using viral vectors, functional SMN1 can be delivered directly to the 

cell, resulting in functional SMN expression in SMA patients. The most advanced 

strategy at this time is the self-complementary adeno-associated virus 9 (scAAV9) 

designed and evaluated by the Kaspar and Burghes laboratories in Columbus Ohio. The 

* Since submission of this thesis, Nusinersen received accelerated approval by the US FDA on December 

23 2016, and is marketed as Spinraza (Administration 2016). Phase III clinical trials are ongoing. 
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scAAV9-SMN has a >70% motor neuron transduction rate in mouse, pig and non-

human primate models of SMA (Duque et al. 2015; Foust et al. 2010). The major 

benefit of this therapeutic over antisense therapies is the ability of the scAAV9-SMN to 

traverse the blood brain barrier (BBB), and preferentially target the motor neuron in 

post-natal mice (Foust et al. 2009). Foust et al later reported that Δ7-SMN mice treated 

with a single intravenous injection of scAAV9-SMN survived past 250 days, compared 

to the longest median survival of 26 days following treatment with  the Anti ISS-N1 

MOE delivered directly into the CNS by intracerebroventricular administration (Foust 

et al. 2010; Passini et al. 2011). In collaboration with AveXis Inc. (Bannockburn, IL, 

USA) this treatment is currently being tested in an open label Phase I safety and 

efficacy clinical trial. A single intravenous injection appears to be well tolerated and 

safe, with an improvement in pulmonary function and motor milestones reported 

(Mendell 2016). In July 2016 scAAV9-SMN was granted breakthrough therapy status 

by the FDA, potentially fast-tracking its approval and availability to SMA patients.  

One limitation of gene therapy is the risk of a patient developing neutralising 

antibodies against the viral vector, potentially limiting the transduction rate and the 

therapy to a single treatment (Kotterman et al. 2015). Yet the AAV9 serotype has been 

shown to elicit fewer antibody responses compared to other AAV serotypes (Foust et al. 

2009), and furthermore, given the non-proliferative nature of the motor neuron, one 

would expect a greater therapeutic window from a single scAAV9-SMN administration. 

However, for tissues outside of the CNS, it is unknown for how long a single 

administration will be effective, and further pre-clinical and clinical studies are required 

to address this.  

 

Small molecules 

A number of small compounds have been screened for effects on SMN expression. 

While a number of compounds increase SMN in vitro, their efficacy in SMA animal 

models has been disappointing. Most notable of these compounds are the histone 

deacetylase inhibitors that prevent deacetylation of histones causing chromatin 

remodelling and therefore enhancing SMN2 transcription. These include Valproic acid, 

Trichostatin A and phenylbutyrate, all shown to be safe in clinical trials, yet with 

limited clinical benefit (Lorson et al. 2010; Seo et al. 2013).  
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Orally available small molecules, shown to modify SMN2 splicing and increase SMN 

protein levels, provide an alternative splice-switching therapy to AOs. Two compounds 

sponsored by Roche (Basel, Switzerland) and PTC Therapeutics (South Plainfield, NJ, 

USA) have entered Phase I clinical trials. Both compounds are speculated to increase 

exon 7 retention by modulating the interaction between mRNA secondary structure and 

RNA binding proteins, and have increased survival of Δ7-SMA mice (90%) to 70 days 

after treatment (Naryshkin et al. 2014). Clinical trials on RG7800 began in 2014, but 

were suspended in April 2015 following an “unexpected eye finding” arising from non-

human primate studies (SMA 2015). Clinical studies on the second compound RG7916 

have been completed and results are awaited. 

A compound sponsored by Novartis Pharmaceuticals (Basel, Switzerland), LMI070 

is currently being evaluated in a Phase I/II clinical trial and is suggested to increase FL-

SMN2 by stabilising the SMN2 and U1 snRNP interaction (Palacino et al. 2015a). Oral 

administration of LMI070 to Δ7-SMA mice improved survival, with 60% of mice still 

alive 35 days following treatment (Palacino et al. 2015b, 2015a). While small molecules 

to treat SMA have shown promise in pre-clinical studies, and most importantly, appear 

to penetrate the blood-brain barrier (Naryshkin et al. 2014), the mechanism of action is, 

for the most part,  not entirely understood, provoking concerns regarding off-target 

effects and long-term efficacy. 

 

Neuroprotective compounds 

It is likely that neuroprotective compounds will provide critical complementary 

therapies alongside SMN directed therapies. Importantly, many of the compounds have 

already been tested in other neurodegenerative diseases, including Amyotrophic lateral 

sclerosis (ALS), potentially expediting their availability for SMA patients. Of particular 

interest is the neuroprotective cholesterol-like compound Olesoxime sponsored by 

Roche. Originally designed to treat ALS (Bordet et al. 2007), it is now the most 

advanced clinical application for SMA, currently in Phase III clinical trials. Results of 

Phase II studies have been very encouraging, showing delayed loss of motor function in 

treated patients compared to the placebo cohort, with no reported adverse effects 

(presented at American Annals of Neurology meeting, April 2014). 

Riluzole, marketed by Sanofi (Paris, France) is a neuroprotective drug approved by 

the FDA as an ALS treatment. While the mechanism of action is somewhat unclear, the 
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drug is thought to stabilise sodium channels in neurons, as well as block presynaptic 

glutamate release (Kretschmer et al. 1998). Riluzole treatment in SMA Type I patients 

appeared to extend survival of 3 of the 7 participants to 30, 48 and 64 months, while the 

children treated with placebo had a median survival of 8 months (Wadman et al. 2012). 

However, results of this trial were deemed not significant due to the small sample size, 

and further studies will be required to properly assess Riluzole efficacy in SMA. 

Plastin 3 (PLS3) is an actin-bundling protein that can affect motor neuron axon 

outgrowth (Lyon et al. 2014). High levels of PLS3 appear to be fully protective in some 

SMA patients, with one family of female children, all homozygous for loss of SMN1, 

reported to be asymptomatic (Oprea et al. 2008). Therapies designed to increase plastin 

3 expression are in early pre-clinical stages, yet have shown disappointing results in 

SMA mouse models. In one study, overexpression of PLS3 was reported to increase 

muscle fibre size and improve transmission at the neuromuscular junction in the 

Taiwanese SMA mouse model, yet showed no improvement in overall survival 

(Ackermann et al. 2013), while another study overexpressing PLS3 in Δ7-SMA mice 

showed no phenotypic improvement (McGovern et al. 2015). However, these studies 

are not definitive, and could suggest that other factors contribute to SMA protection in 

asymptomatic individuals. Alternatively, these results could indicate that the protective 

effects of certain modifier genes may not translate between species. 

While neuroprotective compounds on their own are unlikely to provide significant 

ongoing benefit, their use in a complementary capacity is anticipated to provide 

therapeutic advantage for SMA patients. At present there are only a handful of clinical 

trials for SMA, and the outcomes are eagerly awaited. However, the current lack of 

clinical data prompts ongoing investigation into other approaches. 

 

1.3 Antisense oligonucleotides 

Antisense oligonucleotides (AOs) can be designed as synthetic nucleic acid 

analogues that specifically manipulate gene expression by targeting a particular 

transcript. Usually varying from 15-30 nucleotides in length, AOs are designed 

complementary to the DNA or mRNA of interest and bind by Watson-Crick base 

pairing. The antisense concept was first described in 1978 when an 

oligodeoxynucleotide was used to prevent viral replication through translational 
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repression (Stephenson and Zamecnik 1978). However, this AO induced down-

regulation that was later discovered to be the result of AO initiated cleavage and 

enzymatic degradation of the target mRNA by RNaseH (Furdon et al. 1989). Since this 

pilot study, AO strategies and chemistries have evolved over decades, and are no longer 

limited to inducing RNA cleavage, but have the ability to sterically block the binding of 

microRNAs, RNA polymerase, transcription factors or translational machinery, redirect 

polyadenylation, and by masking splicing motifs, can re-direct splicing. Therapeutic 

applications of AOs are extensive, with many antisense drugs currently under clinical 

investigation. The function or mechanism of action of the AO is largely determined by 

the chemistry and target site (Eckstein 2007). Furthermore, a number of chemical 

modifications have been designed to enhance potency, binding affinity and to increase 

stability by preventing nuclease breakdown of the AO, both in vitro and in vivo (Dias 

and Stein 2002; Jarver et al. 2014; Prakash 2011).  

 

1.3.1 AO chemistries and modifications 

The earliest generation of AOs were the negatively charged phosphodiester (PO) 

DNA molecules designed to induce mRNA cleavage by RNase H degradation and 

thereby down-regulate the target transcript. While these studies demonstrated proof of 

principal of AO utility, they had many limitations owing to poor nuclease resistance of 

the AO. To overcome this issue, a non-bridging oxygen residue in the backbone was 

replaced with a sulphur residue producing the phosphorothioate (PS) backbone, 

improving nuclease resistance and biological stability (Q. Zhao et al. 1993). Still 

negatively charged, these PS-AOs are useful for RNase H degradation applications, and 

given the relatively inexpensive synthesis, is one of the more commonly used AO 

chemistries. While the PS-AOs have been extensively tested in vitro and in vivo, and 

have shown significant antisense activity, they are also known to cause many of off-

target effects due to the negatively charged PS backbone. The PS backbone has been 

reported to bind to heparin-binding proteins including growth factors, fibronectin and 

laminin (Dias and Stein 2002; J. E. Summerton 2007). The non-specific binding and 

off-target effects of PS-AOs will be explored in Chapter 4. 

A second-generation AO chemistry was designed with modifications to the ribose 

ring, most commonly a methyl group incorporated at the 2´ carbon position (2´ O-

Methyl, or 2´OMethyl), to resemble more closely an RNA-like conformation (Inoue et 
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al. 1987). This modification has improved AO target binding and is used for steric 

blocking applications, including modulation of splicing. A second 2´-ribose 

modification, the 2´ O-Methoxyethyl (MOE) group, was designed and licensed by Ionis 

Pharmaceuticals (Carlsbad, CA, USA) (Ravikumar and Cole 2002). The MOE AO 

chemistry is currently being tested in clinical trials for splice-switching applications, 

including SMA (Chiriboga et al. 2016; Rigo et al. 2014). MOE “gapmers” with 

unmodified sugar bases in the middle of the AO flanked by MOE modified bases at 

either end have been shown to improve RNase H potential (Stanton et al. 2012). 

Other modifications to the sugar ring have been reported to enhance nuclease 

resistance as well as increase AO specificity, binding and potency. A locked nucleic 

acid (LNA) modified sugar ring contains a methylene bridge between the 2´ oxygen and 

the 4’carbon, locking the base into an RNA-like structure (Kumar et al. 1998). This 

modification increases the melting temperature of the AO-target hybrid, thereby 

increasing the binding affinity, as well as increasing nuclease resistance (Campbell and 

Wengel 2011). LNA modified AOs have been used for splice-switching applications, 

and LNA gapmers have been shown to improve RNase H cleavage of the target 

transcript, due to the higher binding affinity (Stanton et al. 2012). A somewhat opposing 

modification is the unlocked nucleic acid (UNA), whereby the link between the 2´ and 

3´ carbons is removed to allow greater flexibility in the AO structure (Langkjaer et al. 

2009). UNAs can be adapted to suit mRNA secondary structures, and have also 

improved target specificity and mismatched base discrimination in some applications 

(Campbell and Wengel 2011) 

To overcome the off-target effects of the PS backbone, a third generation of charge-

neutral chemistries have been designed, most notably the phosphorodiamidate 

morpholino oligomer (PMO) (J. Summerton and Weller 1997) licensed by Sarepta 

Therapeutics (Cambridge, MA, USA), and commercially available for research 

purposes from Genetools LLC (Philomath, OR, USA), as well as the peptide nucleic 

acid (PNA) (Nielsen 1993). The neutral backbone prevents electrostatic repulsion by the 

negatively charged RNA or DNA, enabling these oligomers to bind their targets with 

much higher specificity and affinity (Dias and Stein 2002). PMOs and PNAs have 

demonstrated little to no non-specific binding or off target effects, presumably due to 

their neutral charge (J. E. Summerton 2007). This generation of antisense compounds 

do not elicit any RNase H degradation, but are excellent steric blocking AOs. While 
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PNAs are yet to enter the clinic, clinical studies have shown the PMO chemistry to be 

effective and safe (Mendell et al. 2013).  

Achieving efficient in vivo AO delivery is a major limiting factor of antisense 

therapies, particularly since AOs tend to accumulate in the liver and kidney (Amantana 

and Iversen 2005; Geary et al. 2015). AOs appear to enter the cell via endocytosis and 

are then released into the cytoplasm however the exact mechanism by which the AO is 

transported into the nucleus remains unclear (Juliano et al. 2012). While AO delivery 

can be enhanced in vitro using various commercially available transfection reagents or 

electroporation, in vivo delivery is more complex. A number of chemical modifications 

designed to enhance AO uptake and endosomal escape have shown improved 

effectiveness both in vitro and in vivo. Cell penetrating peptides can be conjugated to 

the AO to enhance cellular uptake and improve potency in vivo (Boisguerin et al. 2015; 

Hammond et al. 2016), however some peptide modifications have also proven to be 

toxic in vivo at higher dosages (Amantana et al. 2007). An alternative PMO 

modification, the vivo-morpholino developed by Genetools LLC contains a dendritic 

scaffold designed to efficiently penetrate the cell membrane, and shows improved 

uptake in many tissues in vivo, including the hard-to-target myocardium (B. Wu et al. 

2009). However, the vivo-morpholinos have also shown toxicity following in vivo 

evaluation (Ferguson et al. 2014) 

A particular class of oligonucleotide drugs known as aptamers may have the ability 

to direct tissue targeting in vivo, potentially lowering the dosage and cost of treatment. 

Aptamers are specifically selected from a library for their target binding potential. 

While these molecules have evolved from classic AOs into a separate drug technology, 

they can be conjugated to more conventional AOs and direct them towards a particular 

cellular and genetic target (Kotula et al. 2012). 

The chemistries discussed herein are merely some of the more common and 

therapeutically advanced technologies, yet many additional chemical modifications 

have been developed to enhance AO availability, activity, binding and stability, and are 

reviewed in detail in (Dias and Stein 2002; Jarver et al. 2014; Prakash 2011). Figure 1.7 

illustrates the chemical structures of the discussed AO chemistries, and shows how the 

newer generation AO chemistries have evolved. A comparison of the splice-switching 

potential of a number of chemically modified and unmodified AOs is discussed in 

Chapter 4. 
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Figure 1.7 Chemical structures of commonly used antisense oligonucleotide chemistries, showing the 

evolution of chemical design. Image adapted from (Bramsen and Kjems 2012; Moreno and Pego 2014). 

 

 

 

1.3.2 Clinical applications for AOs 

Some common and more promising applications of AOs are represented in Figure 

1.8 and are discussed further in the following sections.    

 

Splice-switching 

One of the more common uses of AOs, and particularly relevant to this thesis, is their 

use in manipulating splicing patterns. AOs can be specifically designed to bind to the 

pre-mRNA post-transcriptionally to mask, silence or activate splicing motifs, redirect 

the splicing machinery and allow the targeted removal or inclusion of exons and introns 

(Havens and Hastings 2016). As a general guideline for splice-switching antisense 

design, AOs targeting exon splice enhancing domains prevent positive splice selection, 

leading to exon removal. Conversely, AOs targeting intron splice silencing domains 

inhibit negative splicing, enhancing exon recognition and retention (Fletcher et al. 

2016). 
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Figure 1.8 Applications of antisense oligonucleotides to modify gene expression, (a) splice-switching, 

either exon skipping or inclusion, (b) RNase H cleavage, (c) siRNA cleavage, (d) transcription blocking, (e) 

microRNA blocking or mimicking, (f) redirection of polyadenylation, and (g) blocking of translation. 

 

 

Clinical trials have been conducted using splice-switching 2´OMethyl AOs, MOE 

AOs and PMOs; however the high binding affinity and safety profile of the PMO makes 

it an ideal chemistry for splice-switching therapies (Kole and Krieg 2015; Mendell et al. 

2013). The most clinically advanced applications include exon skipping and exon 

inclusion for the neuromuscular diseases DMD and SMA. A PMO designed to skip 

exon 51 of the dystrophin gene transcript to restore the reading frame and produce a 

shorter, functional protein is the therapeutic front-runner for amenable DMD mutations 

(Mendell et al. 2013). This PMO (marketed as Exondys51) is licensed by Sarepta 

Therapeutics and has recently received accelerated approval by the FDA (News Release 

2016). As discussed previously, the lead antisense compound for SMA is a MOE AO 
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currently under clinical investigation, designed to induce exon 7 recognition and 

produce a full length and functional SMN transcript (Rigo et al. 2014). This Anti ISS-N1 

AO is discussed in detail later (Chapter 3). 

 

Alternative steric-blocking applications 

Aside from preventing splicing factor binding, steric-blocking AOs can be used for a 

number of applications, including masking the transcription or translation start sites, 

microRNA binding sites as well as polyadenylation signals. The flexible polyamide 

backbone of a PNA AO can bind double stranded DNA, preventing transcription factor 

binding, as well as inhibiting RNA polymerase initiation and elongation (Dias and Stein 

2002). In a similar manner, inhibition of translation can be achieved by physically 

blocking the binding and elongation by the ribosomal components. PMOs targeting both 

up and downstream of the translation start site have shown potential for protein knock-

down. One drug licenced by Sarepta Therapeutics, Resten-NG, was evaluated in a Phase 

II clinical trial to regulate c-myc protein levels in cardiovascular restenosis, with no 

apparent adverse events reported (Kipshidze et al. 2007). 

To prevent microRNAs from binding to a transcript, AOs can be designed to either 

bind the microRNA as an “antagomir” or to act as a decoy, binding directly to the 

transcript of interest. MicroRNA inhibiting AOs have been extensively studied in recent 

years for their therapeutic potential in a number of cancers. An AO mimicking 

microRNA-34 binding, licenced as MRX34, showed encouraging results in Phase I 

clinical trials for liver cancer, (DeYoung 2014) and its application is expected to extend 

to further cancer targets. 

Steric blocking AOs designed to mask polyadenylation signals have also been 

reported to shift poly(A) signal usage, stimulating cleavage at an alternative signal. 

poly(A) blocking AOs are thought to prevent the association of cleavage factors and 

enzymes with the poly(A) signal, preventing the elongation of the poly(A) tail and 

potentially reducing the stability of the transcript (Marsollier et al. 2016; Vickers et al. 

2001).  

 

RNase H degradation and RNA interference 

RNase H dependant AOs function by activating the naturally occurring RNase H 

enzyme, inducing mRNA cleavage. The interaction between the DNA-like AO and its 
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target RNA is recognised by the RNase H enzyme, which then binds and cleaves the 

RNA, preventing protein translation (Furdon et al. 1989). The phosphorothioate DNA 

(PS-DNA) AOs are the most commonly used AOs for this application. Two 

phosphorothioate RNase H drugs licensed to Ionis Pharmaceuticals were the first 

antisense drugs to receive FDA approval and become commercially available. Vitravene 

was designed as an antiviral against cytomegalovirus retinitis in patients with HIV, and 

Kynamro prevents apo B-100 synthesis in order to lower levels of low-density 

lipoproteins as a treatment for familial hypercholesterolemia. However, each drug has 

been reported to induce a number of adverse effects. Off-target eye symptoms of 

Vitravene include but are not limited to inflammation and retinal displacement (Group 

2002), while studies testing Kynamro reported injection site reactions and disruption of 

liver enzyme levels to such an extent that the FDA announced a hepatotoxicity risk 

warning for patients receiving the drug (Wong and Goldberg 2014). 

Small interfering or siRNAs are a separate class of double stranded oligonucleotides 

that are designed to anneal their target and activate RNA as part of the RNA-induced 

silencing complex (RISC). One strand of the siRNA joins with other RISC proteins 

before annealing to the RNA target, activating the Argonaut 2 enzyme to cleave the 

transcript and preventing protein production. siRNAs have been shown to induce many 

off-target effects and immune cell responses, sometimes owing to incorrect target and 

RISC association with the sense strand (Olejniczak et al. 2011). 

While the number of clinically available antisense drugs is limited, there has been 

huge progression towards the clinic in recent years, with many new trials underway. 

While antisense therapies have many potential benefits, there are still a number of 

limitations, particularly those related to AO delivery, and once overcome, the clinical 

uses of antisense therapies are only expected to expand. 

 

 

1.3.3 Benefits and limitations of AOs 

AO therapies have many benefits over other alternative drug strategies, including 

gene therapy, monoclonal antibodies and the use of small molecules. Nevertheless, as 

with any therapy, there are still some limitations that current researchers are 

endeavouring to overcome. Some of the main benefits and limitations are listed in Table 

1.2. 
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Table 1.2 Benefits and current limitations of AO therapies. 

Therapeutic benefits of AOs  Current limitations of AOs 

Highly specific – fewer off-target effects.  Long-term administration is costly. 

Can target the ultimate genetic cause of 

disease. 

 Delivery to certain organs (e.g. heart, brain, 

bone marrow) is difficult. 

Appear to elicit no immune response, or 

neutralising antibodies. 

 Difficulty crossing the blood brain barrier 

(BBB). 

Can be chemically modified to enhance delivery 

and antisense effect as well as limit off-target 

effects. 

 High doses required, but AOs can accumulate 

in the liver and kidney. 

Personalised medicine – AOs can be developed 

to overcome rare mutations. 

 Intellectual property barriers limit collaboration 

on AO chemistries and sequence. 

Relatively inexpensive synthesis of 2´OMethyl 

AOs means many sequences can be analysed 

to identify optimal sequences. 

 Limitations of animal models particularly for 

testing splice-switching AOs. 

 

 

 

1.4 Significance and aims of this project 

The current and ongoing studies focused on antisense therapies for SMA have been 

discussed, and while the Anti ISS-N1 AO designed by the Singh laboratory (N. K. Singh 

et al. 2006) is the current front-runner, this therapy is by no means proven to be the 

answer for SMA, and additional AO strategies should be explored. Our laboratory has 

invested significant effort into the development of AO exon skipping strategies for the 

treatment of Duchenne muscular dystrophy (DMD). One PMO developed in our 

laboratory targeting exon 51 has been shown to be safe in clinical trials, and has 

recently received accelerated approval by the FDA. The knowledge gained from the 

DMD studies is paramount to expanding this type of therapy to other diseases, including 

SMA.  

Given the correlation between SMN2 copy number and the amount of SMN protein, 

SMN2 presents as an ideal target for antisense splice-switching therapies, and has 

therefore become the focus of this thesis. The work presented herein will expand on the 
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current SMA antisense work published by others, including improving the in vitro, and 

potentially in vivo capabilities of SMN2 targeting compounds, including the Anti ISS-N1 

sequence. However, the Anti ISS-N1 sequence cannot be used as a PMO in clinical 

studies as this time, due to licencing restrictions, and other novel targets within the 

SMN2 gene have been explored in an effort to identify an unrestricted AO target 

sequence with similar characteristics to that targeted by Anti ISS-N1. The novel AO 

sequences developed in this study have been published in the patent 

(WO/2015/035460), expanding the current therapeutic landscape for SMA. 

Furthermore, this thesis will contribute towards understanding splice-switching AO 

mechanisms and off-target effects, as well as explore new antisense strategies for 

overcoming disease. 

 

Aims of this study 

The overall focus of this study was to develop an antisense therapy for SMA without 

inducing toxicity or off-target effects. To achieve this, the following specific aims were 

addressed: 

1. To design and test antisense oligonucleotides targeting intronic regions flanking 

exon 7 to impede negative splicing factor binding and induce SMN2 exon 7 

recognition by the spliceosome, ultimately increasing the amount of FL-SMN2 

and SMN protein.  

 

2. To evaluate these AO sequences in a mouse model of SMA for improved 

phenotype and survival.  

 

3. To test chemically modified AOs that could further enhance SMN2 exon 7 

selection  

 

4. To investigate alternative theories of splice-switching AO mechanisms and to 

compare the off-target affects across different AO chemistries. 
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5. To test an alternative AO design using non-perfect base pairing “mismatch” 

AOs to further improve AO effect on FL-SMN2 levels.  

 

6. To design AOs targeting the terminal exon (8) to slow mRNA processing and 

induce SMN2 exon 7 inclusion and increase SMN protein levels.  

 

7. To design AOs that induce skipping of SMN2 exon 7 in healthy cells to develop 

a transient model of SMA that could be later used for testing experimental 

therapies, as well as to further the understanding of SMA progression and the 

role of the SMN protein in different cell types.  
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2.1 Materials 

2.1.1 Reagents  

All reagents used in this study are listed below. 

Reagent Supplier 

100bp molecular size marker Geneworks 

Acetic acid, glacial BDH Laboratories 

Agarose powder Scientifix 

AmpliTaq Gold DNA polymerase and reaction buffer Applied Biosystems 

Baxter sterile water Baxter Healthcare 

Beta Tubulin mouse monoclonal antibody (βTubulin) Thermo Fisher Scientific 

Bromophenol blue (BPB) Sigma-Aldrich 

Chick embryo extract (CEE) Jomar Diagnostics 

Chloroform  Sigma-Aldrich 

Coomassie blue Bio-Rad Laboratories 

Deoxynucleotide triphosphates (dNTPs) Life Technologies 

Diffinity Rapid tips Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Dithiothreitol (DTT) Roche Diagnostics 

Dulbecco's modified Eagle's Medium (DMEM) Life Technologies 

Ethanol  Sigma-Aldrich 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Foetal bovine serum (FBS) Scientifix 

Glycerol  Sigma-Aldrich 

Glycine Sigma-Aldrich 

Ham’s-F10 medium Life Technologies 

Ham’s-F12 medium Life Technologies 

Hoechst 33342 Sigma-Aldrich 

Horse serum (HS) Life Technologies 

hnRNP-A1 rabbit polyclonal antibody Thermo Fisher Scientific 

IgG Alexa Fluor 488 goat anti-mouse Thermo Fisher Scientific 

IgG Alexa Fluor 568 goat anti-rabbit Thermo Fisher Scientific 

Isopropanol  Sigma-Aldrich 

Lipofectamine 3000 Life Technologies 

Lipofectin Life Technologies 

MagicMark XP Western protein standard Life Technologies 

MANSMA1 SMN mouse monoclonal antibody Prof. Glenn Morris, Wolfston Centre 

MANSMA7 SMN mouse monoclonal antibody Prof. Glenn Morris, Wolfston Centre 

Matrigel Becton Dickinson Life Technologies 

Minimal essential medium (MEM) Life Technologies 

MOPS buffer Life Technologies 
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Reagent cont. Supplier 

NONO mouse monoclonal antibody Prof. Archa Fox, Harry Perkins Institute 

Novex NuPage 4-12% Bis/Tris precast gels Life Technologies 

OptiMEM reduced serum media Life Technologies 

P2 nucleofection kit Lonza 

Phenylmethylsulphonyl fluoride (PMSF) Sigma-Aldrich 

Polyvinylidene Fluoride (PVDF) transfer membrane Pall 

Precision Plus Protein Kaleidoscope Standards Bio-Rad Laboratories 

Prolong Gold Antifade Mountant Thermo Fisher Scientific 

Protease inhibitor cocktail (P8340) Sigma-Aldrich 

Red Safe nucleic acid stain iNtRON biotechnologies 

Roswell Park Memorial Institute medium (RPMI) Life Technologies 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich 

Superscript III one-step RT-PCR with Platinum Taq Life Technologies 

Triton X-100  Sigma-Aldrich 

Trizma base Sigma-Aldrich 

TRIzol Reagent Life Technologies 

Trypan Blue Sigma-Aldrich 

Trypsin (used 0.25% in PBS) Life Technologies 

TURBO DNAse Ambion  

Tween 20 Sigma-Aldrich 

Western Breeze Chemiluminescent immunodetection kit Life Technologies 

 

2.1.2 Buffers 

The compositions of buffers made in-house are documented in Table 2.1. 

Table 2.1 Composition of buffers made in-house. 

Stock Buffer pH Reagents 

1x PBS 7.4 137mM NaCl 

    2.7mM KCl 

    10mM Sodium Phosphate dibasic 

    2mM Potassium Phosphate monobasic 

  Autoclaved and filter sterilised 

1x TAE 8.2  20mM Trizma base 

    40mM Acetic Acid 

    1mM EDTA 

Gel loading dye  0.25g Bromophenol blue 

  0.125g Xylene cyanol 

  7.5g Ficoll 

  0.5g SDS 

  make to 50ml with H2O 
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Stock Buffer pH Reagents 

1x PBST 7.4 137mM NaCl 

    2.7mM KCl 

    10mM Sodium Phosphate dibasic 

    2mM Potassium Phosphate monobasic 

    0.1% Tween-20 

1x Western  8.4 50mM Trizma base 

Transfer    400mM Glycine 

Buffer (WTB)   0.01% SDS 

 

 

2.2 Methods 

2.2.1 Antisense oligonucleotide design and synthesis 

Antisense oligonucleotides were designed to anneal to splicing factor motifs as 

predicted by the online SpliceAid prediction tool (Piva et al. 2012), available at 

http://www.introni.it/splicing.html. For exon inclusion AOs, predicted intron splice 

silencing domains were targeted, while exon splice enhancing domains were targeted 

for AOs designed to induce exon skipping. AO nomenclature was based on that 

described by Mann et al. (2002), whereby the species (h), gene transcript (e.g. SMN), 

exon number (n), acceptor or donor splice site (A/D) and the AO binding co-ordinates 

(x/y) are indicated (Mann et al. 2002). Bases labelled with a ‘+’ bind within the exon, 

while those labelled ‘-’ bind to intronic regions. 

 h SMN n A/D (±xx ±yy) 

Initial AO screening was carried out using 2´OMethyl AOs, due to their relatively 

cheap synthesis. All 2´OMethyl PS-AOs were synthesised in-house on an Expedite 

8909 Nucleic acid synthesiser with a phosphorothioate backbone. Following 

identification of optimal 2´OMethyl AO sequences, these AOs were prepared as 

morpholino oligomers. PMOs were either purchased through Genetools LLC 

(Philomath, OR, USA), or kindly provided by Sarepta Therapeutics (Cambridge, MA, 

USA). 

 

http://www.introni.it/splicing.html
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2.2.2 Growing and sub-culturing of cells 

The majority of data presented in this thesis has been generated using SMA patient or 

normal healthy fibroblasts. While neuronal cultures would be ideal, it was not possible 

to obtain primary neuronal cultures from SMA patients. The majority of research in 

the SMA field, and in particular, research testing antisense therapies, is carried out 

using SMA patient fibroblasts. It was therefore considered appropriate to use 

fibroblasts for AO screening in this study. It is also important to note that while the 

splicing of SMN2 in neurons generally results in approximately 90% Δ7-SMN2 

transcripts, the splicing of SMN2 in fibroblasts results in approximately 60% FL-

SMN2 and 40% Δ7-SMN2 transcripts. 

Cells were either purchased from the Coriell Cell Repositories (Camden, NJ, USA), 

the American Type Culture Collection (ATCC, Manassas, VA, USA) or sourced from 

our in-house bio-bank of primary cells from patients or healthy volunteers. Cells were 

proliferated in T75 or T175 flasks and were sub-cultured when they were 70% 

confluent for myoblasts and 90% confluent for other cell types. For transfection, cells 

were seeded into either 24 well plates for RNA analysis, T25 flasks for western 

blotting, or on 22 mm x 22 mm coverslips in 6 well plates for immunofluorescent 

analysis. Cells were seeded in appropriate proliferation media and incubated at 37°C 

for 24 hours prior to transfection. Primary mouse mdx myoblasts were grown on a 

matrigel coated flask and seeded into matrigel coated plates, whereby flasks or plates 

were coated with matrigel, incubated at 37°C for 1 hour then removed prior to cell 

seeding. Table 2.2 lists the specific cell types, proliferation and transfection conditions 

used in this study. No antibiotics were used in culture media. 

 

2.2.3 2´OMethyl AO transfection 

The 2´OMethyl PS chemistry has a negatively charged phosphorothioate backbone 

and as such, can be transfected using a lipid-based transfection reagent. Either 

Lipofectin or Lipofectamine 3000 (Lipo 3000) (Life Technologies, Melbourne, 

Australia) were used depending on cell type, using conditions previously optimised in 

our laboratory. Lipofectin was used at a 2:1 ratio of lipofectin to total AO, and 3 µl of 

Lipo 3000 was used per 1ml of transfection sample, according to manufacturer’s 

protocols. Transfections were prepared by incubating the AO and transfection reagent 
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at room temperature in 50-200 µl of DMEM or OptiMEM. The incubation time was 

dependent on the transfection reagent, and performed according to the manufacturer’s 

protocol. The transfection mix was then diluted to desired AO concentration in a final 

volume of 1 ml using 1% FBS DMEM or OptiMEM, and then applied to cells. 

Transfections were incubated at 37°C for 48 hours prior to RNA analysis, and 72 

hours prior to protein analysis. Transfection of fibroblasts intended for protein analysis 

were supplemented with 20% FBS DMEM to a final concentration of 5% FBS at 24 

hours.  



 

 

Table 2.2 Cell culture types used in this thesis and the culturing and transfection conditions. 

Cell Type 

 Proliferation conditions 
Differentiation 

conditions 

Seeding density Transfection conditions 

Source 
Flask 

preparation Media 24 well plate T25 flask Coverslip Reagent Media 

Primary human 

fibroblasts  

CCR, or  None 10% FBS DMEM None 15,000 200,000 6,000 Lipofectin 2:1 1% FBS 

DMEM In-

house 

 20,000 250,000 8,000 Lipo 3000,    

3 µl/1 ml 

Primary mdx mouse 

myoblasts 

In-

house 

Matrigel  20% FBS, 0.5% 

CEE, Ham’s F-10 

None 25,000 Not used Not used Lipofectin 2:1 OptiMEM 

SH-SY5Y human 

neuroblastoma cell 

line (ATCC CRL-

2266) 

ATCC None 10% FBS, MEM/ 

Ham’s F-12 (1:1) 

10 µM Retinoic 

acid, 1% FBS, 

MEM/ Ham’s F-

12 (1:1) 7 days 

50,000 Not used Not used Lipo 3000,    

3 µl/1 ml 

1% FBS 

MEM/ Ham’s 

F-12 
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2.2.4 Transfection of Phosphorodiamidate morpholino oligomers 

Phosphorodiamidate morpholino oligomers (PMOs) were synthesized either by 

Sarepta Therapeutics (Cambridge, MA, USA) or by Gene-Tools LLC (Philomath, OR, 

USA). PMOs have a neutral backbone, and the mechanism by which they penetrate 

the cell membrane is still unknown. Furthermore, due to the lack of charge, PMOs are 

not readily transfected using standard reagents. PMOs were transfected un-complexed 

at high doses, annealed to a negatively charged “leash” and complexed with a 

transfection reagent, or by nucleofection. 

Transfection of un-complexed PMOs 

PMOs were transfected un-complexed at high doses ranging from 40 µM to 2.5 µM. 

PMOs were diluted accordingly in 1% FBS DMEM and applied directly to the cells. 

Transfections were incubated at 37°C for 4 to 7 days. 

PMO-leash transfection 

PMOs were annealed to negatively charged complementary DNA molecules “DNA 

leashes”, synthesized by Geneworks (Adelaide, Australia), to form PMO:leash 

duplexes. All PMO:leash working solutions were prepared at a final concentration of 

50 µM for both PMO and respective leash at a 1:1 molar ratio in 2.5x PBS (pH 7.4). 

The annealing mix was incubated in a thermal cycler according to the following 

temperature profile:  

95C  10 min  

85C  1 min 

75C 1 min 

65C 5 min  

55C 1 min 

45C 1 min 

35C 5 min 

25C 1 min 

15C 1 min 

The PMO:leash duplex was complexed with Lipofectin using the same protocol as for 

2´OMethyl AO transfection. Transfections were incubated for 3 days.  
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Nucleofection 

PMO delivery by nucleofection was performed using a Nucleofection X unit (Lonza, 

Melbourne, Australia). PMOs were transfected at 1 µM and 0.5 µM, determined by the 

final transfection volume. Cell density and volumes are documented in table 2.3 for 

each culture vessel. Cells were harvested (allowing an extra 10% to account for 

expected cell losses), and resuspended in the Nucleofection P2 solution with 

supplement as per manufacturer’s instructions. P2 solution (18 µl) containing cells in 

suspension was used per well of the transfection strip with PMO. Cells were “zapped” 

using the CA-137 program, previously optimised in our laboratory for nucleofection of 

fibroblasts. Warm RPMI media (80 µl) was added to each well and the cells incubated 

at 37°C for 10 minutes to improve cell recovery. The cell suspension was then 

transferred to culture vessel supplemented with 1% FBS DMEM (Table 2.3).  

Table 2.3 Culture conditions for nucleofection 

Analysis Culture Vessel 

Cell 

density 

Media 

Volume 

RNA 2 wells, 24 well plate 40,000 1 ml 

Western blot T25 flask 220,000 5.5 ml 

Immunofluorescence 22mm x 22mm coverslip 
in 6 well plate 

40,000 1.5 ml 

 

2.2.5 Cell harvesting and RNA extraction 

Following transfection and appropriate incubation, cells were harvested using TRIzol 

reagent (Life Technologies). A total of 500 µl was used per sample, incubated at room 

temperature for 10 minutes and cell solution collected. RNA was extracted using the 

phenol-chloroform method according to manufacturer’s instructions.  

 

2.2.6 Polymerase Chain Reaction 

RT-PCRs were performed using the One-step Superscript III RT-PCR kit with 

Platinum Taq polymerase (Life Technologies) according to manufacturer’s 

instructions. Each PCR reaction included 100 ng of RNA and 25 ng each of forward 
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and reverse primers. PCR conditions for amplification of human and mouse SMN 

transcripts are detailed in Table 2.4.  

Table 2.4 PCR conditions for human SMN and mouse Smn transcript amplification. 

Transcript 
and size 

Primer Primer sequence Temperature profile 

SMN Exon 4 Fwd AGG TCT CCT GGA AAT AAA TCA G 55°C   30min   

FL 404 bp Exon 8 Rev TGG TGT CAT TTA GTG CTG CTC T 94°C   2min   

Δ7 350 bp   
 

94°C   40sec   

  
 

56°C   1min 25 cycles 

     68°C   1min   

Smn Exon 4 Fwd GAA AGT CAA GTT TCC ACA GAC G 55°C   30min   

FL 430 bp Exon 8 Rev CAC CCC ATC TCC TGA GAC AGA GC 94°C   2min   

Δ7 380 bp   
 

94°C   40sec   

   
 

60°C   1min 28  cycles 

     68°C   1min   

 

2.2.7 Gel electrophoresis 

Following PCR, products were fractionated on a 2% agarose gel in TAE buffer at 100 

V for 1.5 hours. Prior to loading, samples were mixed with loading dye (4:1, v:v), and 

4 µl of 100bp ladder (Geneworks) was loaded as a size standard. Gels were stained for 

10 minutes in TAE containing 1x RedSafe (iNtRON Biotechnology, Korea), then de-

stained for 20 minutes in ddH2O, prior to image capture on a Vilber Lourmat Fusion 

FX system, using Fusion software for image acquisition and Bio-1D software (version 

15) for image analysis. 

 

2.2.8 Band stab and Sequencing 

To confirm product sequences, agarose gel separation was repeated and stained in 

RedSafe, then visualised on a UV lightbox. Each band of interest was stabbed with a 

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  4 min 

40 cycles: 

94°C 40 sec 

50°C 1 min 
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72°C 1 min – 2 min depending on product size 

PCR products were purified using Diffinity Rapid Tips (Diffinity Genomics, PA, 

USA) as per manufacturer’s instructions. Purified DNA products with appropriate 

primer were sent to the Australian Genome Research Facility (AGRF, Perth Australia) 

for Sanger sequencing and then analysed using BioEdit software, version 7. 

 

 

2.2.9 Western blot analysis 

Sample preparation 

Cells were harvested from T25 flasks after 3 days using trypsin to lift adherent cells, 

and then the reaction was terminated using 5% HS DMEM. Cells were pelleted and 

then resuspended in PBS to remove excess media, and then re-pelleted and 90% taken 

for protein analysis and 10% for RNA preparation. Cell pellets for protein analysis 

were placed immediately on dry ice. Lysis buffer was prepared as per below, and 60-

80 µl added to each sample depending on pellet size. Pellets were sonicated 6 times 

for 1 second pulses before loading buffer was added and samples heated to 94°C for 5 

minutes then snap frozen on dry ice. Samples were centrifuged at 14,000g for 2 min 

before loading onto gel. 

Lysis Buffer:  125 mM Tris/HCl pH 6.8 

   15% SDS 

   10% Glycerol 

   12.5 µl PMSF  

   150 µl Protease inhibitor cocktail 

   Water to final volume of 5ml 

 

Loading Buffer for  1.75 µl Bromophenol blue 

75 µl of sample: 4 µl Dithiothreitol (DTT, 100 mM) 

 

Protein loading gel  

To evaluate 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 run at 200 

V for 55 minutes in 1x MOPS buffer (Life Technologies). A Kaleidoscope molecular 
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weight marker (BioRad, Sydney, Australia) was loaded for size comparison. Gels were 

stained in Coomassie blue for 10 minutes and de-stained in 7% Acetic acid overnight. 

Images were captured using a Vilber Lourmat Fusion FX system with a white light 

conversion screen. Bio1D software was used to analyse the levels of a major protein in 

order to normalise sample loading. 

 

Western blot 

Approximately 10 µg of total protein normalised by densitometric analysis was loaded 

per sample on a NuPAGE Novex 4-12% BIS/Tris gel (Life Technologies) and run at 

200 V for 55 min.  The Kaleidoscope marker was loaded to visualise separation, and 3 

µl of Magic Mark molecular weight marker (BioRad) was used for size comparison of 

products. Proteins were transferred onto a Pall Fluorotrans polyvinylidene fluoride 

(PVDF) membrane at 390 mA for 2 hours in Western transfer buffer. Monoclonal 

antibodies were detected using a Western Breeze Chemiluminescent Immunodetection 

System (Life Technologies). All reagents were supplied with the kit and 

immunodetection was performed according to manufacturer’s instructions. Briefly, 

following transfer, membranes were incubated in blocking solution for 30 minutes at 

room temperature, and then incubated in MANSMA7 (1:1000, a gift from Prof. Glenn 

Morris) and Beta tubulin (1:300, Thermo Fisher Scientific) primary antibodies 

overnight at 4°C. All antibody details and conditions are listed in Table 2.5. The 

membrane was incubated for 1 hour and room temperature in alkaline phosphatase 

labelled secondary antibody, and the signal detected using the provided 

chemiluminescent substrate, incubated in the dark for 5 minutes. Western blot images 

were captured on a Vilber Lourmat Fusion FX system using Fusion software and Bio-

1D software was used for image analysis.  

 

2.2.10 Immunofluorescence  

Cell culture 

Cells were dotted in “colonies” on 22 mm x 22 mm coverslips in 6 well plates with 

6,000 cells in 60 µl, then 6,000 cells in 60 µl seeded around the edge of coverslip for 

RNA analysis. Cells were incubated at 37°C for 20 minutes to allow them to attach to 

the coverslip or plate, then 1.5 ml of proliferation media added and cells were 
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incubated for 24 hours prior to transfection. Transfected cells were supplemented at 24 

hours with 20% FBS DMEM at a final concentration of 5% FBS, then incubated for a 

further 48 hours. 

Fixing and staining 

Cells on coverslips were fixed using ice cold acetone – methanol (1:1) for 4 minutes 

then air dried. Remaining cells around the sides of the plate were harvested using 

TRIzol for RNA analysis. All antibody details and conditions are listed in Table 2.5. 

SMN staining 

Coverslips were blocked for 30 minutes in 10% filtered goat serum in PBS containing 

0.2% Triton X-100 (PBT). SMN was detected with MANSMA1 (1:100, a gift from 

Prof Glenn Morris) antibody, incubated overnight at 4°C in PBT. Cells were stained 

with Hoechst (Sigma) for nuclei detection (1 mg/ml diluted 1:125). MANSMA1 

primary antibody was detected using AlexaFluor488 (1:400, Thermo Fisher 

Scientific), incubated for 1 hour at room temperature. Coverslips were mounted onto 

slides using Prolong Gold anti-fade media (Thermo Fisher Scientific) and images 

taken immediately. Fifteen photos of SMN (Gems) and Hoechst staining were taken 

per slide using the 20x objective. Photos were overlayed using the Adobe Photoshop 

Software (CS3) and the number of Gems per nuclei were counted and recorded as a 

percentage of total nuclei.  

NONO and hnRNP-A1 staining 

Coverslips were washed in PBS containing 1% Triton X-100 to permeabilise the 

nuclear membrane, and then in PBS to remove excess Triton-X. NONO (non-POU 

domain containing, octamer-binding protein) (1:500, a gift from Prof. Archa Fox) or 

hnRNP-A1 (1:1000, Thermo Fisher Scientific) primary antibodies were applied in 

PBS containing 0.05% Tween20 for 1 hour at room temperature. Primary antibody 

was detected using AlexaFluor488 anti mouse, or AlexaFluor568 anti rabbit (1:400) 

for 1 hour at room temperature, and counterstained with Hoechst for nuclei detection 

(1 mg/ml diluted 1:125).  



 

 

Table 2.5 List of Antibodies used in this study, their dilutions and detection method. 

  Antibody Supplier Catalogue # Dilution Incubation Conjugate Species Method Detection  

Primary Beta Tubulin Thermo Fisher MA5-11732 1 in 300 4°C 16 hr monoclonal Mouse Western blot Western Breeze 

  SMN Glenn Morris MANSMA1 1 in 100  4°C 16 hr monoclonal Mouse Immunofluorescence IgG Alexa Fluor 

    Glenn Morris MANSMA7 1 in 1,000 4°C 16 hr monoclonal Mouse Western blot Western Breeze 

  NONO Archa Fox None 1 in 500 25°C 1 hr monoclonal Mouse Immunofluorescence IgG Alexa Fluor 

  hnRNP-A1 Thermo Fisher PA5-28385 1 in 1000 25°C 1 hr polyclonal Rabbit Immunofluorescence IgG Alexa Fluor 

Secondary Alexa Fluor 488 Thermo Fisher A11001 1 in 400 25°C 1 hr Anti-mouse Goat Immunofluorescence N/A 

Antibodies Alexa Fluor 568 Thermo Fisher A11011 1 in 400 25°C 1 hr Anti-rabbit Goat Immunofluorescence  N/A 

Nuclei stain Hoechst 33342 Sigma B2261 1 mg/ml, 1 

in 125 

25°C 1 hr None None Immunofluorescence None 
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2.2.11 In vivo mouse studies  

All in vivo work was carried out at the Ohio State University, Columbus, Ohio, USA 

in strict accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the University Laboratory Animal Resources at the Ohio State 

University. The protocol was approved by the Institutional Animal Care and Use 

Committee (IACUC), under Permit Number 2008A0089. AO administration to mice 

was performed by Dr Vicki McGovern at the Ohio State University. 

Breeding and genotyping of mice 

Transgenic FBV/N mice carrying SMN2 and SMNΔ7 were bred with heterozygous 

Smn knockout mice, to produce an SMA mouse breeding colony (Smn
+/-

,SMN2
+/+

,SMNΔ7
+/+

) (Le et al. 2005). Heterozygous mice were crossed to produce 

Smn
+/+

, Smn
+/-

, and Smn
-/-

 offspring. On post-natal day 0 (PND0), mice were marked 

on their paws using a pre-dispersed, water based tattoo ink for the purpose of 

identification and then genotyped. For DNA isolation, 2 mm tail clippings were placed 

in 180 µl of 50 mM NaOH then heated at 95°C for 20 minutes. To neutralise the 

reaction, 20 µl of 1 mM Tris-HCl (pH 8.0) was added to the DNA and the mixture 

vortexed. Multiplex PCR was used to detect the presence or absence of the Smn 

knockout allele. PCR was performed using the primers listed in Table 3.2 with 3 µl of 

DNA according to the following temperature profile: 95°C for 2 min, 35 cycles of 

95°C for 30 sec, 57°C for 30 sec and 72°C for 50 sec followed by an additional 

elongation at 72°C for 2 min. Products were fractionated on a 1.2% agarose gel and 

stained with ethidium bromide. The primer sequences are listed in Table 2.6 and the 

binding location on the Smn gene and insert are shown in Figure 2.1. 

 

Table 2.6 Primer sequences for genotyping SMA knockout mice. 

Primer name Sequence Product size 

mSmn2A Fwd TTT TCT CCC TCT TCA GAG TGA T  

mSmn2B Rev GCT GTG CCT TTT GGC TTA TCT GG 325 bp 

Knockout Rev GAG TAA CAA CCC GTC GGA TTC 411 bp 
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Figure 2.1 Schematic of Smn transcript carrying the knockout insert within exon 2A and primer location 

for genotyping. 

 

PMO preparation and intracerebroventricular injection 

Lyophilised PMOs were reconstituted to 4mM in 0.9% saline and filter sterilised. The 

PMO was mixed with 0.04% Evans blue dye for visualisation after injection, and 2 µl 

of PMO solution was drawn into a fine-drawn glass capillary needle. Following 

genotyping, four SMA mice per litter (with Smn
+/- 

carrier mice used to make up 

numbers where necessary) were injected with PMO on PND0. Mice were held over a 

fibre optic illuminator to visualise the suture at the intersection of the coronal and 

sagittal cranial structures (bregma) and the ventricles of the brain according to 

Porensky et al. (2012). The injection was made into the left ventricle, 1 mm lateral to 

and 1 mm posterior to the bregma  (Porensky et al. 2012), see Figure 2.2. Mice were 

weighed daily. 

 

 

Figure 2.2 Diagram of mouse pup head showing ICV injection site on the left and the ventricles with 

dispersed AO and Evans blue dye on the right.  
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CHAPTER 3.                                                                                

Antisense oligonucleotide-mediated SMN2 exon 7 inclusion 

 

 

 

 

 

 

 

 

 

 

 

 

This work is the subject of an international patent: WO/2015/035460 – Antisense 

Oligomers and Methods for Treating SMN-Related Pathologies, filed 12 Sep 2014. 
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3.1 Introduction 

One of the most promising therapeutic approaches for spinal muscular atrophy 

(SMA) is the use of antisense oligonucleotides (AOs) to manipulate expression of the 

inappropriately spliced survival motor neuron 2 (SMN2) gene transcript. While the 

survival motor neuron 1 (SMN1) gene is missing from most SMA patients, the 

homologous SMN2 gene could partially compensate for SMN production (Lorson et 

al. 1999). A C>T base change in SMN2 exon 7 results in exclusion of the exon from 

90% of neuronal SMN2 transcripts (Lorson et al. 1999; Monani et al. 1999). AOs 

targeting splice silencing regions flanking exon 7 can restore full-length SMN2 and 

increase SMN levels, (for review see (Porensky and Burghes 2013)). 

In particular, an AO annealing to an intronic splice silencer domain (ISS-N1) in 

SMN2 intron 7 prevents binding of the negative splicing factor hnRNP-A1 (N. K. 

Singh et al. 2006). An 18 base 2´OMethyl AO with a phosphorothioate backbone 

targeting this site (SMN2.7D(-10-27)) has been shown to enhance exon 7 recognition, 

producing an increase in FL-SMN and SMN protein (N. K. Singh et al. 2006). The AO 

sequence (Anti ISS-N1) is licenced by Ionis Pharmaceuticals, (Carlsbad, CA, USA) 

formally Isis Pharmaceuticals (WO 2007/002390 A2) and is currently being evaluated 

as a 2´ O-Methoxyethyl phosphorothioate AO (MOE) in clinical trials for SMA 

patients. Results of Phase I trials in Type 2 and 3 patients shows an improvement in 

the Hammersmith Functional Motor score in patients receiving the high dose 

(Chiriboga et al. 2016). Although Anti ISS-N1 Phase II evaluation in Type 1 patients 

has been ongoing since September 2013, results of this study are yet to be published. 

Preliminary findings were reported at Congress of the World Muscle Society and the 

Annual Meeting of the American Academy of Neurology have been encouraging with 

an improvement in developmental milestones reported (Bertini 2016; Finkel et al. 

2016). Furthermore, while 35% of patients required permanent ventilation by 18 

months during treatment, as of January 2016, no end-point milestones, including 

respiratory failure or death, have been reported since December 2014 (Finkel et al. 

2016).  

However, concerns relating to the MOE chemistry have arisen through in vivo 

evaluation of MOE AOs, compared with phosphorodiamidate morpholino oligomers 

(PMO). Separate studies on these chemistries in SMA animal models suggest that an 
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Anti ISS-N1 PMO (Porensky et al. 2012) was more effective in terms of extending 

survival than an Anti ISS-N1 MOE (Passini et al. 2011). PMO and MOE Anti ISS-N1 

AOs were evaluated independently in a transgenic Δ7-SMA mouse model, (Smn
-/-

, 

SMN2
+/+

, SMNΔ7
+/+

) that has an average survival of 14 days when untreated (Le et al. 

2005).  In the MOE study, the Δ7-SMA mice received 4 µg of Anti ISS-N1 MOE by 

intracerebroventricular injection (ICV) at post-natal day 0 (PND0) and showed a 

median survival of 26 days, compared to 23 days after treatment with an 8 µg dose.  

Doses above 8 µg were toxic (Passini et al. 2011). A PMO Anti ISS-N1 20-mer 

(SMN2.7D(-10-29)) administered through the ICV route was better tolerated than the 

equivalent MOE, with doses as high as 81µg being non-toxic and inducing a median 

survival of 112 days (Porensky et al. 2012). The longest survival observed in the PMO 

study was 161 days in a mouse treated with a low dose of the PMO (27 µg) (Porensky 

et al. 2012). Figure 3.1 shows an Anti ISS-N1 PMO-treated mouse and an untreated 

littermate at 14 days of age. Optimisation of the PMO sequence and extension of the 

oligomer from 20 to 25 bases in length (SMN2.7D-10-34)) has been shown to improve 

survival to a median of 126 days (Mitrpant et al. 2013). 

 

 

 

 

Figure 3.1 Photograph showing SMA mouse treated with Anti ISS-N1 PMO (left) and untreated 

littermate (right), as reported in Porensky et al. (2012). Photograph provided by P. Porensky and C. 

Mitrpant (unpublished data). 

 

The PMO chemistry has many advantages over other AO compounds due to the 

stability and neutral charge of the morpholine ring and the phosphorodiamidate (PD) 

backbone compared to the phosphorothioate (PS) backbone. These include highly 

specific binding affinity for target sequences, extraordinary in vivo stability, and most 

importantly, an excellent safety profile (J. E. Summerton 2007). The lead therapeutic 

compound for Duchenne muscular dystrophy (DMD) is a PMO designed to skip exon 

51 of the dystrophin transcript (Mendell et al. 2013). This PMO (Exondys51) is 
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licensed by Sarepta Therapeutics (Cambridge, MA, USA) and has shown no 

significant side-effects following weekly treatment over five years in an ongoing and 

extended Phase II clinical trial (Mendell et al. 2015). Furthermore, the neutral PMO 

backbone has been shown in vitro and in vivo to cause minimal to no non-specific 

effects compared with the negatively charged PS backbone of a 2´OMethyl or MOE 

AO (J. E. Summerton 2007). Taken together, these studies support the notion that the 

PMO is suitable as the lead chemistry for clinical applications. 

Given the higher efficacy of PMOs in SMA and DMD, the search continues for 

new AO sequences to further improve the efficacy of PMO therapy for SMA. Others 

have published additional intronic splice silencing domains within SMN2 introns 6 and 

7 that are shown to recruit negative splicing factors. Silencing domains within intron 6 

include ISS-E1 (Miyajima et al. 2002) and ISS (Hua et al. 2008), whereas intron 7 

includes ISS-E2 (Miyaso et al. 2003) and ISS+100 (Kashima et al. 2007a). Results of 

studies on AOs targeting these sites have been encouraging, although these AOs 

appear less effective than Anti ISS-N1. The only report of an equally effective AO 

comes from the Singh Laboratory, which described a long distance interaction in the 

mRNA secondary structure between an intron 7 region (ISS-N2) and the ISS-N1 

hnRNP-A1 binding site. An AO annealing to this region (Anti ISS-N2, SMN2.7D(-

283-297)) has been shown to block this mRNA folding interaction and has been 

claimed to increase FL-SMN2 to levels similar to those resulting from Anti ISS-N1 

application (N. N. Singh et al. 2013). However, we have been unable to reproduce 

these findings in our laboratory.  

As a consequence, additional AO therapeutics for SMA that can efficiently increase 

SMN levels, without compromising overall survival or leading to toxicity should be 

investigated. The purpose of this study was therefore to screen intronic regions 

flanking exon 7 in an effort to develop new AO sequences that promote SMN2 exon 7 

retention, with the goal of increasing functional SMN protein levels.  
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3.2 Specific methods 

3.2.1 AO design 

First generation AO sequences design to induce SMN2 exon 7 retention (Table 3.1 and 

Figure 3.2) were designed by Dr Chalermchai Mitrpant and published in his PhD 

thesis (Mitrpant 2009). To further optimise AO sequences, “second generation” AOs 

were designed by extending the length of the original 20 base AOs to 23 or 26 bases 

and by micro-walking overlapping 20-mer sequences up or downstream of the original 

target site. All AO sequences tested in this study are listed in Appendix 1 (Table A1). 

A scrambled AO sequence was used as a sham treatment control. This sequence does 

not bind SMN2 or related transcripts and is commercially available from Genetools 

LLC (Philomath, OR, USA). 

All 2´OMethyl AOs were synthesised in house and all SMN PMOs were kindly 

provided by Sarepta Therapeutics (Cambridge, MA, USA). 

Table 3.1 Sequences and binding co-ordinates of control and first generation AOs developed by Dr 

Mitrpant (Mitrpant 2009). 

AO name Co-ordinates Sequence 5´ > 3´ 

Splicing factor 

target 

Control AOs:    

Anti ISS-N1 SMN2.7D(-10-29) AUU CAC UUU CAU AAU GCU GG hnRNP-A1 

Anti ISS-N1 25 SMN2.7D(-10-34) GUA AGA UUC ACU UUC AUA AUG CUG G hnRNP-A1 

Anti ISS-N2 SMN2.7D(-278-297) AAG UCU GCU GGU CUG CCU ACU AGU LDI 

Sham Ctrl AO 1  Scrambled  CCU CUU ACC UCA GUU ACA AUU UAU A N/A  

Sham Ctrl AO 2 Unrelated gene GCU AUU ACC UUA ACC CAG N/A  

First 
generation AO  

 
 

AO a SMN2.7A(-246-227) GCU CAU GCC UAC AAU CCC AC hnRNP-H 

AO b SMN2.7A(-70-51)   AGC UAU AUA UAG AUA GCU UU hnRNP-C 

AO c SMN2.7D(-75-94) UCU GAA CUU UUU AAA UGU UC hnRNP-C 

AO d SMN2.7D(-95-114) AAC CUU UCA ACU UUC UAA CA hnRNP-A1 

AO e SMN2.7D(-155-174) AUU AAC CUU UUA UCU AAU AG hnRNP-H 
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3.3 Results 

3.3.1 Optimising AO design and testing of 2´OMethyl AOs 

A total of 70 different AOs were transfected into SMA fibroblasts (GM03813, Coriell 

Cell Repositories, Camden, NJ, USA) at 100 nM, 50 nM and 25 nM and incubated 

(37°C) for 48 hours. Each AO was transfected at least twice, with the optimal 

sequences (see Figure 3.4) transfected a minimum of 5 times. The following results 

shown in this section are representative of results obtained in multiple experiments. 

The percentage of FL-SMN2 is noted underneath each individual gel photograph for 

that specific experiment; however, the average percentage of FL-SMN2 across all 

experiments is noted in the supplementary data.  Table A1 in Appendix 1 lists all 

2´OMethyl AOs tested and documents the average efficiency of SMN2 exon 7 

inclusion for each AO tested. 

Testing 23-mer and 26-mer sequences 

The first generation 20-mer AO sequences (a-e) developed by Mitrpant (2009) were 

extended to 23 and 26 bases by adding 3 or 6 bases to the 5´ end of the AO and make 

up the second generation of AO sequences (Figure 3.2). RT-PCR of RNA extracted 

from SMA fibroblasts, across SMN exons 4 to 8 showed that extending the AO by 3 or 

6 bases improves the efficacy of some AO sequences (c, d and e, see Table 3.2) but 

not others, (a and b 26-mers and AO-b 23-mer), which appear to be less effective than 

the original compounds, indicating that longer AO sequences are not always preferred 

over shorter sequences for the same target. The Anti ISS-N1 20-mer and 25-mer served 

as positive controls for comparison to other first and second generation SMN AOs. 

AO-c (26-mer) appears to be the most efficient of the second generation AOs, 

inducing similar levels of full length SMN2 (FL-SMN2) as the Anti ISS-N1 AOs. 

However, it was found that this sequence overlaps a region patented by Santaris 

Pharmaceuticals, filed during these experiments, and was therefore not available for 

further development. As this is the case, the AO-e 23-mer and 26-mer sequences 

(indicated within the square) were identified as the best second generation AOs with 

freedom to operate, and these sequences were therefore selected for further 

optimisation. A larger RT-PCR product of approximately 500 bp was frequently 

observed in samples expressing increased levels of FL-SMN2 following AO 
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transfection. This band was confirmed to be a PCR artefact as only the normal full-

length transcript would re-amplify. 

 

Figure 3.2 RT-PCR analysis of SMN2 products across exons 4-8 amplified from SMA fibroblasts 

transfected with first and second generation 2´OMethyl AOs (100, 50 and 25 nM), as indicated. The Anti 

ISS-N1 20-mer and 25-mer AOs were used as positive control AOs. The percentage of FL-SMN2 as 

determined by densitometric analysis is shown below each lane for comparison to untreated fibroblasts. 

A 100 bp size marker was used for comparison, and the final lane shows the no-template RT-PCR 

negative control. AO sequences selected as “optimal” are identified within the grey box. 
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Micro-walking AO sequences 

AO sequences were further optimised by micro-walking around the first generation 

AO binding co-ordinates. This involved shifting the sequence 3 or 6 bases up or 

downstream from the original sequence, while still maintaining the 20-mer length. 

Some of the ‘micro-walking’ AOs were found to improve FL-SMN2 levels, as well as 

refining the regions of interest. Representative RT-PCR analysis of AO micro-walking 

experiments are shown in Figure 3.3. AOs designed up or down stream of an original 

(first generation) sequence are identified with a minus or plus sign respectively, for 

example -3, represents an AO shifted 3 bases upstream (move 5´), or a plus sign, for 

example +3, represents an AO shifted 3 bases downstream (move 3´). AO-b +3, AO-b 

+12 and AO-e -12 (later referred to as AOs 5, 6 and 9, see Figure 3.8) were identified 

as the most effective AOs (indicated within the box), as they all induced 99-100% FL-

SMN2 at 50 nM, similar to that resulting from application of Anti ISS-N1. These AOs 

were then tested as 23-mer and 26-mers to obtain the optimal AO sequences (data not 

shown). The complete data for all AOs tested, including densitometry on the gel image 

to estimate relative levels of full-length SMN2 are shown in Table A1.1 in Appendix 1.  

 

 

 



 

 

 

Figure 3.3 Representative results following RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with first and second generation micro-walking 2´OMethyl 

AOs (100, 50 and 25 nM). AOs labelled minus (e.g. -3) indicate AOs shifted 3 bases 5´ (upstream) of the original AO sequence, while AOs labelled positive (e.g. +3) indicate 

AOs shifted 3 bases 3´ (downstream) of the original sequence. Optimal AO sequences are identified within a grey box.  
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Titration of optimal AO sequences at lower concentrations 

Data from the previous AO optimisation experiments were used to identify the most 

effective AOs. The AOs were transfected at lower concentrations in order to clearly 

discriminate the most effective sequences, which were then selected for further 

evaluation. Eleven AOs were selected for comparison to the Anti ISS-N1 20-mer and 

25-mers, and were transfected into SMA fibroblasts at 50, 25, 10 and 5 nM, and 

incubated at 37°C for 48 hours. Results of an RT-PCR analysing SMN2 transcripts 

following transfection is shown in Figure 3.4. The Anti ISS-N1 20-mer (AO-1) and 25-

mer (AO-2) were shown to still be the most effective sequences, with greater than 

90% FL-SMN2 induction at 25 nM. However, AOs 6, 10, 11 and 13 all induce at least 

95% FL-SMN2 in fibroblasts transfected with 50 nM of AO, and have shown the most 

consistent results across all AO evaluations.  

 

 

Figure 3.4 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with the optimal 

second generation 2´OMethyl AOs (50, 25, 10 and 5 nM), showing (a) electrophoresis of RT-PCR 

products, with the percentage of FL-SMN2 as determined by densitometry shown below each lane for 

comparison to untreated fibroblasts, and (b) relative SMN FL as determined by densitometry.  

(a) 

(b) 
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Although the second generation AOs appear to be less effective than the Anti ISS-N1 

AOs when evaluated as 2´OMethyl AOs, the ultimate aim is to design a PMO 

sequence that can be used as an alternative therapy to the Anti ISS-N1 MOE, without 

the potential for toxicity. Therefore, the most effective second generation AO 

sequences 6, 10, 11 and 13 (Table 3.2) were selected for further evaluation, including 

western blot analysis of SMN levels, and for animal studies.  

 

Table 3.2 AO sequences inducing the highest levels of SMN2 exon 7 retention used for further 

evaluation. The average percentage of FL-SMN2 in fibroblasts treated with 100 nM of each AO is shown 

(minimum n=5). 

    
AO name Co-ordinates Sequence 5´ > 3´ 

Length 

(bp) 

% FL-

SMN2 

Control AOs     

Anti ISS-N1  SMN2.7D(-10-29) AUU CAC UUU CAU AAU GCU GG 20 96 

Anti ISS-N1 25  SMN2.7D(-10-34) GUA AGA UUC ACU UUC AUA AUG CUG G 25 98 

Anti ISS-N2  SMN2.7D(-278-297) AAG UCU GCU GGU CUG CCU AC 20 85 

2nd generation 
AOs  

 
  

AO-6 SMN2.7A(-58-39)   AUA GAU AUA GAU AGC UAU AU 20 95 

AO-10 SMN2.7D(-137-159)  AAU AGU UUU GGC AUC AAA AUU CU 23 90 

AO-11 SMN2.7D(-134-159) AAU AGU UUU GGC AUC AAA AUU CUU UA 26 87 

AO-13 SMN2.7D(-140-162) UCU AAU AGU UUU GGC AUC AAA AU 23 92 

 

Figure 3.5 provides a diagrammatic summary of the results from all AO optimisation 

experiments. The AO hot spots indicate the regions of the SMN2 transcript targeted by 

the AOs, and relative AO efficacy as determined by densitometry is indicated.  AO 

“hot spots” 2 and 4, in introns 6 and 7 respectively, appear to be the promising regions 

for further AO design effort to promote SMN2 exon 7 retention. 



 

 

 

Figure 3.5 Representation (drawn to scale) of “micro-walking” AO-design across the SMN2 transcript. (a) Schematic of the SMN2 gene (exon 6-exon 8) showing regions of 

interest and relative efficacy of the AOs at inducing FL-SMN2 (triangle indicates percentage of FL-SMN, efficacy of AOs is indicated by the + in line with this percentage), (b) 

Graph showing fold-change in FL-SMN2 induced by all AOs in this study. 
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3.3.2 SMN analysis following 2´OMethyl AO transfection  

AOs were transfected into SMA type 1 fibroblasts at 400 nM and 200 nM, and SMN 

protein levels analysed by western blotting (n=4, Figure 3.6). Transfection of Anti ISS-

N1 and AO-10 at 400 nM caused high levels of cell death in SMA fibroblasts. 

Fibroblasts treated with Anti ISS-N1 showed an inverse relationship between SMN 

protein levels and AO concentration, with levels of SMN being 2.0-fold higher, 

compared to untreated cells, at 200 nM (P=0.057), and 1.7-fold higher at 400 nM 

(P=0.009). This difference is not reflected in the ratio of FL to Δ7 transcripts, with the 

high dose inducing more FL-SMN2 than the low dose. However, higher levels of cell 

death caused by the AO at 400 nM could account for the lower SMN protein levels 

observed. Interestingly, although the Anti ISS-N1 AO at 200 nM induced 84% FL-

SMN2 and 2-fold higher levels of SMN, Anti ISS-N2 cells at 400 nM induced 85% FL-

SMN2 yet only showed a 1.3-fold increase in the levels of SMN, however as this AO 

was only included in two of the experiments, its significance is undefined. Fibroblasts 

treated with AOs 6 and 10 at 400 nM showed 79% and 75% FL-SMN2, respectively, 

yet AO-6 showed a 1.4-fold increase in the levels of SMN protein (P=0.053), while 

AO-10 showed no change to SMN levels. It is possible that the Anti ISS-N1 and AO-6 

AOs have a stronger interaction with their target sequence compared to AO-10, 

resulting in further stabilisation of SMN protein levels.  
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Figure 3.6 SMN2 transcript and protein analysis in SMA fibroblasts treated with 2´OMethyl AOs at 400 

nM and 200 nM, (n=4) showing (a) SMN2 RT-PCR analysis, with the percentage of FL-SMN2 as 

determined by densitometry shown below each lane, (b) western blots of SMN and β-tubulin and (c) 

densitometry data from the western blots showing changes in SMN protein levels, normalised against β-

tubulin. SMN levels in transfected fibroblasts are shown as a fold-change compared to expression in 

untreated cells. Anti ISS-N1 and Anti ISS-N2 were transfected as positive control AOs, and a sham 

control AO was transfected for comparison. A molecular weight marker was run at each end of every gel 

for transcript and protein size comparison. 

 

 

3.3.3 PMO in vivo studies 

The Anti ISS-N1 PMO and PMOs 6, 10, 11 and 13 were evaluated in SMA mice (Smn
-

/-
, SMN2

+/+
,SMNΔ7

+/+
) as either a 50 µg single dose on PND0, or two administrations 

of 50 µg on PND0 and PND1 (double dose).  The median and maximum survival for 

all treated mice is shown in Table 3.3. The Δ7-SMA mouse line is known to have an 

average median survival of 14 days (Le et al. 2005). Consistent with this, the sham 

control mice lived for a median of 14 days. Disappointingly however, the longest-lived 

mouse only survived to 21 days following treatment with a single dose of PMO-13 or 

a double dose of PMO-6. There was little difference in survival by mice treated with 

either the single or double dose of PMOs 6 and 10, with median survival of 18 and 19 

days induced by a single dose, and 19 and 20 days with a double dose, respectively. 

This represents between a 30% to 43% (1.3 to 1.43-fold) increase in survival 

compared to the lifespan of the scrambled control-treated mice, a disappointing result 

when compared to the 112 day median lifespan of Anti ISS-N1 PMO treated mice 

(Porensky et al. 2012). All mice treated with Anti ISS-N1 in this study were still alive 

at the termination of the experiment at 25 days, as were treated mice in the Porensky et 

al. 2012 study. 
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Table 3.3 Survival of mice treated with PMOs targeting SMN2. The number of mice is noted for each 

treatment group, as well as the median and maximum survival in days. * denotes mice that were still 

alive at the termination of the experiment. ** denotes statistical significance in survival compared to 

scrambled control treated mice (significance calculated using the Holm-Sidak method for pairwise 

comparison, significance was determined if P ≤ 0.05).  

 Single dose survival Double dose survival 

PMO Num Med Max  P Value Num Med Max P Value 

Anti ISS-N1 5 * * 0.0197 ** 3 * * 0.0455 ** 

PMO-6 7 18 19 0.0372** 5 19 21 0.0292 ** 

PMO-10 7 19 19 0.0417 ** 2 20 20 0.0736 

PMO-11 6 17.5 19 0.432      

PMO-13 7 18 21 0.00422 **     

Sham Ctrl PMO 8 14 15      

 

 

 

A Kaplan-Meier survival curve for mice treated with a single dose of PMO is shown 

in Figure 3.7. AO-11 appears to be the least effective PMO, with early mortality 

observed, even when compared to scrambled control mice. There is little difference 

between the survival curves for mice treated with AOs 6, 10 and 13. 
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Figure 3.7 Kaplan Meier survival curve for PMO and scrambled control PMO-treated SMA mice. Mice 

were injected with a single 50ug dose of PMOs 6, 10, 11 or 13, Anti ISS-N1 or a scrambled PMO. Anti 

ISS-N1 was injected as a positive control PMO and the scrambled PMO was injected as an experimental 

negative control compound. The graph shows survival up to day 25, with Anti ISS-N1 PMO treated and 

wild-type untreated mice still alive beyond this point.  

 

Double dosing of PMOs 6 and 10 did not greatly influence survival (Figure 3.8), with 

mice living only one day longer than those treated with a single dose. However, there 

does not appear to be any sign of toxicity following double dose PMO treatment, 

suggesting that a further increase in PMO dosage may be acceptable, while not 

necessarily relevant to survival.  

 

Anti ISS-N1 
PMO-6 
PMO-10 
PMO-11 
PMO-13 
Scrambled control 
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Figure 3.8 Kaplan Meier survival curve for SMN PMO-treated and scrambled PMO treated SMA mice. 

Mice were treated with single or double doses of PMOs 6, 10 and Anti ISS-N1 or a single dose of 

scrambled control PMO. The graph shows survival up to day 25, with Anti ISS-N1 PMO treated and wild-

type untreated mice still alive past this point. 

 

Further to measuring survival, body weight was recorded daily for all mice and is 

displayed in Figures 3.9 (single dose) and 3.10 (single versus double dose). Anti ISS-

N1 treated mice continued to gain weight on a daily basis up to day 25 when the 

experiment was terminated, however at a slower rate, compared to the wild-type mice. 

In comparison, mice treated with PMOs 6, 10, 11 and 13 appear to gain weight up to 

day 9 and thereafter showed a progressive decline in body weight until death, 

regardless of whether PMOs were administered as single or double doses.  

 

 

 

Anti ISS-N1 
PMO-6 
PMO-10 
Scrambled control 
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Figure 3.9 Changes in body weight (measured daily) of SMN PMO and sham PMO treated SMA mice 

and wild-type mice. Mice were treated with a single dose of PMOs 6, 10, 11 or 13, Anti ISS-N1 or a 

scrambled PMO. Anti ISS-N1 was injected as a positive control PMO and the scrambled PMO was 

injected as an experimental control. Mice were weighed daily up to day 25, Anti ISS-N1 PMO treated 

and wild-type untreated mice were still alive past this point. Standard error bars are shown for all 

treatment groups.  

 

While survival and body weight of Anti ISS-N1 mice was not recorded past day 25, it 

is impossible to compare the maximum and median survival for mice treated with a 

single or double dose in this study. However, looking at the weight chart shown in 

Figure 3.10 it is clear that mice treated with a double dose of Anti ISS-N1 gained 

weight at a faster rate than those treated with a single dose of Anti ISS-N1, further 

emphasising the tolerability of PMOs. In contrast, there does not appear to be any 

obvious difference in weight gain between mice treated with a single or a double dose 

of PMOs 6 and 10, although this was not unexpected, given the marginal difference in 

survival between the treatment groups.  
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Figure 3.10 Changes in body weight (measured daily) of SMN PMO and sham PMO treated SMA mice 

and wild-type mice. Mice were treated with a single or double dose of PMOs 6 or 10 or Anti ISS-N1. Anti 

ISS-N1 was injected as a positive control PMO for both dose groups. The scrambled PMO was injected 

as a single dose as an experimental control. Mice were weighed up to day 25, Anti ISS-N1 PMO treated 

and wild-type untreated mice were still alive past this point. Standard error bars are shown for all 

treatment groups. 

 

While results from the in vivo testing of SMN PMOs were informative, it was 

disappointing that the new generation AO sequences did not perform better, compared 

to Anti ISS-N1. To understand why optimised 2´OMethyl AO sequences optimised in 

vitro showed poor in vivo results as PMOs, it was necessary to test the in vitro effects 

of PMOs. 
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3.3.4 In vitro effects of PMOs 

SMA fibroblasts were transfected with un-complexed PMOs at high doses of 40, 20, 

10 and 5 µM and incubated (37°C) for 72 hours. RT-PCR analysis of SMN2 transcripts 

(Figure 3.11) showed that the PMO sequences induced poor exon 7 retention 

compared to Anti-ISS-N1 controls, consistent with the in vivo data. Anti ISS-N1 20-

mer and 25-mers both showed higher FL-SMN2 transcript levels, with the 25-mer 

being the more effective at the lower doses. This data indicates that the second 

generation AO sequences, although effective as 2´OMethyl AOs, were less effective 

as PMOs, contrary to our expectations and our results of dystrophin splice-switching 

studies (Adams et al. 2007; Mitrpant et al. 2013). 

 

 

Figure 3.11 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with uncomplexed 

PMOs (40, 20, 10 and 5 µM). Anti ISS-N1 20-mer and 25-mer PMOs were included as positive controls. 

A sham PMO sequence was used as a negative experimental control. A 100 bp size marker was used 

either side of the gels for size comparison in top panels and omitted from lower panels.  

 

While the RT-PCR data indicated that the second generation AOs are relatively 

ineffective as PMOs in vitro, the modest increase in animal survival does hint at some 

level of PMO efficacy. It was therefore necessary to examine how the PMOs affect 

SMN protein expression in vitro. 
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3.3.5 SMN analysis following PMO transfection  

To examine the effect of PMOs on SMN protein expression, PMOs were transfected in 

SMA fibroblasts, un-complexed at 20 µM and 10 µM and incubated for 3 days (37°C) 

before RNA and western blot analysis. Fibroblasts treated with PMOs 6 and 10 

showed poor exon 7 retention compared to the higher levels of FL-SMN2 seen with 

Anti ISS-N1 (Figure 3.12). Similar to the 2´OMethyl AO western blot results shown in 

Figure 3.6, the Anti ISS-N1 PMO induces an inverse dose response between PMO 

concentration and SMN levels, with an average 1.6-fold increase in SMN protein at 

the 10 µM dose. Surprisingly, PMO-6 treated cells exhibited an average 1.5-fold 

increase in SMN at both doses, yet expressed only 55% FL-SMN2. PMO-10 appears to 

have no effect on SMN2 transcript levels, yet induced an average 1.2 to 1.3-fold 

increase in SMN. A similar effect was induced by the sham control PMO, whereby no 

effect on SMN2 levels was accompanied by an average 1.2-fold increase in SMN 

protein. While the increase in SMN produced by the sham control could be considered 

to be due to experimental noise, the result for PMO-6 is consistent with our findings 

using the 2´OMethyl AOs, whereby a very slight increase in FL-SMN2 leads to an 

increase in SMN. As the PMO chemistry is known to have improved binding affinity, 

this might support the theory that a stronger interaction between AO and target can 

help to stabilise SMN protein levels. 

 

Figure 3.12 SMN2 transcript and protein analysis in SMA fibroblasts following uncomplexed PMO 

transfection at 20 µM and 10 µM, (n=2) showing (a) RT-PCR analysis of SMN2 transcripts, (b) western 
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blots of SMN and β-tubulin and (c) densitometry of western blot images to determine estimate SMN 

protein levels, normalised against β-tubulin expression. SMN levels in transfected fibroblasts are shown 

as an n-fold change, compared to untreated samples.  

 

3.4 Discussion 

The Anti ISS-N1 MOE is currently the lead antisense compound for the treatment of 

SMA. However, evidence of toxicity and poor efficacy of oligonucleotides on a PS 

backbone, compared to the alternative PMO chemistry (Passini et al. 2011; Porensky 

et al. 2012), suggests that new compounds with greater therapeutic potential should be 

explored. The study presented here was designed to develop new AO sequences that 

could increase SMN levels both in vitro and in vivo, without causing toxicity, could 

extend overall survival and had room to operate in terms of potential pharmaceutical 

development.  Identification of an effective AO sequence, unencumbered by patent 

restrictions, could eventually be applied as a PMO-based antisense therapy for SMA 

patients, as the PMOs have proved safe and promising in DMD trials (Mendell et al. 

2013). 

AOs designed to target intronic regions flanking exon 7 of SMN2 displayed great 

promise, based on 2´OMethyl AO screening in SMA fibroblasts. Optimisation of 

length and binding co-ordinates of the original AO sequences (Table 3.1) led to 

significant improvements in AO efficacy, when compared to the first generation 

sequences. AO sequences were optimised by extending the length of the AO from 20 

bases by 3 to 6 bases and by micro-walking, as summarized in Figure 3.4. No 

significant improvement in AO efficacy was observed for oligomers targeting AO hot 

spot 1, located 200-280 bases upstream of exon 7. However optimisation of AO hot 

spots 2, 3 and particularly hot spot 4, showed significant improvement in AO efficacy, 

compared to the original AO sequences. While each of these AO hot spots targets a 

predicted heterogeneous nuclear ribonucleoprotein (hnRNP) binding site, differences 

in exon 7 inclusion levels suggests the influence of other factors, including distance 

from the exon and possibly mRNA secondary structure.  

Following AO optimisation, two AOs, AO-6 and AO-10, annealing to targets 

within introns 6 and 7 respectively, were identified as the most consistent and effective 
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AO sequences. Unfortunately while experiments were in progress, it was discovered 

that AO-6 targets a region of the SMN2 transcript already licensed by Ionis 

Pharmaceuticals for AO targeted therapies. As this is the case, AO-10 became the 

preferred AO sequence for future therapeutic development, while AO-6 continued to 

be included for comparison to AO-10.  

To obtain a better understanding of how AOs 6 and 10 interact with the SMN2 

transcript, the transcript was analysed using the online Splice Aid tool (section 2.2.1). 

Appendix 1 Figure A1.1 shows in silico predictions of splicing factor binding across 

intronic regions flanking exon 7. Others have shown that AOs blocking a strong 

intronic splice silencing domain are more consistently associated with exon retention 

(Hua and Krainer 2012). Surprisingly, AO-10 appears to be blocking a site with a 

stronger hTra2β splicing enhancer motif prediction than the opposing hnRNP-H1 

silencing motif prediction. AO-6 covers the site of a G>A polymorphism between 

SMN1 and SMN2 that is predicted to cause the loss of the ETR-3 enhancer motif 

within SMN2. While these are merely predictions, the fact that neither of the AO 

binding sites are expected to be strong silencing domains suggests it is unlikely the 

exon 7 retention observed with 2´OMethyl AOs is due to steric blocking of splicing 

factors, adding weight to the hypothesis that AOs could have a secondary effect on 

mRNA folding.  

Intronic regions have been shown to have complex secondary structures, 

particularly longer introns (Haddrill et al. 2005). Similar to the mechanisms of many 

small molecule therapies that have been shown to alter splicing (Naryshkin et al. 

2014), AOs binding deep intronic regions could affect mRNA secondary structure and 

folding, which could contribute to the accessibility of the mRNA to binding by 

splicing factors. The finding that Anti ISS-N2 AO induces exon 7 inclusion through the 

blocking of a long distance interaction (LDI) with the ISS-N1 hnRNP-A1 and TIA1 

binding sites (N. N. Singh et al. 2013) is consistent with this suggestion. It is possible 

that the AOs targeting SMN2 could function by opening up tightly folded regions to 

allow more efficient binding of splicing factors. Alternatively, AOs could close off 

otherwise more open areas, preventing splicing factor binding.  

Given the complexity of the pre-mRNA sequence and structure, and the findings in 

the study, it is clearly not sufficient to merely design AOs to sterically block splicing 
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factor binding. This study shows that extensive screening across exonic or intronic 

regions to identify optimal targets is necessary for designing and optimising an AO 

therapy. The cost of synthesising 2´OMethyl AOs in house is much lower than that of 

PMOs, making 2´OMethyl AOs the preferred tool for initial screening. However, the 

results presented in this chapter show that the transition from 2´OMethyl AOs to the 

PMO chemistry does not necessarily translate for all AO sequences. This was an 

unexpected finding, given that in our experience there is good correlation between 

2´OMethyl AO and PMO-induced exon skipping in the dystrophin transcript (Adams 

et al. 2007). The discordance between these findings could reflect the mechanistic 

complexity of AO-induced exon retention compared to exon skipping. If PMOs are the 

compounds of choice for clinical applications invoking exon retention, it may be 

necessary to screen sequences as PMOs from the outset.   

Given our experience with DMD exon skipping and the Anti ISS-N1 PMO studies 

demonstrating good correlation between 2´OMethyl and PMO efficacy (Adams et al. 

2007; Mitrpant et al. 2013), it seemed appropriate in the current study to move from 

2´OMethyl AO screening in vitro to in vivo studies using PMOs. However, results 

from animal studies with PMOs were disappointing, with PMO treatment of the novel 

sequences only inducing a maximum 1.4-fold increase in survival when compared to 

control treated SMA mice. While this 1.4-fold increase may be significant in 

extending survival in other conditions, e.g. cancer, it is unlikely to be clinically 

relevant to such a severe and devastating disease as SMA, especially when compared 

to the benchmark set by Anti ISS-N1 PMO and MOE treated mice. As with DMD 

studies (both pre-clinical and human studies) (Fletcher et al. 2007; Mendell et al. 

2013), it is important to note that no toxicity was observed in mice treated with PMOs 

in this study.  Doubling the dose increased median survival by an average of only one 

extra day when compared to single doses, and there was no improvement in weight 

gain, when compared to mice treated with a single dose of PMO. This could however 

be a limitation of the double dosing being split across two days, rather than a single 

dose of 100 µg. A drop in therapeutic benefit has been reported with AAV9-SMN 

delivered on PND5 as opposed to PND0 (Foust et al. 2010).  While the results of in 

vivo AO testing are disappointing, it needs to be borne in mind that few animal models 

accurately reflect the corresponding human disease. 
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In many disease models, sequence differences between the human and mouse genes 

require different AO sequences to be optimised for the respective species when 

altering target gene expression (Mitrpant et al. 2009). The humanised SMA mouse 

carrying the human transgene (Δ7-SMA) seems to be an ideal model in which to study 

this disease. However, there are limitations within all animal models, and results of 

this study and others suggest transgenic animal models may not be the ideal method 

for testing splice-switching AOs. 

The humanised transgenic mdx mouse model of DMD (hDMD-mdx) was developed 

for testing exon skipping within the hDMD gene, using human specific 2´OMethyl 

AOs (Bremmer-Bout et al. 2004). In this study a disappointing 3% exon skipping was 

achieved in the hDMD-mdx mouse, compared to other studies showing a minimum of 

15% exon skipping in vitro using the same AO sequences in human myoblasts 

(Aartsma-Rus et al. 2002; van Deutekom et al. 2001). Furthermore, PMOs showed 

poor exon skipping results in the same hDMD-mdx model when compared to in vitro 

testing (B. Wu et al. 2011a). In this later study the authors suggested delivery issues 

could explain these differences; however as differences in PMO effectiveness appears 

to be sequence specific, AO efficacy is more likely to be determined by the species 

specific splicing patterns and differences in splicing factors between human and 

mouse. 

 Similarly, in the current study, the SMN AOs were optimized in human cells in 

vitro, and when delivered to the Δ7-SMA mouse, are targeting the human gene, that 

will undergo splicing by rodent splicing machinery. It is possible that discrepancies 

between the human and mouse recognition and binding motifs for splicing factors, as 

well as variation in the expression of these splicing factors in different tissues between 

the two species are responsible for the poor performance of the novel AO sequences in 

vivo. Furthermore, differences in RNA binding proteins are likely to affect the way the 

mRNA secondary structure of SMN2 is folded within a mouse model (Warf and 

Berglund 2010). If the AOs elicit their effect through modulating this structure, it is 

perhaps not surprising that the “human” AOs performed poorly in the transgenic 

mouse. 

Somewhat reminiscent of the results of the in vivo studies, the new PMO sequences 

show variation in efficacy in vitro in SMA fibroblasts, indicating the differences 
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between 2´OMethyl and PMO AOs go beyond the limitations of the SMA transgenic 

model. The PMO chemistry confers a more rigid structure to the oligomer (Kurreck 

2003), with a very high affinity for its target, theoretically making these the perfect 

splice-switching compounds for steric blocking of splicing factors (J. Summerton 

1999). While the PMO is also expected to invade most mRNA secondary structures (J. 

E. Summerton 2007), how it interacts and alters this secondary structure is a less well 

understood. Given the rigidity of the backbone and high binding affinity, it is possible 

the PMO has a more stable influence on the structure of mRNA, which could either be 

beneficial or detrimental to the AO efficacy. 

It is difficult to reconcile how oligomer sequences prepared as 2´OMethyl AOs 

were so promising after in vitro testing but when prepared as PMOs were found to 

have little effect.  In vitro testing of these PMOs showed little change in SMN2 

expression at RNA and protein levels although there were very modest increases in 

SMA mouse survival.  PMOs 6 and 10 targeting intron 6 and 7, respectively, have 

very similar effects on SMN2 transcript levels and animal survival but have 

significantly different effects on SMN protein levels. Neither PMO appears to 

significantly modify SMN2 levels, however PMO-6 produces similar levels of SMN as 

Anti ISS-N1 at the high-dose, while PMO-10 has a similar effect on SMN levels to that 

of the sham control PMO. It seems odd that there are such differences, perhaps 

suggesting as one possibility that PMO-6 has a more stabilising effect on the SMN2 

transcript and secondary structure than PMO-10, thereby influencing translation of the 

SMN protein.  

An alternative theory for the discrepancy between SMN transcript and protein 

expression between AOs is the poor sensitivity of the western blot assay in assessing 

SMN levels. The results presented in Figure 3.6 (2´OMethyl) and Figure 3.12 (PMO) 

show the average change in SMN expression based on three separate experiments for 

each chemistry. However in each experiment the sham control AO appears to up-

regulate SMN levels, emphasising the experimental noise of the western blot. It is also 

possible that cell stress and death following AO transfection could affect SMN 

expression. SMN is essential for normal cell function and is likely to be over-expressed 

under conditions of cellular stress. The high level of cell death observed at the high 

transfection concentration could also account for the inverse relationship between 

SMN levels and AO concentration.  



78 

 

PMOs designed to induce exon 7 retention in SMN2 have produced tantalising 

results both in vivo and in vitro. An increase in survival of 1.4-fold in AO-6 and AO-

10 treated mice seems insignificant compared to the 8-fold increase in survival in mice 

treated with the Anti ISS-N1 PMO. While this achievement would not be considered 

insignificant in designing cancer therapeutics, for chronic conditions such as SMA, a 

further increase in survival of mice models will be necessary to predict clinical benefit.  

However, in vitro protein studies in SMA fibroblasts have shown almost 

comparable results using AO-6 and Anti ISS-N1 when transfection efficiency is most 

optimal. Evidently Anti ISS-N1 is a very efficient AO sequence and small amounts are 

enough to create significant changes to SMN and animal survival. A modest increase 

in SMN in the CNS is known to positively affect survival (X. Zhao et al. 2016). 

Furthermore, given its role in the splicing process, SMN protein abundance has been 

shown to cause a feedback effect on the splicing of SMN2, further increasing SMN 

levels. (Jodelka et al. 2010). This more stable and lasting effect of SMN upregulation 

in vivo could also be explained by the non-proliferative nature of the mature motor 

neuron. While rapidly proliferating fibroblasts in vitro would be diluting the levels of 

PMO within each individual cell, the amount of PMO present in a non-proliferative 

neuron should remain fairly consistent. It is possible that a certain level would be 

required for an AO sequence to create a threshold for therapeutic benefit. While AOs 6 

and 10 have shown some encouraging results, these appear to be somewhat sub-

optimal sequences that may require further optimisation to enhance delivery for them 

to reach an effective threshold and elicit their full effect.  

AO optimisation using chemical modifications has been shown by others to 

improve AO delivery and efficacy in a number of animal models, including those 

relevant to DMD and type 2 Diabetes Mellitus (Boisguerin et al. 2015; Morcos et al. 

2008; Stanton et al. 2012). Chapter 4 explores the use of different AO chemistries and 

chemical modifications, as well as delivery techniques to optimise SMN2 exon 7 AOs 

with the goal of not only improving AO efficacy but also of providing further insights 

into how splice-switching AOs function.  
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CHAPTER 4.                                                                                 

Comparison of SMN2 exon 7 retention and off-target effects 

induced by different AO chemistries 
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4.1 Introduction 

Antisense oligonucleotides (AOs) have shown enormous potential at modulating 

splicing for a number of diseases, including spinal muscular atrophy (SMA). The most 

clinically advanced AO for SMA is a 2´OMethoxyethyl (MOE) AO targeting a splice 

silencing domain (Anti ISS-N1) in intron 7 to override the excision of exon 7 from 

SMN2 transcripts (Rigo et al. 2014; N. K. Singh et al. 2006). However this AO is by 

no means perfect and other sequences have been explored by others, as well as being 

the focus of Chapter 3 of this thesis. 2´OMethyl AOs were designed targeting intron 6 

and 7 regions and were shown to efficiently induce exon 7 inclusion into the mature 

transcript. In vivo testing of these AO sequences as PMOs induced up to a 1.4-fold 

increase in animal survival when tested in an SMA mouse model, a disappointing 

outcome when compared to the 8-fold increase induced by Anti ISS-N1 PMO. 

Transfection of new PMOs in SMA fibroblasts in vitro showed intriguing results with 

no change to the SMN2 transcript, yet an increase in SMN levels. While results have 

been somewhat enticing, further studies are necessary to enhance AO delivery and 

effect.  

Evaluation of uncomplexed PMOs is described in Chapter 3 (Figure 3.11) and 

resulted in poor levels of exon 7 retention. While PMOs have a neutral backbone and 

do not readily penetrate the cell membrane at low doses in vitro, delivery of PMOs can 

be enhanced using a number of techniques (Morcos 2001). The annealing of a PMO to 

a complementary DNA “leash” gives the duplex a negative charge, allowing it to be 

transfected as a lipoplex with commercially available lipid-based transfection reagents. 

Nucleofection is an alternative in vitro delivery technique, whereby an electrical pulse 

is applied to the cells to open the cell membrane and allow PMO uptake. Transfection 

of PMOs described in Chapter 3 using these methods improved SMN2 exon 7 

retention, when compared to uncomplexed PMO transfection (data not shown), 

suggesting PMO uptake as a limiting factor in exon retention efficiency. While these 

transfection techniques are able to increase PMO delivery and efficacy in vitro, neither 

are useful in enhancing in vivo delivery, and alternative methodologies are required. 

A review by Prakash in 2011 stated that “improving binding should correlate with 

improvements in potency, until binding no longer becomes limiting” (Prakash 2011), 

and the same could be said for AO delivery. Others have shown that different 
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chemistries or chemical modifications can enhance cellular and in vivo delivery (B. 

Wu et al. 2009). Furthermore, chemical modifications can improve the 

pharmacokinetics of the AO (Bennett and Swayze 2010; Prakash 2011). There are 

many different chemistries and chemical modifications that can be used to enhance 

AO annealing affinity, stability, and overall, splice-switching potency. A recent study 

by Hammond et al. reported remarkable survival of SMA mice treated with the Anti 

ISS-N1 PMO conjugated to a cell penetrating peptide tag (Pip6a) (Hammond et al. 

2016). A double facial vein administration of Anti ISS-N1 Pip6PMO intro severe 

Taiwanese mice extended survival to a median of 457 days compared to 54 days 

survival in Anti ISS-N1 PMO treated mice, and 12 days in untreated mice (Hammond 

et al. 2016). The use of peptide conjugated and other modified PMOs in the current 

study improved exon 7 splice recognition and SMN protein production compared to 

unmodified PMOs. 

Another focus of this chapter was to explore alternative strategies that could explain 

the difference in efficacy between the 2´OMethyl and PMO chemistries. Given that 

AOs binding further up or downstream of the exon appear to be less effective than 

those targeted closer to the exon, one consideration is that distant targets modulate 

splicing through altered secondary structure. While the phosphorothioate (PS) 

backbone is somewhat flexible, the phosphorodiamidate backbone confers a more 

rigid structure (Kurreck 2003; J. Summerton and Weller 1997) that might limit this 

structural interaction. By introducing chemically modified bases onto a PS backbone, 

we can modify the properties of the AO to induce a more rigid or flexible structure, as 

well as increase AO binding affinity in order to understand the effects of the AO’s 

chemical structure on its splice-switching ability. 

Also on the PS backbone, locked nucleic acid (LNA) and unlocked nucleic acid 

(UNA) modifications to the sugar ring can enhance nuclease stability and in some 

cases have been shown to reduce off-target effects (Veedu and Wengel 2010). LNA 

modified bases have a locked methylene bridge between the 2´ oxygen and 4´ carbon 

of the ribose sugar that creates a rigid RNA-like structure (Campbell and Wengel 

2011). Furthermore, the LNA modification increases the melting temperature and 

improves AO binding affinity to the target sequence compared to unmodified 

2´OMethyl bases. On the other hand, the UNA modification has an open structure 

missing the link between the 2´ and 3´ carbons of the ribose ring, producing a more 
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flexible structure (Campbell and Wengel 2011). Compared to LNA bases, UNA bases 

lower the melting temperature and therefore binding affinity is reduced. Of particular 

interest, the flexibility of the UNA bases allows an AO to be designed to fold to a 

specific mRNA secondary structure. Differences in the levels of exon 7 retention 

between unmodified and modified 2´OMethyl AOs suggests that SMN2 targeting AOs 

may modulate splicing through interaction with the RNA secondary structure. 

Furthermore, we propose an alternative concept, whereby the differences between 

2´OMethyl and PMO efficacy could be explained by investigating potential non-

specific AO effects. Negatively charged phosphorothioate (PS) AOs, including the 

2´OMethyl chemistry, have been shown to bind non-specifically to many proteins 

including heparin-like proteins, laminin and collagen (Dias and Stein 2002). 

Conversely, the uncharged phosphorodiamidate AOs do not appear to bind to proteins, 

most likely due to the lack of charge on the backbone (J. E. Summerton 2007). A 

recent finding by Ionis Pharmaceuticals has shown that PS-AOs can replace NEAT1 (a 

non-coding RNA necessary for paraspeckle formation) and appear to sequester 

proteins required for paraspeckle formation (Shen et al. 2014), presumably limiting 

their availability and impacting upon function within the cell. Paraspeckles and 

paraspeckle proteins are involved in transcription regulation, transport and splicing 

pathways (Bond and Fox 2009; Naganuma et al. 2012), and their disruption is 

expected to significantly impact on cell biology. The interaction between PMOs and 

paraspeckle proteins is yet to be investigated. Our findings reveal that PMOs do not 

appear to alter paraspeckle protein localization and we suggest an explanation for the 

different SMN2 exon 7 splice-switching efficiencies mediated by 2´OMethyl AOs and 

PMOs of the same sequence and emphasize the advantages of PMOs for splice-

switching therapies.  
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4.2 Specific methods 

4.2.1 AO chemistries 

All chemically modified PMOs were synthesised, and kindly provided by Sarepta 

Therapeutics (Cambridge, MA, USA), and include a PMO with a proprietary chemical 

modification (PMOx), a PMO with a positively charged backbone (PMO+), and a 

PMO conjugated to a novel, proprietary cell penetrating peptide (PPMO). Anti ISS-N1, 

AO-6 and AO-10 sequences were synthesised using each of the modifications, while 

Anti ISS-N2 was synthesised only as an unmodified PMO.  

To investigate the impact of AO binding to the mRNA secondary structure, 

2´OMethyl AO chemistries tested include; Phosphorothioate 2´OMethyl AOs, 

(synthesised in-house), 2´OMethyl with locked nucleic acid modified bases (LNA, 

University of Southern Denmark, Denmark) and 2´OMethyl with unlocked nucleic 

acid modified bases (UNA, TriLink BioTechnologies, San Diego CA, USA).  

The chemical structures of the AO chemistries tested in this study are shown in Figure 

4.1. Due to the proprietary nature of the PMOx chemistry, this structure is not 

disclosed. Likewise for the novel PPMO chemistry, the actual structure is not shown, 

however the chemical structure of an arginine rich peptide-PPMO is shown to 

demonstrate how cell penetrating peptides can be conjugated to an unmodified PMO. 

All AO sequences evaluated and binding co-ordinates are listed in Table 4.1. 

Table 4.1 AO sequences inducing highest levels of SMN2 exon 7 retention that were further evaluated. 

The percentage of FL-SMN2, relative to the total SMN transcript in SMA fibroblasts treated with 400 nM 

of each AO is shown. 

    
AO name Co-ordinates Sequence 5´ > 3´ 

Length 

(bp) 

% FL- 

SMN2 

Anti ISS-N1 SMN2.7D(-10-29) AUU CAC UUU CAU AAU GCU GG 20 100 

Anti ISS-N2 15 SMN2.7D(-283-297) AAG UCU GCU GGU CUG  15 NA 

Anti ISS-N2 20 SMN2.7D(-278-297) AAG UCU GCU GGU CUG CCU AC 20 87 

AO-6  SMN2.7A(-58-39)   AUA GAU AUA GAU AGC UAU AU 20 82 

AO-10 SMN2.7D(-137-159)  AAU AGU UUU GGC AUC AAA AUU CU 23 88 

Sham Ctrl Scrambled CCT CTT ACC TCA GTT ACA ATT TAT A 25 59 
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Figure 4.1 The chemical structures of AO chemistries tested in this study. The phosphorothioate AOs 

include the 2´OMethyl chemistry, LNA and UNA modified bases. Phosphorodiamidate morpholinos 

include the unmodified PMO, a PMO with a positively charged backbone (PMO+), and a PMO 

conjugated to a cell penetrating peptide (PPMO). The PPMO shown is an example of an arginine 

peptide PMO conjugate and not the PPMO used in the study. Image adapted from (Bramsen and Kjems 

2012; Warren et al. 2012) 

 

4.3 Results 

4.3.1 Transfection of chemically modified PMOs 

Comparison of PMO, PMOx and PMO+  

PMO, PMOx and PMO+ sequences were transfected uncomplexed at 20, 10 and 5 µM 

into SMA fibroblasts, and incubated for 3 days (data not shown) and 7 days (Figure 

4.2) with no difference in exon retention observed in AO between the two time-points. 

RT-PCR analysis of RNA prepared from the cells after 7 days shows the modified 

PMOs to be significantly more effective at inducing SMN2 exon 7 retention compared 

to the unmodified PMO sequences. While AO-6 PMOx and PMO+ show similar 
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levels of exon 7 inclusion, Anti ISS-N1 PMOx is clearly the most effective of the Anti 

ISS-N1 PMOs, with 100% FL-SMN2 induced at a transfection concentration of 10 µM. 

PMO modifications do not improve exon 7 retention levels induced by AO-10, with a 

subtle increase in exon 7 skipping observed in samples treated with PMOx when 

compared to the unmodified PMO and untreated fibroblasts.  

 

Figure 4.2 RT-PCR analysis of SMN2 transcripts across exons 4-8 amplified from SMA fibroblasts 

transfected with un-complexed PMO, PMOx and PMO+ (20, 10 and 5 µM). The percentage of FL-SMN2 

as determined by densitometric analysis is shown below each lane for comparison to untreated 

fibroblasts. A 100bp size marker was used for comparison, and the final lane shows the no-template RT-

PCR negative control. 

 

Transfection of peptide tagged PMO 

Arginine peptide tagged PMOs (PPMOs) for enhanced cellular delivery have been 

widely used in vitro and in rodent studies (Hammond et al. 2016; Moulton et al. 2009). 

PPMOs used in this study were designed by Sarepta Therapeutics and contain a novel 

proprietary peptide tag, predicted to further improve PMO uptake across the cellular 

membrane. PPMOs have been shown to be more effective at lower doses compared to 

unmodified PMOs, and were therefore in this study transfected at 10, 5 and 2.5 µM, 

and incubated for 3 days. RT-PCR results (Figure 4.3) show the PPMO is clearly more 

effective than the unmodified PMO and that 100% FL-SMN2 was induced by Anti ISS-

N1 PPMO at 2.5 µM. Furthermore, the PPMO chemistry is more effective than PMOx 

and PMO+ at inducing SMN2 exon 7 retention. Similarly, AO-6 PPMO transfected at 

10 µM induces 87% FL-SMN2 compared to 61% observed when PMOx and PMO+ 
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were used. Consistent with the effects of AO-10 PMOx and PMO+, the AO-10 PPMO 

appears to cause even greater levels of exon 7 skipping, with only 47% FL-SMN2 in 

the 10 µM PPMO-treated sample, compared to 60% in untreated fibroblasts. 

 

Figure 4.3 RT-PCR analysis of SMN2 transcripts in SMA fibroblasts transfected with PMOs and 

PPMOs. Each PMO was transfected at 10, 5 and 2.5 µM.  

 

 

4.3.2 SMN analysis following PMO transfection 

Un-complexed PMO transfection and SMN analysis 

SMA fibroblasts were transfected with PMO, PMOx and PMO+ (20 µM and 10 µM) 

and PPMO (10 µM and 5 µM) sequences, un-complexed and incubated for 3 days 

(Figure 4.4). Modified Anti ISS-N1 and AO-6 PMO sequences appear to increase exon 

7 retention and SMN protein levels relative to the levels in cells treated with the 

unmodified PMOs. Consistent with protein analysis in the un-complexed PMO 

transfection experiments reported in Chapter 3 (Figure 3.5), AO-6 PMO and PMO+ 

treated cells show modest changes in SMN2 transcript levels, however there is a clear 

increase in SMN protein after treatment with these PMOs. The levels of FL-SMN2 

transcript and SMN protein in cells transfected with Anti ISS-N1 unmodified PMO and 

all AO-6 PMOs show poor correlation. However, there appears to be an increase in the 

levels of β-tubulin house-keeping protein in AO-treated cells compared to untreated 

cells, which could affect the interpretation of SMN protein levels. The chemistry 

modifications tested do not appear to enhance AO-10 PMO exon retention activity, 

with no increase in SMN protein observed in treated cells. Consistent with the 

previous experiment, AO-10 PPMO enhanced exon 7 skipping when compared to the 

transcript in untreated fibroblasts, and caused a modest 1.1-fold decrease in the levels 

of SMN protein. 



 

 

 

Figure 4.4 SMN2 transcript and protein analysis in SMA fibroblasts treated with PMO, PMOx and PMO+ (20 µM and 10 µM), and PPMO (10 µM and 5 µM), (n=1) showing 

(a) SMN2 RT-PCR analysis, with FL-SMN2 shown as a percentage of total transcript SMN transcript, as determined by densitometry shown below each lane, (b) western blots 

of SMN and β-tubulin and (c) densitometric analysis of the western blots showing SMN protein levels normalised against β-tubulin levels. SMN levels in transfected fibroblasts 

are shown as an n-fold change compared to those in samples from untreated cells. 

(a) 

(b) 

(c) 
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Given there was a minimal change in the levels of SMN between the different PMO 

chemistries, this experiment was only performed once, and instead PMOs were next 

evaluated using nucleofection as an alternative delivery method. 

 

Nucleofection of PMOs and SMN analysis 

Nucleofection is a transfection technique that applies an electrical pulse to cells, 

opening the cellular and nuclear membrane, allowing efficient PMO delivery at low 

doses. Given that PPMOs carry a cell penetrating peptide to enhance cellular uptake; it 

was unnecessary to deliver these using nucleofection. However, nucleofection was used 

to improve the delivery of Anti ISS-N1 and AO-6 unmodified PMOs, PMOx and PMO+, 

as well as the Anti ISS-N2 PMO. PMOs were transfected into SMA fibroblasts at 1 µM 

and 0.5 µM, and incubated for 3 days prior to transcript and protein analysis (Figure 

4.5). Interestingly, all fibroblasts treated with 1 µM Anti ISS-N1 and AO-6 PMO, 

including those transfected with the unmodified PMOs, show 100% FL-SMN2 

transcript, and an increase in SMN protein compared to sham treated and untreated 

fibroblasts. While the percentage of FL-SMN2 is consistent across all Anti ISS-N1 and 

AO-6 treatment groups, the PMOx and PMO+ induce greater levels of SMN than the 

unmodified PMOs. Transfection with the Anti ISS-N2 PMO induced a 13 to 15% 

increase in FL-SMN2 compared to the untreated fibroblasts, and a modest 1.1-fold 

increase in SMN levels. Consistent with the results shown from the uncomplexed PMO 

delivery, there was a minimal difference observed between the PMO chemistries. Given 

the new chemistries do not drastically improve the levels of SMN protein using two 

different delivery techniques suggests that a threshold of activity has been reached for 

these AO sequences. Therefore, this experiment was only performed once to save on 

reagents. 
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Figure 4.5 SMN2 transcript and protein analysis of SMA fibroblasts treated with PMO, PMOx and PMO+ 

by nucleofection at 1 µM and 0.5 µM (n=1), showing (a) electrophoresis of RT-PCR of SMN2 products, (b) 

western blots showing SMN and β-tubulin levels, and (c) densitometric analysis of western blots to assess 

SMN protein levels normalised against β-tubulin levels. SMN in transfected fibroblasts is expressed as an 

n-fold change compared to untreated samples.  

 

Following nucleofection of Anti ISS-N1 and AO-6 PMOs, SMA fibroblasts on 

coverslips were stained with the MANSMA1 antibody for SMN “gem” detection by 

immunofluorescence (Figure 4.7). Functional SMN protein forms aggregates with the 

Gemin proteins that fluoresce as bright sparkling foci, reminiscent of gems after 

antibody staining. Therefore the presence of gems within the cell indicates functional 

localization of SMN protein. The percentage of SMA fibroblast nuclei staining positive 

for gems is shown in Figure 4.6. Untreated and sham control PMO-treated SMA 

fibroblasts demonstrate up to 1.5% nuclei staining positive for gems, while normal 

healthy fibroblasts show 25% nuclei containing gems. The percentage of gems in 

oligomer transfected fibroblasts appear to be consistent with the levels of SMN shown 

by western blot, as well as the amount of FL-SMN2 transcript (Figure 4.5). Anti ISS-N1 

PMOx induces the highest number of gems in SMA cells, with 13% nuclei staining 

positive.  
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Figure 4.6 Immunofluorescence analysis of SMN shown as gems in PMO nucleofected SMA fibroblasts, 

compared to untreated normal fibroblasts. The graph shows the percentage of cell nuclei containing gems, 

as indicated above each bar. 
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Figure 4.7 Representative images of immunofluorescence staining of anti-SMN (green) and Hoechst 

(blue) on SMA fibroblasts nucleofected with 1 µM of the Anti ISS-N1 PMO or sham control PMO and 

untreated SMA fibroblasts. Typical gems stained within the cell nucleus are indicated by the white arrow. 

Images taken at 20x objective and the scale bar = 25 µm. 

 



93 

 

While nucleofection of chemically modified PMOs improved the efficacy of Anti ISS-

N1 and AO 6 PMOs, AO 10 appears to cause more exon 7 skipping as the PMOx and 

PMO+ compounds than the unmodified PMO (Figure 4.8). Given that these PMOs 

appear to be ineffective at increasing FL-SMN2 it was deemed unnecessary to proceed 

with further analyses of these samples.   

 

 

Figure 4.8 RT-PCR analysis of SMN2 transcripts in SMA fibroblasts nucleofected with Anti ISS-N1 and 

AO-10 PMOs at 1 µM and 0.5 µM.  

 

The Anti ISS-N1 AO, and AOs 6 and 10 have been tested extensively as 2´OMethyl 

AOs and PMOs. Transfection of chemically modified PMOs to improve the delivery 

and potency of AO-10 compounds has shown this sequence is clearly not as efficient as 

Anti ISS-N1 and AO-6 and increasing FL-SMN2. Interestingly, improved delivery of the 

AO-10 compounds appears to induce higher levels of exon 7 skipping in fibroblasts 

than is evident in the samples from untreated cells. AO-10 targets predicted hnRNP-H1 

and MBNL1 splicing factor binding sites deep within intron 7, 7D(-137-159), while 

Anti ISS-N1, 7D(-10-29), and AO-6, 7A(-58-39), target regions much closer to exon 7. 

It is possible that splicing factor binding closer to the exon may have a greater influence 

on splicing outcomes compared to those binding distally. If this is correct, then AOs 

blocking these splicing factors may be more effective at inducing FL-SMN2. The Anti 

ISS-N2 sequence, binding to 7D(-278-297), has been reported to modulate exon 7 

splicing through preventing a structural interaction within intron 7. We therefore 

questioned whether AO-10 could modulate exon 7 inclusion through a similar 

mechanism. 
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4.3.3 In silico analysis of the mRNA secondary structure using m-Fold 

To evaluate the SMN2 mRNA secondary structure at each AO binding location, the 

sequences were analysed using the online tool, m-Fold (Zuker 2003). The intron 6 and 7 

sequences were analysed individually, as well as being analysed allowing for AO 

binding, whereby the bases targeted by the AO were prevented from participating in the 

secondary structure. The m-Fold predictions with and without AO-10 annealing are 

shown in Figure 4.9, with AO-10 binding highlighted. All other m-Fold predictions are 

shown in Appendix 2 Figures A2.1 and A2.2. The predicted structure for intron 7 shows 

a complex structure with a number of hair-pin loops. AO-10 does not appear to 

significantly alter this structure, yet is predicted to induce a large opening that may 

influence splicing factor binding.  

 

Figure 4.9 In silico prediction of the SMN2 intron 7 mRNA secondary structure using the m-Fold (Zuker 

2003) online tool, showing (a) the SMN2 intron 7 sequence without AO annealing, and (b) the SMN2 intron 

7 sequence following AO-10 binding. Bases targeted by AO-10 are highlighted in green.  
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4.3.4 Testing modified 2´OMethyl AOs 

To investigate the effects of secondary structure further, Anti ISS-N1 and AO-10 were 

synthesized as modified 2´OMethyl AOs, shown in Table 4.2. Locked nucleic acid 

(LNA) modified bases were included on the PS backbone at selected positions to 

enhance annealing, presumably strengthening the interaction between the AO and the 

mRNA. As LNA Uracil bases were not available, thymine monomers were used, and 

the LNA modified bases were spread across the AO sequence. In order to determine any 

effect conferred by a flexible AO sequence that can fold with the mRNA secondary 

structure and presumably not alter the structure, unlocked nucleic acid (UNA) modified 

bases were separately incorporated into an AO-10 sequence. Bases targeted at a point of 

folding in the mRNA were UNA modified to provide greater flexibility at this point. 

The putative folding position was determined based on the mFold prediction of intron 7 

folding (Figure 4.9), as well as the SHAPE derived structure published by Singh et al. 

and shown in Appendix 2 Figure A2.3, with the UNA modified bases highlighted (N. N. 

Singh et al. 2013). 

 

Table 4.2 Sequences of LNA and UNA modified 2´OMethyl AOs, with LNA bases shown in red and UNA 

bases shown in green. 

AO name Co-ordinates Sequence 5´ -> 3´ 

Anti ISS-N1 LNA SMN2.7D(-10-29) AUT CAC UTU CAU AAU GCU GG 

AO-10 LNA SMN2.7D(-137-159)  AAU AGU TUU GGC AUC AAA AUU CU 

AO-10 UNA SMN2.7D(-137-159) AAU AGU UUU GGC AUC AAA AUU CU 

 

Unmodified and LNA and UNA modified 2´OMethyl AOs were transfected into SMA 

Type I fibroblasts at 50, 25 and 10 nM using Lipofectamine 3000, and incubated for 48 

hours prior to cell harvesting and RT-PCR analysis (Figure 4.10). LNA-2´OMethyl AOs 

appear to be more toxic to the cells than the unmodified 2´OMethyl AOs, while UNA-

2´OMethyl AOs showed no obvious cellular toxicity. Interestingly, there was a 

correlation observed whereby AOs causing high levels of cellular toxicity induced an 

increase in the levels of exon 7 retention. LNA-2´OMethyl Anti ISS-N1 and AO-10 

were both more effective at retaining exon 7 than the unmodified 2´OMethyl 
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compounds, whereas the AO-10 UNA-2´OMethyl AO was less effective than the 

unmodified 2´OMethyl AO. 

 

Figure 4.10 RT-PCR analysis of SMN transcripts from SMA fibroblasts transfected with LNA and UNA-

modified 2´OMethyl AOs and unmodified 2´OMethyl AOs. AOs were tested at 50, 25 and 10 nM. 

 

It is possible that 2´OMethyl AOs modify SMN2 splicing through an effect on mRNA 

secondary structures, and could account for the different outcomes resulting from 

transfection with the PMO and 2´OMethyl compounds of the same sequence. However, 

given that the increased levels of cell death following AO transfection are consistent 

with an increase in exon 7 inclusion, it is likely that other factors come into play. It was 

therefore deemed necessary to investigate alternative possibilities, including off-target 

effects related to the AO chemistry or sequence. 

 

4.3.5 Off-target effects of AO chemistries 

A recent report describes phosphorothioate (PS) backbone interaction with, and 

sequestration of, paraspeckle proteins (Shen et al. 2014), presumably limiting the 

availability of these factors for normal cellular function. However, it is unknown if the 

phosphorodiamidate (PD) backbone of the PMO chemistry can induce a similar effect. 

The PS and PD backbones were evaluated for non-specific affects in SMA Type I 

fibroblasts. 2´OMethyl AOs were transfected at 100 nM for 24 hours using 

Lipofectamine 3000, whereas the un-complexed and unmodified PMOs were used at 10 

µM and incubated for 48 hours. Cells were stained with an antibody to the paraspeckle 

protein NONO, alternatively known as P54rnb, (a generous gift from Prof. Archa Fox), 

and counterstained with Hoechst to identify nuclei. Three patterns of NONO staining 

were observed including; cells with a uniform distribution of NONO throughout the 

nucleus with an occasional bright aggregation, this was considered normal since it was 

observed in all untreated cells; cells with uneven NONO staining throughout the 

nucleus, with many enlarged round foci or aggregates of NONO; and cells with 
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elongated NONO aggregates, reminiscent of “worms”. The percentage of cells showing 

aberrant NONO staining following AO treatment is shown in Figure 4.11, and images 

of NONO and Hoechst staining are shown in Figure 4.12. 

All of the 2´OMethyl AOs tested, including the sham control, appear to alter NONO 

distribution throughout the nucleus. When abnormal NONO distribution is observed, 

the 2´OMethyl AOs appear to induce either round, enlarged NONO aggregates (AO-6 

and AO-10), or the worm-like structures (Anti ISS-N1 and the sham control AO). Nearly 

80% of the cells treated with AO-6 or AO-10 show abnormal NONO staining, while the 

control and Anti ISS-N1 treated cells show 50% and 60% abnormal NONO distribution, 

respectively. To determine if the transfection reagent caused the effect, a Lipofectamine 

3000 only control was included. The cells in the control group show similar NONO 

staining to that observed in untreated cells, indicating that NONO distribution is not 

altered by the transfection reagent.  

Interestingly, none of the PMOs tested appear to disturb NONO distribution, and 

fibroblasts transfected with PMOs all show similar NONO staining to that seen in 

untreated fibroblasts. To ensure that this was not a result of poor PMO delivery, PMOs 

were also transfected at 200 nM using a complementary leash and Lipofectamine 3000, 

and by nucleofection at 1 µM, with no disruption to the normal NONO staining pattern 

observed (data not shown). 

 

Figure 4.11 Percentage of SMA fibroblasts showing disrupted NONO staining following transfection with 

2´OMethyl AOs (100 nM) and PMOs (10 µM). Staining of NONO aggregates was assessed as being 

either normal (grey), round and unorganised aggregates (blue) or forming “worm-like structures” (orange). 
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Figure 4.12 Representative immunofluorescence on SMA fibroblasts transfected with 2´OMethyl AOs (100 

nM) and PMOs (10 µM) and untreated SMA fibroblasts. Cells were stained for NONO (green), and 

counterstained with Hoechst (blue) to identify nuclei. The right hand panel of each set shows the merged 

image. Images taken at 40x objective and the scale bar = 25 µm. 
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To date approximately 40 proteins have been implicated in paraspeckle formation, 

including the splicing factor hnRNP-A1 (Naganuma et al. 2012). Therefore, the 

question was asked whether other paraspeckle proteins might undergo similar 

sequestration and mis-localisation in the presence of selected oligonucleotides to that 

shown by NONO. Since hnRNP-A1 is of particular interest in this study for its role in 

SMN2 exon 7 splicing, it was important to examine the effects of various 2´OMethyl 

PS-AOs on hnRNP-A1 distribution within the cells. The paraspeckle proteins FUS and 

TDP-43 are also critical in regulating splicing and transcription, and were therefore also 

studied for their interaction with PS-AOs. 2´OMethyl AOs were transfected into normal 

fibroblasts at a range of concentrations (n=2) using Lipofectamine 3000, for 24 hours 

and then stained individually for NONO FUS, hnRNP-A1 and TDP-43 (Figure 4.13a). 

Interestingly, PS-AOs appear to also sequester FUS, with the protein forming 

aggregates and worm-like structures in a dotted manner following treatment with the 

Anti ISS-N1 2´OMethyl PS AO and sham control AOs (not shown). Immunofluorescent 

staining of NONO and FUS reveals that the proteins co-localise in aggregates within the 

nucleus, as seen in the merged images (Figure 4.13b). While hnRNP-A1 and TDP-43 do 

not appear to form worms, immunofluorescence staining for each of these proteins is 

markedly decreased following 2´OMethyl transfection (Figure 4.13a). This was 

repeated at a range of AO concentrations and shown to be dose dependant, and 

independent of AO sequence (not shown).   
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Figure 4.13 Immunofluorescence staining of paraspeckle proteins showing (a) staining for NONO, FUS, 

hnRNP-A1 and TDP-43 (green), and (b) staining of FUS (red) and NONO (green) and a merged image 

counter stained with Hoechst (blue) for nuclei detection in SMA fibroblasts following 2´OMethyl AO 

transfection. Images taken at 40x objective and the scale bar = 25 µm. 

 

(b) 

(a) 
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4.4 Discussion 

The correlation in splice-switching efficacy between 2´OMethyl and PMO 

compounds of the same sequence is well established for induced exon skipping in the 

DMD and Dmd transcripts (Adams et al. 2007). However, particular sequences designed 

to promote SMN2 exon 7 recognition induced exon inclusion as 2´OMethyl AOs, but 

were not effective as PMOs. The aim in this chapter was therefore to enhance PMO 

delivery in order to improve exon retention by testing chemically modified PMOs, in 

attempt to identify a more effective compound that could be further developed as a 

therapy for SMA patients. Furthermore, we investigated potential mechanisms in an 

attempt to explain differences in exon retention induced by the 2´OMethyl and PMO 

chemistries.  

The Anti ISS-N1 PMO-Pip6 study by Hammond et al. shows that conjugation of a 

PMO to a cell penetrating molecule can enhance PMO uptake in vivo compared to 

unmodified PMOs, and have potential as a therapeutic approach for SMA (Hammond et 

al. 2016). The PMO modifications reported here were developed by Sarepta 

Therapeutics and include a proprietary modification (PMOx), a positively charged 

backbone (PMO+), and a proprietary cell penetrating peptide-tagged PMO (PPMO). 

Comparison of these new generation PMOs with the unmodified PMO chemistry shows 

improved exon 7 retention and higher SMN protein levels in Anti ISS-N1 and AO-6 

transfected SMA fibroblasts.  

The PMO+ chemistry was developed by Sarepta Therapeutics as an alternative 

strategy to overcome viral genetic resistance to PMO antivirals (Warren et al. 2012). 

Clinical and pre-clinical studies of PMO+ antivirals for Ebola and Marburg viruses have 

shown the PMO+ chemistry to be tolerable and effective (Heald et al. 2014; Heald et al. 

2015) with an improved antiviral effect compared to the PMO and arginine-PPMO 

chemistries (Iversen et al. 2012). Interestingly, while studies demonstrating the efficacy 

of the PMOx and the new generation PPMO chemistries compared to the unmodified 

PMO are yet to be published, the current study shows that these chemistries more 

effectively induce SMN2 exon 7 retention, when compared to the PMO+ and the 

unmodified PMO chemistries. Taken together, the results reported here and the 

published data on the PMO and PMO+ chemistries, demonstrate the potential of these 

new generation PMOs in splice-switching. Given the significant improvement in in 
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vitro splice-modification, future studies will focus on in vivo testing of the chemistries 

in the Δ7-SMA mouse model.  

Disappointingly, the chemical modifications did not improve exon 7 retention 

mediated by the AO-10 PMO sequence. In fact, chemically modified AO-10 PMOs 

appear to enhance exon 7 skipping in comparison to that in untreated SMA fibroblasts. 

This result cannot be explained by poor PMO delivery, since transfection of PMOs by 

nucleofection yielded the same result, and the improvement in AO-6 efficacy has been 

clearly demonstrated. 

A number of factors could explain the differences in splice-switching activity 

mediated by 2´OMethyl AOs and PMOs of the same sequence. While the correlation 

between 2´OMethyl and PMO splice-switching ability has been described for 

dystrophin exon skipping (Adams et al. 2007), the use of PMOs for exon inclusion is 

not well reported. With the exception of PMOs targeting SMN2, including the Anti ISS-

N1 sequence and those targeting the ISS-E1 region within intron 6 (Mitrpant et al. 2013; 

Osman et al. 2014), only one additional study could be found in the literature, whereby 

PMOs were used to enhance exon recognition within the fibroblast growth factor 

receptor 1 transcript (Bruno et al. 2004). Given that there are so few examples of PMO-

mediated exon inclusion, it is possible that this chemistry may have limitations when 

targeting deep intronic regions that are yet to be investigated outside of the current 

study. To investigate this further, two theories were explored: could mRNA secondary 

structure determine the nature of the AO effect, and how might cyto-toxicity and off-

target effects impact on splice modification of a sensitive transcript such as SMN2. 

In silico analysis of the SMN2 intron 6 and 7 mRNA secondary structure showed that 

AO-10 (Figure 4.9), AO-6 and Anti ISS-N1 (Appendix 2 Figures A2.1 and A2.2) all 

target tight hair-pin loop structures, indicating each of these AOs must overcome tight 

secondary structures in order anneal to the respective targets. Since AO-10 appears to be 

the least effective as a PMO, this suggests that splicing factors binding ISS motifs 

located further away from the exon may have less influence on splicing outcomes 

relative to motifs in closer proximately to the exon. Perhaps AOs targeting these distant 

motifs could elicit splice modulation through altering the secondary structure rather than 

preventing splicing factor binding. A publication by the Singh laboratory used 

molecular probes and SHAPE software to more accurately detail the secondary structure 

of intron 7 (Appendix 2 Figure A2.3) (N. N. Singh et al. 2013). Interestingly, AO 10 

anneals within a region (Module 1) predicted to fold into two energy favourable 
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secondary structures, including an open structure and a tightly folded structure. It is 

possible this Module 1 region breathes between these two structures, an interaction that 

could be interrupted by AO-10 binding. If this SHAPE structural prediction is accurate, 

then AO-10 binding could retain the module 1 region in an open state, possibly 

affecting the interaction of splicing factors with SMN2.  

To investigate if the AO-10 2´OMethyl sequence could modulate splicing through 

favouring such an open mRNA structure, LNA and UNA modified 2´OMethyl AOs 

were tested to compare the effects of AO binding strength and rigidity versus flexibility 

on AO effect. The AO-10 LNA modified 2´OMethyl compound induced an increase in 

FL-SMN2 compared to the unmodified 2´OMethyl AO, most likely due to the increased 

binding affinity of LNA bases (Campbell and Wengel 2011) helping to strengthen the 

interaction between the AO and the mRNA. Others have shown that modifying the AO 

chemistry to enhance AO binding affinity can improve the ability of the AO to 

overcome mRNA secondary structures (Vickers et al. 2000). Conversely, the AO-10 

UNA modified 2´OMethyl compound was designed to provide greater flexibility, 

allowing the AO to adapt to the mRNA secondary structure. This AO caused a decrease 

in FL-SMN2 compared to the unmodified 2´OMethyl AO. Contrary to the effect of 

LNA-modified bases, we predict that the lower binding affinity of UNA bases limits the 

ability of the AO to overcome the transcript folded structure and were therefore less 

effective at modulating spicing.  

Given the high binding affinity of PMOs and the knowledge that the chemistry was 

designed to overcome most secondary structures (J. E. Summerton 2007), one would 

expect that the PMOs tested in this study could overcome and stabilise the mRNA 

structure in a similar manner to the LNA-2´OMethyl AOs. Furthermore, since the 

locked bridge of the LNA modified bases confers a rigid structure that does not appear 

to limit AO interaction with the secondary structure, it seems unlikely that the rigidity 

of the PMO would limit this interaction. As AO-10 modified and unmodified PMOs are 

not as effective as the AO-10-LNA-2´OMe AO, conceivably there other factors to 

consider that could add further explanation the difference between 2´OMethyl and PMO 

AO-10 mediated splicing. 

2´OMethyl AOs, particularly those with LNA modification, induced high levels of 

cell toxicity following transfection. SMN is a housekeeping protein and crucial for 

many cellular processes (Li et al. 2014; Terns and Terns 2001). It is highly likely that 

cell stress and toxicity will interfere with cell biology, and impact SMN expression. The 
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up-regulation of house-keeping genes and proteins following cellular stress is a 

common limitation when evaluating drug effectiveness (de Jong et al. 2012) and given 

the feedback effect of SMN expression on SMN2 splicing, it is no surprise that cellular 

toxicity could increase FL-SMN2 (Jodelka et al. 2010). The fact that PMOs induce no 

cell death emphasises the excellent safety profile of the chemistry.  

A study by Ionis Pharmaceuticals revealing that PS-AOs can sequester paraspeckle 

proteins and form paraspeckle-like structures in the absence of NEAT1 (Shen et al. 

2014), is of particular interest here. The exact role of paraspeckles is not fully defined, 

however the majority of proteins responsible for their formation are RNA-binding 

proteins involved in a number of cellular processes; including transport, transcription 

regulation and splicing (Bond and Fox 2009; Izumi et al. 2014; Naganuma et al. 2012). 

While Shen et al. (2014) focused on the interaction between PS-AOs and the P54rnb 

(NONO) protein, it is likely that additional paraspeckle proteins will be disrupted in the 

same manner, and as a result, might be expected to cause global disturbances in splicing 

and could bring about catastrophic events within cells. The splicing factor FUS was 

identified as a class 1 paraspeckle protein(Naganuma et al. 2012), and data presented 

here co-localises FUS with NONO, forming identical worm-like aggregates following 

2´OMethyl PS-AO transfection. Furthermore, the splicing factors hnRNP-A1 and TDP-

43 have been classified as class 2 paraspeckle proteins, and while not as critical for 

paraspeckle formation as the class 1 NONO and FUS proteins, the expression of 

hnRNP-A1 and TDP-43 appears to be down-regulated following 2´OMethyl PS-AO 

transfection. The sequestration or down-regulation of these proteins is expected to 

decrease their availability as splicing factors. Specific to the study presented here the 

down-regulation of hnRNP-A1 has been shown to increase exon 7 recognition and 

inclusion in the SMN2 transcript (Kashima et al. 2007b). This could explain the 

apparent non-specific increase in FL-SMN2 induced by transfection with unrelated 

control 2´OMethyl PS-AOs, and to some extent could explain why AO-10 induces exon 

7 inclusion as a 2´OMethyl PS compound, but not as a PMO. 

Off-target effects and non-specific binding conferred by the negatively charged PS 

backbone are well reported (Dias and Stein 2002; Winkler et al. 2010), however these 

effects have not been reported when the neutral backbone PMOs are used (J. E. 

Summerton 2007). Furthermore, the effect of PMOs on paraspeckle proteins has not 

previously been characterised. Transfection of PMOs in this study did not result in any 

alteration in the distribution of NONO or other paraspeckle proteins. This result was 
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reproducible using multiple delivery techniques, including un-complexed high dose 

transfection, transfection with a leash and liposome reagent, as well as nucleofection. In 

comparison, all 2´OMethyl AOs tested, including those with LNA and UNA modified 

bases (data not shown) produced abnormal aggregates of the paraspeckle protein NONO 

following transfection. While future studies will examine the effects of the PS and PD 

backbones on paraspeckle proteins in vivo, the findings in the current study further 

support the use of PMOs over PS-AOs for clinical splice modifying therapeutic 

application.  

While the use of antisense oligomers is a rapidly growing area of translational 

research, there are many unknowns regarding AO application, how they bind, and their 

exact mechanism of action. It is likely that AOs can modulate splicing by acting through 

a number of mechanisms, and as shown in this study, this is not necessarily 

reproducible with different AO chemistries. However, this does present a great 

advantage for antisense therapies, whereby the peculiarities of a particular AO 

chemistry can be harnessed to achieve a desired effect.  
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CHAPTER 5.                                                                                   

Using mismatched AOs to understand the interactions 

between AOs and mRNA secondary structures 
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5.1 Introduction 

Splice-switching antisense oligonucleotides (AOs) are thought to directly block 

splicing domains, preventing the binding of splicing factors by steric hindrance 

(Aartsma-Rus et al. 2009). The applications of AOs has been extensively studied by 

others, for review see (Burghes and McGovern 2010), and in this thesis, for overcoming 

the mis-splicing of the survival motor neuron 2 gene (SMN2) to develop a therapy for 

spinal muscular atrophy. AOs targeting intronic splice silencing domains flanking exon 

7 of the SMN2 gene have shown good splice-switching ability, with an increase in exon 

7 recognition in the mature transcript. However, some of the AOs were less effective 

than others when prepared as different AO chemistries, suggesting additional factors 

may influence how the AO interacts with its mRNA target.  

Intronic regions are predicted to have complex secondary structures, and as discussed 

in Chapter 4, AOs targeting these regions may elicit an effect through interaction with 

the mRNA structure, as well as blocking silencing domains. The effect that AO binding 

exerts on RNA secondary structure is not entirely understood. It is predicted that AOs 

can prevent or alter mRNA folding interactions and open or constrict the RNA 

structure, in turn affecting the binding of splicing factors or components of the 

spliceosome as is postulated for the Anti ISS-N2 sequence (Khoo et al. 2007; N. N. 

Singh et al. 2013). 

 To further understand how AOs can be used to alter the mRNA secondary structure 

and to improve AO effect, the work in this chapter focuses on exploring the effects of 

“mismatched” AO sequences that contain bases that are not perfectly complementary to 

the target mRNA sequence. A serendipitous discovery in our laboratory has revealed 

that mismatched AO sequences can sometimes induce more efficient skipping of 

particular dystrophin exons than a fully complementary AO sequence (Fragall et al. 

2011). An AO designed to skip exon 25 of the dystrophin gene transcript induced more 

efficient exon 25 skipping in myoblasts from a DMD patient than in myoblasts from 

other DMD patients or healthy controls. This patient had a single base insertion within 

the AO binding site and it was concluded to affect AO efficacy, possibly through altered 

secondary structural effects (Fragall et al. 2011).  

The number of mismatch possibilities is enormous. For each base of an AO there are 

effectively five alternatives, including a substitution to one of the other three bases, an 

insertion or a deletion. Therefore, for one 20-mer AO there are 20^5 or 3.2 million 
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mismatch possibilities. As it is not possible to study the effects of mismatch bases to 

such extreme depth, this study examines a small subset of mismatches in attempt to gain 

some understanding of the effects of mismatched AO bases on AO efficacy. We assume 

that once a certain number of mismatched bases are introduced in the same AO 

sequence, a threshold would be reached at which AO activity would be lost due to 

compromised binding, limiting the number of potentially viable mismatch AOs. 

Furthermore, the introduction of multiple mismatched bases into an AO sequence will 

increase the likelihood of off-target binding to unintended targets, potentially inducing 

many deleterious effects. 

To understand how AOs of different chemistries (2´OMethyl versus PMO) could 

alter the mRNA secondary structure and subsequently SMN2 splicing, a number of 

mismatched AOs were designed to target SMN2 using both chemistries. AOs were 

initially designed to incorporate mismatched bases into the Anti ISS-N1 sequence, the 

current front-runner for antisense therapy for SMA (N. K. Singh et al. 2006). A second 

round of mismatch AOs were then designed based on the AO-6 and AO-10 sequences, 

discussed in Chapter 3, and the Anti ISS-N2 sequence, in attempt to identify an AO that 

induces exon 7 retention and could be used as a therapy for SMA patients. Mismatches 

that were tested include the transversion between pyrimidine and purine bases, 

including a uracil to adenine or an adenine to uracil, as well as a cytosine to guanine or 

guanine to cytosine, the deletion of single base, the addition of a single or multiple 

bases in the middle of the AO, or the substitution of three bases in the middle of the AO 

to bases that are unlikely to bind the mRNA.  

Findings reported herein show that not only the type of mismatch, but also the 

location of the mismatched base and the number of mismatched bases determined AO 

effectiveness. Furthermore, while each mismatch base has potential to affect the 

structure of the mRNA, some will have more marked effects than others. It is likely that 

a base deletion or addition will create more of a “bend” in the RNA compared to a small 

loop induced by a base substitution. The hypothesised effect of mismatch bases on AO 

binding and RNA secondary structure is illustrated in a schematic in Figure 5.1 

 

 



111 

 

 

Figure 5.1 Schematic showing the hypothesised effects of mismatch AO binding, showing (a) the 

interaction of hnRNP-A1 with the ISS-N1 site causing exon 7 splicing of the SMN2 transcript, and (b) the 

effects of mismatched bases on AO effectiveness compared to the complementary AO. Mismatches 

include AOs with a base deletion, insertion or substitution, each of which is predicted to alter the mRNA 

secondary structure. 

 

 

5.2 Materials and methods 

5.2.1 Design of mismatch AOs 

AOs were designed with mismatched bases at different points along the optimised AO 

sequence. In the initial screening, mismatched AOs were based on the Anti ISS-N1 

sequence, and included the deletion of a base from the middle of the AO, some with a 

base added to the 5´ or 3´ ends to retain the 20-mer length; or a base transversion from a 

uracil to an adenine residue. The second generation of Anti ISS-N1 mismatch AOs 

tested a base transition from a guanine or cytosine to a Uracil residue, as well as AOs 

predicted to create a loop between the AO and mRNA bend and manipulate the 

secondary structure. These included either the addition of up to 5 bases to the middle of 

the AO, or the substitution of 3 bases in the middle that are not predicted to anneal to 

the target. The data from Anti ISS-N1 mismatch AOs, experiments inferred the design of 

additional mismatch AO sequences on the Anti ISS-N2 (SMN2.7D(-278-297)) and the 

AOs discussed in Chapters 3 and 4, AO-6 (SMN2.7A(-58-39)) and AO-10 (SMN2.7D(-

137-159)). 
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Table 5.1 Sequences and details of complementary and mismatch AOs. Base substitutions are indicated 

in blue, insertions in green and deleted bases are replaced with a red x. 

AO  Annealing  
 

Length 

number AO mm details coordinates Sequence 5´-> 3´ (bp) 

ISS-N1 None SMN2.7D(-10-29)    AUU CAC UUU CAU AAU GCU GG 20 

mm1 Δ7U,+G 5´ SMN2.7D(-10-30) GAUU CAC ×UU CAU AAU GCU GG 20 

mm2 Δ12U,+G 5´ SMN2.7D(-10-30) GAUU CAC UUU CA× AAU GCU GG 20 

mm3 Δ15U,+G 5´ SMN2.7D(-10-30) GAUU CAC UUU CAU AA× GCU GG 20 

mm4 7U>A,+G 5´ SMN2.7D(-10-30) GAUU CAC AUU CAU AAU GCU GG 21 

mm5 9U>A,+G 5´ SMN2.7D(-10-30) GAUU CAC UUA CAU AAU GCU GG 21 

mm6 9U>A     AUU CAC UUA CAU AAU GCU GG 20 

mm7 9U>A, 12U>A     AUU CAC UUA CAA AAU GCU GG 20 

mm8 9U>A, Δ12U     AUU CAC UUA CA× AAU GCU GG 19 

mm9 9U>A, Δ12U, +G 5´ SMN2.7D(-10-30) GAUU CAC UUA CA× AAU GCU GG 20 

mm10 9U>A, Δ12U, +C 3´ SMN2.7D(-09-29)    AUU CAC UUA CA× AAU GCU GG C 20 

mm11 Δ12U 
 

   AUU CAC UUU CA× AAU GCU GG  19 

mm13 4C>U      AUU UAC UUU CAU AAU GCU GG 20 

mm14 10-12 CAU>UCA      AUU CAC UUU UCA AAU GCU GG 20 

mm15 16G>U      AUU CAC UUU CAU AAU UCU GG 20 
mm16 11+G      AUU CAC UUU CGA UAA UGC UGG 21 

mm17 11+GUC UC      AUU CAC UUU CGU CUC AUA AUG CUG G 25 

AO-6 None SMN2.7A(-58-39)   AUA GAU AUA GAU AGC UAU AU 20 

mm1 6U>A  AUA GAA AUA GAU AGC UAU AU 20 

mm2 12U>A  AUA GAU AUA GAA AGC UAU AU 20 

mm3 6U>A, 12U>A  AUA GAA AUA GAA AGC UAU AU 20 

mm4 6U>A, 14G>A  AUA GAA AUA GAU AAC UAU AU 20 

mm5 10-12 GAU>AUC  AUA GAU AUA AUC AGC UAU AU 20 

mm6 11+C  AUA GAU AUA GCA UAG CUA UAU 21 

AO-10 None SMN2.7D(-137-159) AAU AGU UUU GGC AUC AAA AUU CU 23 

mm1 13A>U  AAU AGU UUU GGC UUC AAA AUU CU 23 

mm2 9U>A  AAU AGU UUA GGC AUC AAU AUU CU 23 

mm3 22C>U  AAU AGU UUU GGC AUC AAA AUU UU 23 

mm4 13A>U, 22C>U  AAU AGU UUU GGC UUC AAA AUU UU 23 

mm5 11-13 GCA>UUC  AAU AGU UUU GUU CUC AAA AUU CU 23 

mm6 12+A  AAU AGU UUU GGA CAU CAA AAU UCU 24 

ISS-N2 None SMN2.7D(-278-297) AAG UCU GCU GGU CUG CCU AC 20 

mm1 6U>A  AAG UCA GCU GGU CUG CCU AC 20 

mm2 15G>A  AAG UCU GCU GGU CUA CCU AC 20 

mm3 9U>A  AAG UCU GCA GGU CUG CCU AC 20 

mm4 6U>A, 15G>A  AAG UCA GCU GGU CUA CCU AC 20 
mm5 10-12 GGU>AUC  AAG UCU GCU AUC CUG CCU AC 20 

mm6 12+A  AAG UCU GCU GGA UCU GCC UAC 21 
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5.3 Results 

5.3.1 Testing mismatched Anti ISS-N1 2´OMethyl AOs 

The first round of mismatch AOs focused on the deletion of a Uracil base, or a U>A 

transversion and were tested at 100, 50 and 25 nM. The RT-PCR results are shown in 

Appendix 3 Figure A3.1. The second round of mismatch AOs explored base additions 

predicted to create a loop and bend in the mRNA, as well as testing alternative base 

substitutions. The complete set of RT-PCR results are shown in Appendix 3 Figures 

A3.1 and A3.2. Representative data for these experiments showing mismatch AOs that 

were and were not effective at inducing exon 7 recognition are shown in Figure 5.2. 

Inconsistent with findings by Fragall et al., on average, the AOs with a base deletion did 

not perform as well as the original and fully complementary Anti ISS-N1 sequence. 

However, the deletion of a Uracil within the 3´ region of the AO (mm3) induced more 

FL-SMN2 than the fully complimentary sequence. Interestingly, this base deletion is 

within the ISS-N1 hnRNP-A1 binding site and could affect binding through an altered 

secondary structure. An extra base added to the 3´ end of the AO, binding at the 5´ end 

of the ISS-N1 motif, seemed to improve exon retention following a base deletion. While 

these AOs were still not as effective as the Anti ISS-N1 AO, an extra base at the 3´ end 

might strengthen the binding at the ISS-N1 site.  

Not surprisingly, AOs designed to create a loop between the AO and the mRNA target 

sequence showed variations in levels of FL-SMN2. The substitution of the 3 middle 

bases (mm14) still induced some degree of exon 7 retention, but was not as effective at 

inducing exon 7 retention as the single base transversion (mm6 and mm7). Interestingly, 

a single base addition in the middle of the AO (mm16) improved FL-SMN2 levels when 

compared to Anti ISS-N1 at the 50 and 25 nM doses. However, the addition of 5 bases at 

this same position (mm17) showed poor levels of exon 7 retention, compared to other 

AOs with only 71% FL-SMN2 induced at 100 nM.  

All AOs with a single or double U>A transversion (mm4-mm7) appear to maintain 

some splice-switching ability, and in fact induce more FL-SMN2 than the fully 

complementary Anti ISS-N1 AO. A C>U transition at position 4 (mm13) appears to be 

as effective as the U>A change in the middle of the AO, with similar levels of FL-

SMN2 expressed. However, the G>U transversion at position 16 within the ISS-N1 

domain (mm15) showed lower levels of FL-SMN2 compared to other mismatched AOs, 
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including mm3 in Figure 5.2. This suggests that different mismatch designs are likely to 

have different effects on the secondary structure and splicing factor binding. 

 

Figure 5.2 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with Anti ISS-N1 and 

mismatch 2´OMethyl AOs (100, 50 and 25 nM). The percentage of FL-SMN2 as determined by 

densitometry is shown below each lane for comparison to levels in untreated fibroblasts. A 100 bp size 

marker was used for comparison, and a RT-PCR no-template negative control was loaded in the final lane. 

 

5.3.2 Protein studies of Anti ISS-N1 mismatch 2´OMethyls 

Following testing of Anti ISS-N1 mismatch AOs, mismatches 3, 6, 13 and 16 were 

tested for their effects on SMN protein levels, with varying results (Figure 5.3). Given 

the large error bars and the increase in SMN as seen by the sham control AO, results of 

mismatch AO effect on SMN levels must be interpreted with caution. Nevertheless, 

mm3 and mm6 appear to be more effective than Anti ISS-N1 at inducing exon 7 

retention, however this was not reflected in the protein analysis. At the high dose, mm3 

induced similar levels of SMN as Anti ISS-N1, however this effect drops off at the 200 

nM concentration. Conversely, mm6 shows an inverse dose response to the AO, with 

the 200 nM concentration showing similar levels of SMN as observed by Anti ISS-N1. 

The difference between RNA and protein data could be explained by the presence of an 

additional protein band detected above 30 kDa in samples from fibroblasts treated with 
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mm3 and mm6. Mass spectrometry will be necessary for correct identification of the 

protein.  

Mm13 and mm16 induced similar levels of FL-SMN2 transcript to Anti ISS-N1, yet did 

not appear to increase SMN protein to the same extent. Mm13 induced up to a 1.3-fold 

increase in SMN at the low dose, while mm16 induced similar levels of SMN to that of 

the sham control. The large error bars and the slight increase in SMN in the sham 

control AO treated samples emphasise the poor sensitivity of the western blot in 

measuring such small changes in protein levels. 

 

Figure 5.3 SMN2 transcript and protein analysis in SMA fibroblasts transfected with 400 and 200 nM of 

Anti ISS-N1 and mismatch 2´OMethyl AOs (n=2), showing (a) RT-PCR analysis of SMN2 transcripts, (b) 

western blots of SMN and β-tubulin levels and (c) densitometric analysis of the western blots to determine 

SMN protein levels normalised against β-tubulin levels. SMN levels in transfected fibroblasts are shown as 

an n-fold change compared to those in untreated samples.  

 

5.3.3 Mismatch 2´OMethyl AOs for other sequences 

Based on the results of experiments evaluating Anti ISS-N1 mismatch AOs, mismatched 

AO sequences were designed and evaluated for AOs 6, 10 and Anti ISS-N2 (Figure 5.4). 

Interestingly, for AOs 6 and 10, mismatch bases do not appear to improve FL-SMN2 

levels to the same extent as Anti ISS-N1 mismatch AOs. Mismatch bases appear to 
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abolish AO-6 efficiency, while AO-10 mismatches induce some exon 7 retention, but 

not to the same level of the complementary AO-10 sequence. Mismatch AOs designed 

for Anti ISS-N2 show varied results, with a U>A base transition at position 6 (mm1) 

ablating the AO effect, while a G>A at position 15 (mm2) and a U>A at position 9 

(mm3) appear to maintain the effect of the Anti ISS-N2 AO. An AO with a double base 

substitution (mm4) slightly increases FL-SMN2, but does not perform as well as the 

fully complementary Anti ISS-N2 AO.  

 

Figure 5.4 RT-PCR analysis of SMN2 transcripts in SMA fibroblasts transfected with complementary and 

mismatch 2´OMethyl AOs (100, 50 and 25 nM). 

 

2´OMethyl mismatch AOs designed to “loop out” the mRNA were then evaluated for 

AOs 6, 10 and Anti ISS-N2 (Figure 5.5). Similar to the results shown in Figure 5.4, 

mismatch bases diminish the effects of AOs 6 and 10, with these mismatch AOs 

inducing limited exon 7 retention. A three base substitution in the middle of Anti ISS-N2 

was less effective than the original sequence. However the addition of an Adenine to the 

middle of the AO improved the amount of FL-SMN2. 
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Figure 5.5 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with 2´OMethyl 

mismatch AOs (100, 50 and 25 nM). 

 

5.3.4 Effects of mismatch bases on PMO effectiveness 

Mismatch PMOs were tested with the aim to further improve the effect and consistency 

of the original complementary PMO sequences. RT-PCR analysis of SMN2 products for 

all PMOs tested is shown in Appendix 3 Figure A3.3. PMOs were transfected  

Lipofectamine 3000 (Life Technologies) at 20, 10 and 5 µM, and  Anti ISS-N1 was 

tested at 20, 10, 5, 2.5 and 1 µM. Consistent with data shown in Chapters 3 and 4, Anti 

ISS-N1 is the only original AO sequence to induce efficient exon 7 retention in the 

transcript (Appendix 3 Figure A3.3). Disappointingly none of the mismatch PMO 

sequences improved the splicing efficiency of AO-6, AO-10 or Anti ISS-N2. 

However, Anti ISS-N1 mismatch PMOs (Figure 5.6), appear to be somewhat more 

consistent with the 2´OMethyl AO performance. Only two mismatch PMOs were tested 

for Anti ISS-N1, the single U>A (mm6) and the double U>A mismatch (mm7). Mm6 

appears to be as effective as Anti ISS-N1, and while mm7 induced good exon 7 retention 

at the high dose, this effect was lost at the lower doses.   

 

 

Figure 5.6 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with Anti ISS-N1 (20, 

10, 5, 2.5 and 1 µM) and mismatch PMOs (20, 10 and 5 µM).  
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5.3.5 Summary of mismatch AO findings 

Table 5.2 summarises the data obtained evaluating all mismatch AOs and how they 

compare to the perfectly matched AO sequences. AOs were giving a ranking based on 

whether the mismatched bases were able to improve AO splice-switching. AOs 

annotated with an × showed no additional exon 7 retention when compared to the levels 

observed in untreated fibroblasts, those with a  showed some retention but were not as 

effective as the original AO sequence, those with  were as effective as the original 

AO and those with  were more effective than the original AO sequence. Where a 

spread of results was observed, the average or average range was determined. However, 

when results were inconsistent, e.g. one or multiple × with one or multiple , the 

average would not be reflective of the data and so ×/ was recorded in the 

“average” column. Mismatch AOs with more than one mismatch base were not directly 

compared to the original sequence alone but were instead measured for their ability to 

improve the AO effect, compared to the single mismatch counterpart, for example, Anti 

ISS-N1 mm9 and 10, the additional base at the 5´ or 3 end compared to mm8. When two 

or more AOs have a mismatch in common, e.g. Anti ISS-N1 mm5, mm6 and mm7, the 

common mismatch (9U>A) was only included once in the table. 

Results of both 2´OMethyl and PMO transfections showed that the most effective 

mismatch base for both chemistries was a U>A or an A>U transversion, while 

mismatches at the 3´end of the oligomer were on average more effective compared to 

those located in the middle or the 5´end of the AO. A single base added to the middle of 

the AO to induce a loop was also shown to improve the AO effect in two out of four 

2´OMethyl sequences, yet was not tested as a PMO. The addition of a base at the end of 

the AO to maintain 20-mer length, following a base deletion, or to become a 21-mer 

with a base substitution, was shown to improve AO effect in three out of six AO 

sequences.  
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Table 5.2 Summary of results showing effectiveness of mismatch 2´OMethyl AOs and PMOs compared to 

complementary sequences. 

   

AO function compared to normal sequence 

 

Specific type of 
mismatch 

mm AO 
identity 

2´OMe 
2´OMe 
average 

PMO 
PMO 
average 

Position of  5´ end N1 mm 1,4,13 ×,, × -  NA × 

Mismatched   N2 mm 1 ×   ×   

base   AO6 mm1 ×   ×   

  Middle N1 mm2, 5-7 ×,   -  ,   

    N2 mm3       

    AO6 mm2 ×   ×   

    AO10 mm2       

  3´ end  N1 mm 3, 15 ,  NA × /  

    N2 mm2  
 

   

    AO10 mm1, 3 ,   ×,×   

Type of  Base deletion N1 mm1, 2, 3 ×,×, × NA NA 

mismatch   N1 mm8-11 ×   NA   

  Added base to  N1 mm1, 2, 3, ×,×, × /  NA NA 

  AO end N1 mm4,5 ,   NA   

    N1 mm9,10 ×,    NA   

  U/A>A/U N1 mm 5-7   ,× × /  

    N2 mm1,3 ×,    ×,   

    AO6 mm1,2 ×,×   ×,×   

    AO10 mm1,2 ,   ×,   

  G/C>U/A N1 mm13, 15 ,  NA  

    N2 mm2       

    AO10 mm3    ×   

  Double base  N1 mm7   × × 

  substitution N2 mm4    ×   

    AO6 mm3,4 ×,×   ,×   

    AO10 mm4    ×   

  Triple substitution N1 mm14   NA NA 

  middle N2 mm5    NA   

    AO6 mm5    NA   

    AO10 mm5    NA   

  Single base  N1 mm16   / NA NA 

  addition in middle N2 mm6    NA   

    AO6 mm6    NA   

    AO10 mm6    NA   

  
5 base addition in 
middle 

N1 mm17 × × NA NA 

×         AOs inducing no exon 7 inclusion 

        AO induces some inclusion but not as good as original sequence 

     AO as effective as original sequence 

  AO more effective than original sequence 

-    Indicates an average range of effect 

/          Indicates either effect observed 
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5.4 Discussion 

2´OMethyl AOs designed to target intronic splice silencer domains flanking exon 7 

have shown promise in increasing full length SMN2 transcripts. However, as observed 

in Chapters 3 and 4, this effect is less consistent as the AO targets further away from the 

exon, and furthermore, is not as easily translated between 2´OMethyl and PMO 

chemistries as those AOs targeted closer to exon 7, including Anti ISS-N1. It is possible 

that motifs further away from the exon are not as crucial in determining splicing, or it is 

likely that AOs targeting these regions impact exon 7 splicing through modifying self-

interaction of the mRNA. The strategy presented in this chapter focused on designing 

AO sequences with mismatched bases aimed to alter the mRNA secondary structure in 

an attempt to further improve exon inclusion, as well gain further understanding of how 

AOs can modulate splicing patterns through structural modifications.  

The work presented here was based on findings by Fragall et al. whereby some 

mismatch AOs were found to improve exon skipping of the dystrophin transcript 

(Fragall et al. 2011). Here, we attempted to extrapolate this finding to a different AO 

mechanism in inducing exon inclusion. While the number of potential mismatch bases 

in one AO is enormous, this study focused on a select few to gain a general 

understanding of how mismatch bases may affect the interaction between AO and 

mRNA. Mismatches that were studied include base substitutions and the deletion of 

single base as well as either the addition of a 1-5 bases to the middle of the AO, or the 

substitution of three bases in the middle of the AO to create a loop and subsequent bend 

in the mRNA. The most effective mismatches appear to be a base substitution, as well 

as a single base added to the middle of the AO to create a small bulge in the mRNA. 

Not surprisingly, an extra base added to the end of the AO was also shown to improve 

AO efficacy. 

Interestingly, while the base substitution appears to be a better option relative to the 

base deletion or addition, there was still a great deal of variation in terms of AO 

efficacy. On average, base substitution mismatches demonstrated the highest levels of 

exon 7 retention, presumably having the least effect on the secondary structure 

compared to other mismatches. No correlation was observed between mismatch bases 

affecting the pyrimidine (cytosine and uracil) and purine (guanine and adenine) bonding 

rule. It is energetically unfavourable for pyrimidines to bind each other, and likewise, 

for purines to bind each other, due to the position of the hydrogen bonds (Kool 2001). 
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No difference was observed between AOs creating pyrimidine-pyrimidine (transition) 

and purine-purine (transversion) interactions compared to the more favourable 

pyrimidine/purine interaction. It is therefore more likely that the position of the base 

substitution influences the impact on the AOs interaction with the mRNA. It is possible 

that the AOs are acting in a similar way to microRNAs, where selected mismatches 

between the mRNA target and the oligomer are biologically active. 

MicroRNAs have the ability to bind to complementary and partially complementary 

targets. Nucleotides 2-7 at the 5´ end of the microRNA are known as the “seed region” 

and are responsible for recognition and binding to its target. For partial complementarity 

targets, this seed region must bind with perfect complementarity, while non-

complementary bases after this point do not appear to affect microRNA binding (Bartel 

2009). The impact of mismatch base location on AO efficacy could simply reflect this 

mechanism. Furthermore, an additional base at the 3´ end of the AO appeared to 

reinforce the binding to ISS-N1, with higher levels of exon 7 retention observed by AOs 

with a mismatch in the middle of the AO, as well as an additional base at the 3´ end, 

compared to the same AO with the additional base at the 5´ end. Consistent with the 

microRNA binding rule, this extra base could reinforce or increase the length of the 

seed region. 

Interestingly, mismatched bases at the 3´ end of an AO have been reported by others 

to better retain AO effect compared to mismatches in the middle or 5´ end of the AO 

(Aartsma-Rus et al. 2004). This study compared AO specificity across different 

chemistries, and while all unmodified 2´OMethyl mismatch AOs were shown to be 

ineffective, the AOs with mismatched bases at the 3´ end were almost as effective as the 

complementary sequence when tested as LNA-modified 2´OMethyls. Given LNA 

modified bases are known to improve binding strength (Campbell and Wengel 2011), it 

is not surprising that they were less sequence-specific when compared to unmodified 

2´OMethyls. Yet the observation that the 3´ end again allowed more flexible base-

pairing is consistent with the findings reported in the current study and further supports 

the suggestion that mismatch AOs bind their targets in a similar manor to microRNAs. 

The observation that the 3´ end of the AO seems more amenable to mismatch bases 

compared to the middle or the 5´ end, could also reflect the importance of this region in 

blocking splicing factor binding, and hence altering the mRNA secondary structure in 

this area could be preventing splicing factor binding. Consistent with base substitution 

mismatches, a base deletion at the 3´ end of Anti ISS-N1 improved AO efficacy, while 
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those at the 5´ end or in the middle were less efficient than the complementary AO. It is 

possible that non-effective deletion mismatch AOs could decrease AO binding. On the 

other hand, a base deletion at the 3´ end within the middle of the ISS-N1 motif could 

create a bend in the RNA secondary structure that could further decrease hnRNP-A1 

binding leading to an increase in exon 7 retention. This is somewhat consistent with the 

findings reported by Fragall et al., whereby an extra base within the mRNA positioned 

at the beginning of a splicing enhancer motif improved AO efficacy (Fragall et al. 

2011). However, it must be borne in mind that the Fragall study focused on exon 

skipping, while the study reported here is a different mechanism of exon retention.  

To gain a better understanding of how mismatch AOs impact the mRNA secondary 

structure, mismatches were tested with multiple base substitutions in the middle of the 

AO, as well as with bases added to the middle of the AO. These AOs are predicted to 

bend the mRNA in a way that would either “open up” or “close off” the secondary 

structure. While five bases added to the middle of an AO was shown to decrease the AO 

effect, a single base insertion in the middle improved SMN2 exon 7 retention in two out 

of four AO sequences. This suggests that a small bend in the mRNA may affect the 

secondary structure in such a way that splicing factor binding is compromised. To study 

this mechanism further, base insertions creating bends in the mRNA could be 

introduced to the 3´ and 5´ ends as well as the middle.  

Conversely, single base deletions were generally shown to compromise AO efficacy, 

suggesting the interaction between base deletion AOs and the secondary structure to be 

more detrimental to AO action. It is unlikely that large deletions would improve AO 

action, but could be a way to gain further understanding of the consequences of the 

mRNA secondary structure and splicing. If mismatch AOs with base additions close off 

the mRNA to prevent splicing factor binding, then perhaps AOs with base deletions 

could be creating the loop in the mRNA to open the structure and promote splicing 

factor binding. While this theory is consistent with the AOs designed to SMN2 in this 

study, it is unlikely to apply for all mRNA targets and would be dependent on 

individual structures. 

Not surprisingly, the number of mismatches in one AO sequence also appears to be a 

determining factor in AO efficacy. Regardless of the type of mismatch, double 

mismatch AOs on average induced less exon 7 retention than single-mismatch AOs. 

While this decrease in effect could be due to decreased AO binding, it is more likely 

that multiple mismatches at different positions within an AO significantly disrupt the 
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mRNA secondary structure and splicing factor binding. One Anti ISS-N1 mismatch 

2´OMethyl AO with two U>A transversions was as effective as the single mismatch 

AO, and interestingly more effective than the complementary AO. However, when 

tested as a PMO, the double mismatch PMO was less effective than Anti ISS-N1 and the 

single mismatch PMO. This finding suggests the PMO chemistry is more capable of 

discriminating between mismatched bases allowing correct base-pairing. 

It is difficult to compare PMO and 2´OMethyl mismatch AOs given AO-6, AO-10 

and Anti ISS-N2 complementary PMOs are not effective at inducing exon 7 retention. 

Following the initial 2´OMethyl Anti ISS-N1 screening, mismatch bases were 

considered to be an approach for improving PMO effectiveness for AOs 6 and 10, 

however this was not the case. In hindsight, this result is not surprising given the 

findings reported in Chapter 4 suggest that the rigidity of the PMO backbone may 

hinder the interaction between the PMO and the mRNA secondary structure. In any 

case, this result further emphasises the difference between the PMO chemistry and the 

2´OMethyl.  

Although mismatch 2´OMethyl AOs were better than PMOs at inducing exon 7 

retention, they did not increase SMN protein levels. All mismatch AOs tested induced 

similar levels of FL-SMN2 as the complementary AO, yet protein levels were not as 

high as those observed when Anti ISS-N1 was used. While mismatches may affect the 

secondary structure and increase the levels of mature transcript containing exon 7, 

folding changes may affect the way the protein is translated. RNA secondary structures 

have been shown to regulate translational initiation and elongation (Kozak 2005), if the 

secondary structure of SMN2 is altered, it is possible that translation is affected. 

However, the large variation and increased SMN induced by the control AO 

confound interpretation of the western blot. Of particular concern was the presence of 

an additional protein product at around 30 kDa. A similar product was also observed in 

another study induced by an AO known to cause SMN2 exon 5 skipping (data not 

shown). The deletion of exon 5 should yield a protein around 34 kDa, and could result 

in the band observed, though mass spectrometry will be necessary for correct 

identification of this product. However, a lack of exon 5 skipping observed in the 

transcripts from the same samples is not supportive of this theory.  

One aim of the study presented here was to try and improve PMO effect on SMN2 

exon 7 inclusion. Unfortunately no significant improvement was observed in contrast to 
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Fragall et al. (2011). However, the finding that base substitutions are in many cases 

equally as effective as the complementary AO, is significant for the design of 

therapeutics for other genes. It is possible that a single AO may provide therapeutic 

benefit for a number of mutations, regardless of whether a SNP included in the 

transcript is targeted. Furthermore, mismatch AOs could be useful for in vivo testing of 

human specific AOs in animal disease models where targets are not identical. The 

Krainer laboratory published an AO specifically designed for SMN2 exon 7 skipping 

that contained a mismatch base when targeting the mouse Smn, induced efficient 

skipping in vivo in a mouse (Sahashi et al. 2012).  

Aside from the Aartsma-Rus et al. (2004) study reporting mismatched 2´OMethyl 

AOs being less effective than their fully complementary counterparts, there are a 

number of examples in the literature showing poor efficacy of mismatch AOs (Aartsma-

Rus et al. 2004; Doyle et al. 2001; Errington et al. 2003) . It is therefore not surprising 

that in the current study, PMOs designed to induce exon 7 retention were not 

significantly enhanced by introducing mismatched bases to the sequence. The Anti ISS-

N1 sequence still remains the front-runner for SMA antisense therapy, and 

unfortunately one or more mismatches in the sequence will not be sufficient to bypass 

licensing restrictions, preventing the use of this sequence as a PMO. While results of 

this study will not improve the therapeutic options available for SMA patients, they do 

clearly demonstrate that mismatch AOs can be as effective as the complementary 

sequence, and as such, should not be overlooked when personalised AOs would 

otherwise be required to target individual patient mutations. 
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CHAPTER 6.                                                                                  

Antisense oligonucleotide mediated terminal intron                         

retention of SMN2 
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6.1 Introduction  

To date, the main antisense therapeutic focus for spinal muscular atrophy (SMA) 

has been the use of antisense oligonucleotides (AOs) to enhance SMN2 exon 7 

retention and increasing SMN levels (for review see (Porensky and Burghes 2013)). In 

particular, the Anti ISS-N1 MOE, has shown promise in clinical trials (Chiriboga et al. 

2016; Finkel et al. 2016). However, this therapy is by no means definitive and further 

improvements in AO efficacy are needed before the antisense therapy can be 

considered a qualified success. While the focus of previous chapters within this study 

were to target AOs to intronic splice silencing motifs to enhance exon 7 inclusion, AO 

mediated splice modification has much broader potential.  

The strategy described here was originally focused on targeting AOs to the final 

exon in an attempt to slow transcription rates and concurrent pre-mRNA processing to 

temporarily stall the spliceosome machinery. Others have shown that a slow RNA 

polymerase II elongation rate during transcription can increase the “window of 

opportunity” for upstream splicing events, with exons more likely to be included in the 

mature transcript (Dujardin et al. 2014; Fong et al. 2014). To determine if slower 

transcription elongation could be induced by an AO, we targeted AOs to SMN2 exon 

8, in an attempt to increase the inclusion of SMN2 exon 7 in the transcript.   

Unexpectedly, AOs targeting SMN2 exon 8 induced the retention of exon 7 and 

intron 7 in the mature transcript. Interestingly, an AO covering the exon 8 donor site 

has been reported by others to induce exon 7 and intron 7 retention, yet this work has 

not been followed up since (S. R. Lim and Hertel 2001). As the normal stop codon is 

located within exon 7, this transcript could therefore encode the normal full-length 

protein, however the size of the 3´UTR is increased. It is well documented that the 

length of the 3´UTR can affect transcript stability and protein translation, with longer 

3´UTRs having more opportunity for the binding of microRNAs and regulatory 

elements (for review see (Barrett et al. 2012)). However, the consequences of intron 

retention (IR) within a transcript, and more specifically within 3´ untranslated regions, 

are less understood.  

A recent study by Braunschweig and colleagues reported that three quarters of 

mammalian multi-exon genes exhibit intron retention as a result of alternative splicing 
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events (Braunschweig et al. 2014). Furthermore, approximately 6 to 16% of 3´UTRs 

are suggested to contain introns (Bicknell et al. 2012). While transcripts containing 

introns were once believed to be non-functional, there is now evidence to show intron 

retention is a mechanism for regulating the expression of certain transcripts as required 

by a particular cell or cell type. This is particularly common in neuronal cells where 

transcripts can be switched on or off during differentiation and maturity (Bicknell et 

al. 2012; Yap et al. 2012).  

A number of factors have been suggested to control splicing events resulting in 

intron retention, with a correlation observed between IR and the presence of certain 

regulatory cis elements (Braunschweig et al. 2014). Of particular interest, IR was 

suggested to be the result of stalling of the RNA Polymerase II elongation due to poor 

splicing factor recruitment and weakened splicing in non-essential transcripts. Other 

factors influencing this mechanism include the position of the intron within the 

transcript, reduced intron length, an increase in G/C content within the intron and 

weak splice site strength (Braunschweig et al. 2014).  

While factors that determine intron retention have been studied in naturally 

occurring intron retention, it is unknown what role they play in mediating AO-induced 

IR and transcript expression. Consequently, the focus of this chapter is to gain a 

further understanding of the mechanisms influencing intron retention, and how it can 

impact transcript and protein expression. 
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6.2 Specific methods 

6.2.1 AO design 

AOs were designed by Dr Chalermchai Mitrpant to target the exon 8 acceptor splice 

site and ESEs within the exon. Table 6.1 lists the details of all AOs used in this study. 

Table 6.1 AO sequences and SMN2 binding co-ordinates. 

Synthesis AO Annealing  
 

Length 

round Number coordinates Sequence 5´ -> 3´ (bp) 

1 – First  1 hSMN2.8A(-18+7) GCA UUU CCU GCA AAU GAG AAA UUA G 25 

generation 2 hSMN2.8A(-12+13) AUG CCA GCA UUU CCU GCA AAU GAG A 25 

  3 hSMN2.8A(-7+18) GCU CUA UGC CAG CAU UUC CUG CAA A 25 

  4 hSMN2.8A(-2+23) GUG CUG CUC UAU GCC AGC AUU UCC U 25 

  5 hSMN2.8A(+4+28) AUU UAG UGC UGC UCU AUG CCA GCA U 25 

  6 hSMN2.8A(+9+33) GUG UCA UUU AGU GCU GCU CUA UGC C 25 

  7 hSMN2.8A(+14+38) UAG UGG UGU CAU UUA GUG CUG CUC U 25 

  8 hSMN2.8A(+24+48) AUC GUU UCU UUA GUG GUG UCA UUU A 25 

  9 hSMN2.8A(+34+58) GAU CUG UCU GAU CGU UUC UUU AGU G 25 

  10 hSMN2.8A(+59+83) AUC UUC UAU AAC GCU UCA CAU UCC A 25 

  11 hSMN2.8A(+84+108) AUA UUU UGA AGA AAU GAG GCC AGU U 25 

  12 hSMN2.8A(+152+178) CAU AAC UUU UAA UCA AGA AGA GUU ACC 27 

  13 hSMN2.8A(+24+43) UUC UUU AGU GGU GUC AUU UA 20 

  14 hSMN2.8A(+44+63) UUC CAG AUC UGU CUG AUC GU 20 

  15 hSMN2.8A(+64+83) AUC UUC UAU AAC GCU UCA CA 20 

  16 hSMN2.8A(+29+48) AUC GUU UCU UUA GUG GUG UC 20 

  17 hSMN2.8A(+35+53) GUC UGA UCG UUU CUU UAG UG 20 

  18 hSMN2.8(+39+58) GAU CUG UCU GAU CGU UUC UU 20 

2 –Second 19 hSMN2.8A(-12+18) GCU CUA UGC CAG CAU UUC CUG CAA AUG 30 

generation   AGA  

  20 hSMN2.8A(-10+15) CUA UGC CAG CAU UUC CUG CAA AUG 24 

  21 hSMN2.8A(+39+63) UUC CAG AUC UGU CUG AUC GUU UCU U 25 

  22 hSMN2.8A(+44+68) UCA CAU UCC AGA UCU GUC UGA UCG U 25 

  23 hSMN2.8A(+55+79) UCU AUA ACG CUU CAC AUU CCA GAU C 25 

  24 hSMN2.8A(+57+81) CUU CUA UAA CGC UUC ACA UUC CAG A 25 

  25 hSMN2.8A(+59+78) CUA UAA CGC UUC ACA UUC CA 20 

Control  ISS-N1 hSMN2.7D(-10-29) AUU CAC UUU CAU AAU GCU GG 20 

AOs Sham Scrambled sequence  CCT CTT ACC TCA GTT ACA ATT TAT A 25 
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6.2.2 In silico analysis 

A number of online databases were used to analyse the extended 3´UTR sequence to 

identify potential regulatory elements. Splice site scores were analysed by Human 

Splice Finder version 3.0 available at http://www.umd.be/HSF3/ (Desmet et al. 2009). 

Regulatory element binding was predicted using UTR Scan available at 

http://itbtools.ba.itb.cnr.it/ (Grillo et al. 2010). Polyadenylation signals were analysed 

using Polyadq available at http://rulai.cshl.edu/tools/polyadq/polyadq_form.html 

(Tabaska and Zhang 1999), and DNA Functional Site Miner (DNA FS Miner), 

available at http://dnafsminer.bic.nus.edu.sg/ (Liu et al. 2005). 

 

 

6.3 Results 

6.3.1 Initial AO screening 

SMA Type I fibroblasts (Coriell GM03813) were transfected with 2´OMethyl AOs 

targeting SMN2 exon 8 at 300, 150 and 75 nM and incubated (37°C) for 48 hours. RT-

PCR analysis (Figure 6.1) of SMN2 showed an increase in abundance of an 850bp 

product, which was confirmed by sequencing (Figure 6.2 and Appendix 4) to be the 

SMN2 transcript retaining exon 7 as well as intron 7 (848 bp). This product is referred 

to as exon/intron 7-SMN2 or labelled ex/in7 in the figures. A clear dose response to the 

AOs was observed with AO sequences 2, 4, 10, 16, 17 and 18 inducing the highest 

levels of inclusion. AO 10, targeting SMN2.8A(+59+83), induced almost 100% 

knockdown of the FL-SMN2 and Δ7-SMN2 transcripts at the highest AO dose. As the 

stop codon is located within exon 7, the addition of an extra 444 bp intronic sequence 

should encode the same protein as SMN1, but increases the length of the 3´UTR 

(Figure 6.3). These results were reproducible in two unrelated SMA patient primary 

cell strains (data not shown), including a SMA type II patient (in-house patient 

database) and a SMA type I patient with only one copy of SMN2 (Coriell GM00232).   

http://www.umd.be/HSF3/
http://itbtools.ba.itb.cnr.it/
http://rulai.cshl.edu/tools/polyadq/polyadq_form.html
http://dnafsminer.bic.nus.edu.sg/
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Figure 6.1 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts following transfection with exon 8 

targeting 2´OMethyl AOs (300, 150, 75 nM). Anti ISS-N1 was used as a positive control for transfection 

efficiency and a sham control AO was used as a transfection negative control. A 100bp size marker was 

used for comparison, and a RT-PCR no-template negative control was loaded in the final lane. 

 

Figure 6.2 Sequencing chromatogram across SMN2 exon 7 to intron 7 and intron 7 to exon 8, 

confirming the presence of intron 7 within the mature transcript.  
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Figure 6.3 Schematic showing SMN2 transcripts identified within fibroblasts transfected with exon 8 

targeting AOs, including (a) full length SMN, (b) the Δ7-SMN transcript missing exon 7, and (c) the exon 

/intron 7 retained transcript with extended 3´UTR.  

 

6.3.2 Splice site analysis 

To investigate the exon/intron7-SMN2 transcript induced by AOs targeting exon 8, the 

sequence was analysed for splice site scores (Table 6.2) using the online Human 

Splicing Finder 3.0 website. SMN2 exon 7 was predicted to have a very strong 

acceptor site with a score of 98.2 out of a possible 100. The donor splice site was 

predicted to be comparatively weaker, scoring 82.81 out of 100. The exon 8 acceptor 

splice site had a predicted score of 91.9 out of 100.  

 

Table 6.2 Exon 7 and 8 splice site predictions using Human Splicing Finder 3.0. 

Exon 
Splice site 

type 
Splice site motif 

Consensus 
value (0-100) 

7 Acceptor ttttccttacagGG 98.2 

7 Donor GGAgtaagt 82.81 

8 Acceptor tctcatttgcagGA 91.9 

 

While these splice site scores are only a predicted measurement of the likelihood of 

the site being recognised by the splicing machinery, the comparatively weaker exon 7 

donor splice site could lead to reduced splicing at the exon/intron 7 junction when the 

intron7/exon 8 junction is further compromised following AO treatment. 
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6.3.3 Refinement of AO design 

Based on the preliminary screening discussed above, additional AOs were designed by 

refining promising sequences by shifting the best sequences up or downstream of the 

original first generation sequences. Analysis of SMN2 transcripts following AO 

refinement showed an improvement in AO-induced exon/intron7 retention (Figure 

6.4). Two overlapping sequences, AOs 24 and 25, 8A(+55+79) and 8A(+57+81) 

respectively, were identified as consistently inducing 100% of the exon/intron7-SMN2 

transcript at the highest transfection concentration. 

 

Figure 6.4 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with the second 

generation of 2´OMethyl AOs (300, 150, 75 nM).  

 

Following AO sequence refinement, AOs 2, 10, 18, 24 and 25 were identified as the 

most promising AO sequences, and were therefore selected for further evaluation, 

including protein analysis. 
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6.3.4 SMN analysis following 2´OMethyl AO transfection 

Western blotting 

Promising 2´OMethyl AOs were transfected into SMA fibroblasts at 600 and 300 nM 

for RT-PCR and western blot analysis (Figure 6.5). RNA analysis confirmed 

exon/intron7 retention was induced by all exon 8 targeting AOs, except AO 2. 

Analysis of SMN protein levels showed a 2.5-fold increase in SMN following 

transfection with Anti ISS-N1. A modest increase in SMN protein levels was observed 

in cells transfected with exon 8 targeting AOs when normalised against β-tubulin 

expression. AO-25 was the most efficient of these AOs, inducing a 1.6-fold increase in 

SMN protein levels in treated compared to untreated patient fibroblasts (Figure 6.5a).  

 

Figure 6.5 SMN mRNA and protein analysis in SMA fibroblasts in response to 2´OMethyl AO 

transfections (600 and 300 nM, n=1), showing (a) RT-PCR analysis of SMN2 products confirming 

exon/intron retention, (b) western blots showing SMN protein levels compared to β-tubulin levels, and (c) 

densitometric analysis showing changes in SMN protein levels normalised against β-tubulin. SMN levels 

in transfected fibroblasts are shown as an n-fold change compared to those in samples from untreated 

cells. A molecular weight marker was run in each western blot for protein size comparison. 
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Immunofluorescence 

The ability of AOs 24 and 25 to induce functional SMN protein was evaluated by 

immunofluorescence staining of SMN protein in the form of “gems”, and 

counterstained with Hoechst stain to locate nuclei (Figure 6.7). Exon/intron7 retention 

was confirmed by RT-PCR (Figure 6.6a), which shows that both AOs induced up to 

80-90% exon/intron7-SMN2 transcript. For gems analysis, SMN and Hoechst images 

were overlayed and the percentage of nuclei containing gems was calculated for each 

AO (Figure 6.6b). Normal human foetal lung fibroblasts (HFL) were used as positive 

and negative staining controls. On average, untreated SMA type I fibroblasts showed 

0.5-1.5% of nuclei staining positive for gems. This percentage of gems was confirmed 

in sham AO-treated cells. Consistent with the western blot data, an inverse relationship 

was observed between AO concentration and the percentage of nuclei containing 

gems. Fibroblasts treated with AO-24 at 600 nM had 7.4% of nuclei containing gems, 

compared to 12.7% at 300 nM. A similar result was obtained when using AO-25, 

where fibroblasts treated with 600 nM AO had 7.3% of nuclei containing gems, 

whereas cells treated with 300 nM AO showed a slightly higher level with 7.9% of 

nuclei containing gems.  

 

Figure 6.6 RT-PCR and immunofluorescence analysis of SMN shown as gems in SMA fibroblasts 

transfected with 2´OMethyl AOs, compared to untreated normal fibroblasts. Showing, (a) RT-PCR of 

SMN2 transcripts confirming exon/intron retention, and (b) graph showing the percentage of cell nuclei 

containing gems, as indicated above each bar. 
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Figure 6.7 Representative immunofluorescence images showing anti-SMN (green) and Hoechst (blue) 

stained SMA fibroblasts following transfection with 2´OMethyl AOs (600 nM). Typical gems stained 

within the cell nucleus are indicated with a white arrow. Images taken at 20x objective and the scale bar 

= 25 µm. 
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Consistent with western blotting data showing an increase in SMN levels, both exon 8 

targeting AOs (AO-24 and AO-25) showed an increase in the percentage of nuclei 

containing gems.  However, given the findings in Chapter 4 showing the non-specific 

effects of 2´OMethyls on SMN expression, these experiments were not repeated, and 

instead this study progressed immediately to PMO evaluation to give a more accurate 

indication of the effect of intron retention on SMN levels. To further explore effects of 

intron retention on SMN expression, and to see if this splice-switching mechanism 

was transferable between AO chemistries, AOs were prepared as PMOs for further 

evaluation. 

 

6.3.5 Effects of PMOs on SMN protein expression 

Optimal sequences previously identified, AOs 10, 18, 24 and 25 were prepared as 

PMOs by Genetools LLC (Philomath, OR, USA), and are now cited as PMOs 10, 18, 

24 and 25. PMOs were tested using nucleofection for optimal delivery at 1 µM and 0.5 

µM for western blot analysis (n=3) and immunocytochemical analysis of functional 

SMN (n=1, minimum 300 cells counted). RT-PCR confirmed near 100% exon/intron 7 

retention, which was shown to be associated with SMN knockdown, by both western 

blot analysis and immunofluorescence. 

 

Western blot analysis 

Following nucleofection, exon 8 PMOs showed almost 100% inclusion of exon/intron 

7 as determined by RT-PCR (Figure 6.8 a). All AOs showed SMN protein knockdown 

by western blot analysis(Figure 6.8 b and c), with PMO-10 inducing up to 50% 

reduction in SMN protein levels when compared to untreated SMA fibroblasts  

(P=0.022), and PMO-24 inducing a 33% decrease in SMN protein (P=0.027). The Anti 

ISS-N1 PMO was included as a positive control inducing an average 1.7-fold increase 

in the level of SMN (P=0.032), confirming that there were no technical issues with the 

western blot that could account for the down-regulation observed by the intron 

retention PMOs. 
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Figure 6.8 SMN mRNA and protein analysis in SMA fibroblasts transfected with PMOs by nucleofection 

at 1 µM and 0.5 µM, showing (a) RT-PCR analysis of SMN2 products confirming exon/intron retention, 

(b) western blots showing SMN protein levels compared to β-tubulin levels, and (c) densitometric 

analysis showing changes in SMN protein levels normalised against β-tubulin. SMN levels in transfected 

fibroblasts are shown as an n-fold change compared to those in samples from untreated cells. 

 

Immunofluorescence 

PMOs 24 and 25 were transfected in SMA fibroblasts via nucleofection for gems 

analysis. Consistent with western blotting results, exon 8 targeting PMOs caused 

knockdown of functional SMN protein in the form of gems (Figure 6.9b). RT-PCR 

(Figure 6.9a) confirmed exon/intron7 inclusion in the transcript. Anti ISS-N1 PMO 

induced 100% FL-SMN2, which led to a 15% increase in nuclei containing gems. The 

sham control PMO, while not affecting the SMN2 transcript levels, induced up to 3.7% 

nuclei containing gems, and is therefore the baseline for SMN expression in 

transfected fibroblasts. PMOs 24 and 25 transfected at 1000nM showed a reduction to 

1.1% and 0.5% nuclei containing gems respectively, similar to levels observed in 

untreated SMA fibroblasts. Untreated and UT “zapped” samples were included, 

whereby SMA fibroblasts were “zapped” or electroporated with the same 
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nucleofection program, in the absence of PMO. Representative overlayed photographs 

of gem and nuclei staining of PMO treated and untreated SMA fibroblasts are shown 

in Figure 6.10. 

 

 

Figure 6.9 RT-PCR and immunofluorescence analysis of SMN shown as gems in PMO nucleofected 

SMA fibroblasts, compared to untreated normal fibroblasts. Showing, (a) RT-PCR of SMN2 transcripts 

confirming exon/intron retention, and (b) graph showing the percentage of cell nuclei containing gems, 

as indicated above each bar. 

 

 

 

Figure 6.10 (over page) Representative images showing anti-SMN (green) and Hoechst (blue) stained 

SMA fibroblasts following PMO nucleofection (1 µM). Typical gems stained within the cell nucleus are 

indicated with a white arrow. Images taken at 20x objective and the scale bar = 25 µM. 
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While both 2´OMethyl AOs and PMOs have shown efficient retention of exon and 

intron 7 in the SMN2 transcript, there is a clear difference in the levels of SMN protein 

in cells transfected with either chemistry. As discussed in Chapter 4, this could be due 

to off-target effects of the phosphorothioate (PS) 2´OMethyl AOs. However, RT-PCR 

analysis shows higher levels of exon/intron7 transcript following transfection with 

PMOs (Figure 6.8a), compared the levels following transfection with 2´OMethyl AOs 

(Figure 6.5a), suggesting that increased levels of exon/intron7 could impact on protein 

expression. The exon/intron7-SMN2 transcript has a longer than normal 3´UTR that 

could introduce a number of new regulatory mechanisms into the transcript and 

influence protein translation. As the transcript is still present in SMA fibroblasts 

following 3 days of AO transfection, it is unlikely that transcript stability is affected. As 

such, the focus of the following experiments was to identify potential regulatory 

elements that could impact protein expression. 

 

6.3.6 Analysis of regulatory motifs 

To determine the mechanism underlying the down-regulation observed in the SMN 

protein expression following AO treatment, in silico analysis of the exon/intron 7 

transcript was performed using multiple online databases (see methods section 6.2). A 

search for potential microRNA binding sites yielded no results, however, a number of 

alternative regulatory motifs were predicted within intron 7 that could affect regulation 

of the transcript and protein due to the extended 3´UTR. Experiments were then carried 

out to determine if these predicted regulatory elements have a significant impact on 

SMN protein levels. 

 

BRD box and K box 

In silico analysis of the extended 3´UTR by the online database UTRscan drew attention 

to two possible regulatory motifs known as the bearded (BRD) box and the K box. Each 

of these motifs has been shown previously to disrupt translation in neuronal genes 

during Drosophila development by recruiting microRNAs (Lai and Posakony 1997; Lai 

et al. 1998). The BRD box consensus sequence is AGCUUUA and for K box is 

cUGUGAUa 
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Figure 6.11 Schematic of the exon/intron 7 transcript showing the predicted BRD and K box motifs within 

intron 7. 

 

To determine if the BRD box and/or the K box are responsible for recruiting micro-

RNAs in the exon/intron 7 transcript, 2´OMethyl AOs were designed to block these 

sites with the goal of further increasing SMN levels following exon/intron 7 inclusion. 

AOs targeting the BRD and K boxes were transfected in combination with the 

exon/intron inclusion 2´OMethyl AOs, AO-24 and AO-25. The sequences of BRD and 

K box targeting AOs are listed in Table 6.3. A similar regulatory motif known as the 

Musashi binding element (MBE) was identified in exon 8 (GTAGT) and an AO 

covering this site was also used to determine if SMN expression can be increased by 

masking 3´UTR regulatory motifs. All AO combinations were tested at total 

concentrations of 600 nM and 300 nM, with 300 nM and 150 nM of each AO 

respectively, while individual AOs were tested at 600 nM and 300 nM. The transfection 

was incubated for 72 hours. 

 

Table 6.3 Binding co-ordinates and sequences for AOs blocking 3´UTR regulatory motifs, with the 

consensus sequences underlined. 

Regulatory motif Annealing coordinates  Sequence 5´ -> 3´  

BRD box hSMN2.8A(-254-229)    UCA UAU CCU AAA GCU CUU UAU UGU G 

 K box AO 1 hSMN2.8A(-200-171) AUC CCA UAU CAC AAU AAA AAA AAG UCU GCU 

 K box AO 2 hSMN2.8A(-188-164) CUA GGU UAU CCC AUA UCA CAA UAA A 

 MBE hSMN2.8A(+350+374) AGU CUU UUA UAA ACU ACA ACA CCC U 

 

Our results (Figure 6.12) show that following transfection, AOs 24 and 25 induce 90% 

exon/intron7 transcripts leading to a decrease in SMN protein when compared to that of 

untreated fibroblasts, and especially sham control treated fibroblasts. Transfection with 
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Anti ISS-N1 shows up to a 1.6-fold increase in SMN protein, however, when used in 

combination with the MBE binding AO, this is reduced to only a1.1-fold increase in 

SMN, similar to that of the sham control. The BRD box AO, in combination with AOs 

24 and 25 induced only 20% exon/intron7 transcripts leading to a slight decrease in 

SMN protein when compared to AOs 24 and 25 alone. Combinations with the K box 

AO-1 appear to cause more Δ7-SMN2 transcripts than untreated samples, and not 

surprisingly, also cause a further knockdown of SMN protein. Interestingly, 

combinations with the K box AO-2 show the highest levels of exon/intron7 inclusion at 

the high dose when compared to other combinations, and furthermore, produce a 1.2-

fold increase in SMN protein levels when compared to untreated SMA fibroblasts. 

These results show that AOs targeting the K box within intron 7 do affect SMN2 

splicing and SMN protein expression, suggesting that the K box site may have a role in 

regulating protein expression through microRNA recruitment. 

 

 

Figure 6.12 SMN transcript and protein levels in SMA fibroblasts following cocktail treatment with AOs 

covering BRD box, K box and MBE motifs (n=1), showing (a) RT-PCR analysis of SMN2 products 

confirming exon/intron retention, (b) western blots showing SMN protein levels compared to β-tubulin 

levels, and (c) densitometric analysis showing changes in SMN protein levels normalised against β-
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tubulin. SMN levels in transfected fibroblasts are shown as an n-fold change compared to those in 

samples from untreated cells. 

It appears that the K box motif within intron 7 may have a role in regulating SMN 

expression, although these results are not conclusive. It was therefore necessary to 

investigate other regulatory mechanisms that could affect SMN protein expression. 

 

Polyadenylation signal  

The FL-SMN2 and exon/intron-SMN2 transcripts were analysed for polyadenylation 

(poly(A)) signals using two online databases, Polyadq and DNA FS Miner (see 

methods). Each database identified two potential poly(A) sites with corresponding CA 

cleavage sites within intron 7. Potential poly(A)-1 (ATTAAA) was identified at 1183 bp 

into the transcript, and a potential poly(A)-2 (AATAAA) was identified at 1289 bp into 

the transcript. A prediction score was provided to determine the likelihood of the 

sequence being a functional poly(A) site (Table 6.4). All of the prediction scores were 

below the true prediction threshold of 0.5 (Polyadq) or 0.6 (DNA FS Miner), including 

the canonical site indicated in bold text. Furthermore, the scores provided were 

inconsistent between the two databases, highlighting that in silico predictions should be 

carefully interpreted.  

 

Table 6.4 Results of in silico analysis of SMN2 polyadenylation signals using Polyadq and DNA FS Miner 

online prediction tools. The canonical SMN2 poly(A) signal is highlighted in bold font.  

 
Polyadq DNA FS Miner 

Tran-

script 

Location on 

transcript 

Poly(A) 

signal 

Score  

(>0.5 = true 

prediction) 

Location on 

transcript 

Poly(A) 

signal 

Score 

(>0.6= true 

prediction) 

FL-

SMN2 
1207 bp Exon 8 ATTAAA 0.039444 1599 bp Exon 8 AATAAA 0.214 

Ex/in7- 1183 bp Intron 7 ATTAAA    0.000386 1183 bp Intron 7 ATTAAA 0.566 

SMN2 1289 bp Intron 7 AATAAA 0.186149 1289 bp Intron 7 AATAAA 0.162 

  1651 bp Exon 8 ATTAAA 0.039444 1651 bp Exon 8 ATTAAA 0.433 

          2043 bp Exon 8 AATAAA 0.214 

          2069 bp Exon 8 ATTAAA 0.074 
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Nevertheless, to determine if early polyadenylation could be destabilising the SMN 

protein following AO treatment, specific poly(A) primers were designed to target the 

predicted cleavage sites and amplify polyadenylated products (Table 6.5, Figure 6.13).  

 

Table 6.5 Primer sequences used to identify poly(A) cleavage sites within intron 7. 

Primer name Sequence 5´ -> 3´  
Product 
size 

hSMN2ex_in7F TAAGGAGTAAGTCTGCCAGC  

hSMN2in7PolyA_R1 TTTTTTTTTTTTTTTGGCATCAAAATT 171 bp 

hSMN2in7PolyA_R2 TTTTTTTTTTTTTTTGGCATCATATCC 284 bp 

 

 

Figure 6.13 Schematic showing the location of potential poly(A) signal and cleavage sites and the primer 

binding sites from Table 6.5.  

 

SMA fibroblasts were transfected with either AO-24 or AO-25 2´OMethyls (300 nM) or 

with PMO-24 or PMO-25 via nucleofection (1000 nM). Following transfection, RNA 

was DNAse treated and RT-PCR performed using the exon/intron7 forward primer with 

the specific Poly(A) R1 and R2 reverse primers (Figure 6.14b). Specific Poly(A) R1 

primer binding to the first ATTAAA poly(A) site failed to amplify a consistent and 

clean product, suggesting this site is unlikely to signal polyadenylation. RT-PCR using 

the specific poly(A)-R2 primer directed to the second AATAAA site resulted in a clean 

amplicon across all samples, including the untreated samples. The presence of this 

product was higher in PMO and particularly 2´OMethyl treated samples when compared 

to RNA from untreated fibroblasts, consistent with the levels of exon/intron7 transcript. 

The amplicon was sequenced and confirmed to have a poly(A) tail extending past the 

primer annealing site (Figure 6.14c). This result suggests that early polyadenylation is 

occurring at this second AATAAA site within intron 7, and as a result could be 

destabilising the SMN protein produced by exon/intron7-SMN2 transcripts. 
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Figure 6.14 RT-PCR and poly(A) signal analysis of SMN2 products in SMA fibroblasts transfected with 

duplicates of AO-24 and AO-25 2´OMethyl AOs, or PMO-24 or PMO-25 showing (a) RT-PCR across 

SMN2 exons 4 to 8 confirming intron retention, (b) RT-PCR using specific poly(A) reverse primers or 

Cyclin-D primers for a housekeeping control, and (c) sequencing chromatogram of the product from 

poly(A)R2.  

 

6.4 Discussion 

The original focus of this study was to manipulate SMN2 transcription by targeting 

AOs to the terminal exon in an attempt to increase exon 7 inclusion. However, a novel 

splice-switching mechanism for manipulating expression was serendipitously 

discovered. AOs targeting SMN2 exon 8 caused exon 7 and intron 7 inclusion into the 

mature message, revealing a new application of AOs for inducing terminal intron 

retention (IR). In silico analysis of the SMN2 exon 7 splice sites suggests that this action 

may be the result of a strong acceptor splice site (scoring 98 out of 100) and a weaker 

donor splice site (scoring 83 out of 100). The weaker donor site might be subject to poor 

recognition by the splicing machinery, abrogating splicing between exon 7 and the 

following exon, especially when the splicing of exon 8 is compromised by AOs. Normal 

SMN protein expression may be expected since the stop codon is located in exon 7, 
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suggesting that this approach could be a viable therapy for the treatment of SMA 

patients.  

Not surprisingly, further investigations of exon 8 AOs showed variation in the levels 

of SMN protein expressed following transfection with 2´OMethyl AOs and PMOs. 

Following transfection with 2´OMethyl AOs, SMA fibroblasts showed up to a 1.6-fold 

increase in SMN protein. This was consistent with immunofluorescence staining of 

SMN showing an increase in the percentage of nuclei containing gems. A reverse dose 

response between the percentage of nuclei containing gems and AO concentration was 

observed, with around 7% and 12% nuclei containing gems following transfection with 

600 nM and 300 nM of 2´OMethyl AO respectively. This was compared to only 1.3% 

of nuclei containing gems in the untreated SMA fibroblasts. However, these results 

were not transferable when the same AO sequences were transfected as PMOs. In fact, 

PMOs targeting exon 8 showed higher levels of exon/intron7-SMN2 transcript, yet 

induced a 60% decrease in SMN protein levels. Similarly, immunofluorescence staining 

showed less nuclei containing gems when compared to sham control PMO treated cells. 

A comparison of the off-target effects of 2´OMethyl AOs and PMOs was discussed 

in Chapter 4. 2´OMethyl AOs synthesised on a phosphorothioate (PS) backbone were 

shown to sequester paraspeckle proteins, including the splicing factor hnRNP-A1, while 

PMOs did not induce the same effect. Furthermore, high levels of cellular toxicity were 

observed when using 2´OMethyl AOs but not PMOs. The off target effects and toxicity 

of 2´OMethyl PS-AOs was suggested to impact on SMN2 splicing, increasing the levels 

of FL-SMN2 and SMN protein. It is likely that the 2´OMethyl AOs presented in the 

current study, also on a PS backbone, could be inducing an increase in SMN levels due 

to non-specific effects and toxicity, and could explain why the same effects to SMN 

protein were not observed following transfection with PMOs. Additionally, it is likely 

that the decrease in SMN protein observed by western blot and immunofluorescence 

following PMO transfection could be due to high levels of the exon/intron7-SMN2 

transcript. Given this transcript has a longer than usual 3´UTR, it is possible that other 

factors could contribute to the knockdown in SMN protein observed.  

Endogenous IR has been shown by others to act as a form of gene repression, often 

by reducing the stability of the transcript and rendering it susceptible to nonsense 

mediated decay (Braunschweig et al. 2014). In the study presented here, nonsense 

mediated decay is unlikely to be the cause of SMN down-regulation due to the retained 
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intron occurring after the stop codon. However, as a result of the extended 3´UTR, 

influences of downstream sequences could lead to this transcript not being translated. 

The length of the 3´UTR can be a critical factor in regulating transcript stability and 

protein expression. A longer 3´UTR can increase the opportunity for sequence specific 

recognition motifs to recruit regulatory factors, including microRNAs (Barrett et al. 

2012). Furthermore, the possibility of altered mRNA secondary structures can influence 

the availability of such sequences to these factors (Chen et al. 2006). A number of 

online databases can identify potential microRNA and regulatory factor binding sites in 

NCBI documented transcripts. However, there is a lack of appropriate resources 

whereby an altered 3´UTR sequence can be analysed, limiting the search possibilities 

for this study. It is probable that there are many factors influencing the translational 

knockdown observed from the exon/intron7-SMN2 transcript. Although no microRNA 

binding sites were predicted, a number of other sites were identified and investigated, 

including the BRD and K box motifs, as well as two alternative polyadenylation signals.  

The BRD box and K box motifs have been shown to recruit microRNAs that act as 

translational inhibitors of certain proteins during Drosophila development (Lai and 

Posakony 1997; Lai et al. 1998) (Lai 2002). AOs were designed to cover the BRD and 

K box motifs in the SMN2-intron7 extended 3´UTR in an attempt to block potential 

microRNA binding. An AO binding the BRD box in combination with intron retention 

AOs appears to slightly reduce the SMN protein when compared to intron retention 

AOs alone. On the other hand, combinations of IR AOs and AOs targeting the K box 

show conflicting results, with one K box AO causing more Δ7-SMN2 and a reduction in 

SMN protein, and the other K box AO maintaining exon/intron7 inclusion with an 

increase in SMN. This latter result does suggest that the K box is involved in regulating 

SMN2 splicing and SMN expression. However as the effects on SMN were not 

significant and may only reflect experimental noise, it is likely there are a number of 

other factors that could be influencing SMN expression in exon/intron7-SMN2 

transcripts. 

A control experiment was carried out in parallel using an AO designed to anneal to a 

Musashi binding element (MBE) identified within exon 8 and the normal 3´UTR. The 

Musashi proteins are a family of RNA binding proteins involved in translational 

regulation and the preservation of undifferentiated neuronal stem cells during post-

transcriptional gene regulation (Okano et al. 2002). The AO covering the MBE caused a 

decrease in SMN protein when used in combination with Anti ISS-N1, as compared to 
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Anti ISS-N1 alone. While the MBE site does not appear to be a good target for 

increasing SMN expression, results from the AO-2 targeting the K box domain suggest 

that using AOs to block selected 3´UTR regulatory motifs could be a way of up-

regulating protein expression. Furthermore, these AOs could be used as a 

complementary therapy for other diseases when used in combination with traditional 

splice-switching AOs. 

Further in silico analysis of the SMN2 intron 7 sequence identified two potential 

polyadenylation (poly(A)) signals with corresponding CA cleavage sites that could be 

prematurely cleaving mRNA, potentially resulting in transcript and protein 

destabilisation. Premature polyadenylation and mRNA cleavage has been shown by 

others to cause less efficient processing of transcripts when compared to those cleaved 

at the distal 3´ or canonical poly(A) site (Beaudoing et al. 2000). In this study, primers 

were designed to anneal to the sites identified within intron 7, and should amplify a 

product only if polyadenylation has occurred. The primer annealing the ATTAAA site 

failed to produce a product, while the primer annealing the AATAAA site amplified a 

clean consistent product whose levels increased with an increase in intron 7 retention. It 

appears that this AATAAA site within intron 7 is signalling for polyadenylation to 

occur before reaching the canonical site within exon 8, and as such, negatively affects 

SMN translation. Interestingly, this RT-PCR product was also observed in untreated 

samples, suggesting polyadenylation may be a natural mechanism for controlling 

mRNA levels. The presence of polyadenylation signals in terminal introns could 

contribute to the process of protein regulation by intron retention. To examine this 

theory further, future studies should look at the occurrence of polyadenylation in 

alternatively spliced 3´UTR-IR transcripts. It would be interesting to look if this effect 

of “premature polyadenylation” occurs in other gene transcripts. 

AOs targeting the terminal exon to induce intron retention could be useful in a 

number of diseases where protein repression is essential for treatment, including many 

types of cancer. We speculate that in the study presented here, SMN is being regulated 

by a number of motifs within intron 7 that are involved in translational repression due to 

the retention of this sequence in the 3´UTR. However, this mechanism could only apply 

to a select number of genes. Alternatively, if the stop codon were to be in the final exon, 

IR of an out-of-frame intron could disrupt the reading frame, de-stabilising the 

transcript. To identify genes where IR could be applied, it will be necessary to look at a 

number of factors within the gene, most importantly the splice site scores for the 
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flanking exons. If the donor site is quite strong then IR may not be possible. Other 

factors to consider include the location of the stop codon, the size of the intron being 

retained and whether the intron would maintain or disrupt the reading frame.  

In this study we present a novel application for splice-switching PMOs in initiating 

terminal intron retention. It is unfortunate that this model is unlikely to provide 

therapeutic benefit to SMA, yet further work could see intron retention being applied to 

a number of other diseases. What remains to be determined is whether this study, whilst 

undoubtedly shedding new light on splicing and AO mechanisms, simply reflects the 

ever expanding complexity of gene regulation and this may offer new avenues of 

therapy. 
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CHAPTER 7.                                                                                  

Designing a transient model of SMA using antisense 

oligonucleotides 
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7.1 Introduction 

The complete loss of the survival motor neuron (SMN) protein is an embryonic lethal 

mutation (Schrank et al. 1997). However, in SMA patients, the presence of one or 

multiple copies of the SMN2 gene can produce sufficient SMN to support life, until the 

death of motor neurons results in respiratory failure and death in severe Type I patients. 

The neuromuscular pathology of SMA highlights the critical importance of the SMN 

protein within the central nervous system and in particular, the motor neuron (Burghes 

and Beattie 2009). Antisense oligonucleotides (AOs) designed to increase SMN levels 

have been shown to improve survival when administered directly to the central nervous 

system (CNS) of SMA mice (Mitrpant et al. 2013; Porensky et al. 2012; Rigo et al. 

2014). However, separate studies by the Krainer and Wood laboratories have shown that 

systemic administration of exon 7 retention AOs can further improve survival compared 

to CNS administration alone (Hammond et al. 2016; Hua et al. 2011), suggesting SMA 

therapies will be required to target all tissue types for prolonged survival.  

The role of SMN as an assembly protein is well established (see Chapter 1, section 

1.2.3), however, how this affects SMA pathophysiology outside of the CNS is not as 

well defined. Given the devastating nature of SMA, and the short life expectancy of 

severe type I patients, children often succumb to the disease before symptoms outside of 

the CNS are recognised. By studying SMA animal models, new roles for SMN in 

peripheral tissues are emerging. In particular, SMN has been shown to be critical for 

correct liver, cardiac, and pulmonary function (Schreml et al. 2013; Shababi et al. 2010; 

Szunyogova et al. 2016), and it is suggested that defects in these organs may contribute 

to SMA pathophysiology. It is likely that these symptoms will become problematic in 

SMA children following CNS treatment and prolonged survival, and it is therefore 

necessary to characterise the role of SMN in these organ defects so treatments can be 

tailored accordingly. 

The aim of this study was to design AOs that induce exon 7 skipping, in order to 

study the consequences of SMN loss within a number of tissues and cell types in a 

transient model of SMA. Studies published by others have utilised pluripotent 

embryonic stem cells from mice and humans to model SMA disease (Ebert et al. 2009; 

Ebert and Svendsen 2010; Yoshida et al. 2015), and the differentiation of stem cells into 

neurons has been used for transcriptomic and proteomic assessment of SMN loss 

(Maeda et al. 2014; C. Y. Wu et al. 2011b). However, each of these studies has focused 
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on understanding SMN loss within neuron-like cells. The differentiation of stem cells 

into a number of lineages including pulmonary, cardiac and hepatic, could be used to 

model SMN requirement across a multitude of tissue types.  

While testing AOs in stem cells can provide information on SMN interactions, 

testing Smn exon skipping AOs in wildtype mice could be a way to examine the global 

effect of SMN rather than just individual cell types. Humans are the only species to 

carry two SMN genes (Rochette et al. 2001), with SMN1 missing in SMA patients and 

each SMN2 copy producing only 10% full length functional transcript in neuronal tissue 

(Monani et al. 1999). Therefore, using AOs to induce exon 7 skipping in mice, could 

model the human disease, and be a way to study disease progression and the 

pathophysiology of other systems and organs within the body. Following the 

development of human specific exon 7 skipping AOs, sequences were then designed to 

induce mouse exon 7 skipping in vitro, which could be extrapolated to generate an in 

vivo model of SMA to study the effects of SMN loss in peripheral tissues.  

In this study we report findings that AO induced exon skipping is easily achieved in 

normal human primary cultures, yet this was not readily reproduced in mouse derived 

cells. Given the initial difficulty in inducing skipping of the mouse Smn exon 7 in vitro, 

the development of an in vivo model was not achieved in this study. Instead the second 

component of this study then focused on investigating whether the enhanced regulation 

of Smn in the mouse is exon specific or the general regulation of a critical Smn 

transcript. 

 

 

7.2 Specific methods 

7.2.1 AO design 

AOs were initially designed by both Chalermchai Mitrpant and Loren Price to induce 

skipping of the human and mouse exons 7, and following these results, to induce exon 5 

skipping in both species. Human-specific AOs were designed to target exon splice 

enhancer (ESE) domains as predicted by the online SpliceAid prediction tool, available 

at http://www.introni.it/splicing.html (Piva et al. 2012). Mouse-specific AOs were 

designed to target ESEs as predicted by the online Rescue-ESE program, available at 

http://genes.mit.edu/burgelab/rescue-ese/ (Yeo et al. 2004). The human peptide-tagged 

http://www.introni.it/splicing.html
http://genes.mit.edu/burgelab/rescue-ese/
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PPMO was provided by Sarepta Therapeutics, and the mouse unmodified PMOs were 

purchased through Genetools LLC. All AOs tested in this study, their sequences and 

binding co-ordinates are listed in Table 7.1. 

 

Table 7.1 Sequences and binding co-ordinates of exon skipping AOs designed for the human SMN and 

mouse Smn transcripts. 

AO name / 

number Co-ordinates Sequence 5´ > 3´ Length (bp) 

Human exon 7:   
 

h1 hSMN1.7A(-08+17) UGA UUU UGU CUA AAA CCC UGU AAG G 25 

h2 hSMN1.7A(+01+25) CUU CUU UUU GAU UUU GUC UAA AAC C 25 

h3 hSMN1.7A(+07+31) ACC UUC CUU CUU UUU GAU UUU GUC U 25 

h4 hSMN1.7A(+06+27) UCC UUC UUU UUG AUU UUG UCU G 22 

h5 hSMN1.7A(+13+32) CAC CUU CCU UCU UUU UGA UU 20 

h6 hSMN1.7A(+22+46) UUA AGG AAU GUG AGC ACC UUC CUU C 25 

h7 hSMN1.7D(+17-13) CUG GCA GAC UUA CUC CUU AAU UUA AGG AAU 30 

Human exon 5:    
h8 SMN1.5A(+04+28)   GUG GUG GGC CAU UGA AUU UUA GAC C     25 

h9 SMN1.5A(+29+53)   UGG GGU GGU GGU GGU GGC GGU GGC G    25 

Mouse exon 7:   
 

m1 mSmn7A(+2+31) ACU UUC CUU CUU UUU UAU UUU GUC UGA AAC 30 

m2 mSmn7A(+6+27) UCC UUC UUU UUU AUU UUG UCU G 22 

m3 mSmn7A(+7+31) ACU UUC CUU CUU UUU UAU UUU GUC U 25 

m4 mSmn7A(+7+36) UGA GCA CUU UCC UUC UUU UUU AUU UUG UCU 30 

m5 mSmn7A(+13+32) CAC UUU CCU UCU UUU UUA UU 20 

m6 mSmn7D(+11-14) AAU GAC AGA CUU ACU UCU UAA UUU G 25 

m7 mSmn7D(+11-19) UUU AAA AUG ACA GAC UUA CUU CUU AAU UUG 30 

m8 mSmn7D(+17-13) AUG ACA GAC UUA CUU CUU AAU UUG UAU GUG 30 

Mouse exon 5:   
 

m9 mSmn5A(-06+19) CGT TGA ATT TTA GAC CTG GCT ATA A 25 

m10 mSmn5A(+12+36)   AGG CGG CGG CGG CGG GCC GTT GAA T 25 

m11 mSmn5A(+32+54) AAG GGG GGA GGG GGT AGT GGA GGC G 25 

m12 mSmn5A(+56+77) AAC GGG GGC ATC CAG CAC GGC AG 23 

m13 mSmn5A(+18-07) TAC TTA CTG GTG GTC CTG AAG GGA A 25 
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7.3 Results 

7.3.1 2´OMethyl AO screening in normal human fibroblasts 

AOs designed to induce SMN exon 7 skipping were transfected into normal human 

fibroblasts using Lipofectamine 3000, and tested at 100, 50 and 25 nM. RT-PCR 

analysis (Figure 7.1) revealed the presence of a larger product above the full length 

transcript product, presumed to be a PCR heteroduplex artefact similar to that observed 

and reported in Chapter 3. The product failed to re-amplify following band-stab, and 

therefore could not be sequenced. Most of the AOs designed to target exon 7 appear to 

be effective at inducing exon 7 skipping, with greater than 90% skipping induced by 

AOs at 100 nM, and a clear dose response induced by all AOs tested. AO h7, a 30-mer 

targeting the donor splice site (h7D(+17-13)) was the least effective AO, while those 

targeting the acceptor splice site, and ESE motifs were more effective. Increasing the 

length of the AO from 20 bases (h5) to 22 bases (h4) or 25 bases (h3) appears to 

improve exon skipping levels at the lowest dose tested (25 nM). 

To ascertain if exon skipping could be enhanced by non-overlapping AOs in 

combination, two cocktails were tested including the h7 donor site AO with those that 

were effective targeting the middle of the exon, h3 (h7A(+07+31)), and h5 

(h7A(+13+32)) at a 1:1 ration. These cocktails induced lower levels of exon 7 skipping 

compared to the h3 and h5 AOs alone. 

 

Figure 7.1 RT-PCR analysis of SMN transcripts across exons 4-8 in normal human fibroblasts transfected 

with 2´OMethyl AOs (100, 50 and 25 nM). The percentage of Δ7-SMN as determined by densitometric 

analysis is shown below each lane for comparison to controls and untreated fibroblasts. A 100 bp size 

marker was used for size comparison and a no template RT-PCR control was loaded in the final lane. 
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7.3.2 Testing an exon 7 skipping PMO in human fibroblasts 

The AO h5, a 20-mer targeting h7A(+13+32), was selected for synthesis as a PMO. 

This sequence was provided as a PPMO with an arginine peptide tag for improved 

cellular uptake, and therefore cannot be directly compared to unmodified PMOs 

targeting the mouse transcript, shown in Figure 7.8. To evaluate the effectiveness of the 

exon 7 PPMO in human cells, the PPMO was transfected at 10, 5, 2.5, 1 and 0.5 µM 

and the transfected cells incubated for 3 days. RT-PCR analysis (Figure 7.2) shows the 

human exon skipping PPMO to be extremely effective with 100% exon 7 skipping 

induced at all PMO concentrations. The presence of a smaller product around 250 bp is 

consistent with a transcript missing both exons 5 and 7. 

 

Figure 7.2 RT-PCR analysis of SMN products in normal human fibroblasts. Fibroblasts were transfected 

with the h5 PPMO at 10, 5, 2.5, 1 and 0.5 µM.  

 

7.3.3 Developing a transient neuron-like model of SMA 

To evaluate the efficacy of the exon skipping PPMO in neuronal cells, the SH-SY5Y 

neuroblastoma cell line was differentiated into neurons by incubating cells for 7 days in 

1% FCS EMEM/Hams-F12 with 10 µM Retinoic Acid. Cells were then transfected with 

PPMO at 2, 1, 0.5, 0.25 and 0.1 µM, and incubated for 3 days. RT-PCR analysis (Figure 

7.3) shows 86% Δ7-SMN transcript in cells transfected with PPMO at 2 µM, with a 

clear dose response. Interestingly, exon 7 skipping was less efficient in the neurons 

compared to primary fibroblasts whereby 100% skipping was observed in cells 

transfected with 0.5 µM of PPMO (Figure 7.2).  
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Figure 7.3 Exon 7 skipping in SH-SY5Y cells showing, (a) photographs of SH-SY5Y cells (i) before, and 

(ii) after differentiation, (b) RT-PCR following transfection with exon skipping PPMO at 2, 1, 0.5, 0.25 and 

0.1 µM. 

 

7.3.4 2´OMethyl AO screening in mdx mouse myoblasts 

Testing individual 2´OMethyl AOs 

To optimise AOs for a mouse model, 2´OMethyl AOs targeting the mouse Smn exon 7 

were transfected in mdx mouse myoblasts to assess exon skipping. Transfection of 

mouse myoblasts was performed using Lipofectin according to previous optimisation 

studies. AOs were designed to the same co-ordinates as the human-specific AOs, and to 

alternative regions depending on in silico predictions of splicing factor binding motifs. 

AOs were transfected at a range of concentrations, with 400 nM ablating the Smn 

transcript due to catastrophic cell death (data not shown). AOs were then screened at 

200, 100 and 50 nM for further studies. Figure 7.4 shows the RT-PCR result of Smn 

exon 7 skipping. There appears to be a maximum of around 60% AO-induced exon 7 

skipping from the mouse transcript, compared to over 90% AO-induced skipping from 

the human SMN transcripts. Unlike the human specific AOs, targeting the donor splice 

site of the mouse exon 7 appears to cause the greatest levels of skipping, with AOs m6 

and m8 targeting m7D(+11-14) and m7D(+17-13) respectively, both inducing over 60% 

exon 7 skipping. 
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Figure 7.4 RT-PCR analysis of Smn transcripts across exons 4 to 8 in mdx mouse myoblasts. Myoblasts 

were transfected with 2´OMethyl AOs at 200, 100 and 50 nM.  

 

Testing combinations of 2´OMethyl AOs 

To further increase the percentage of Δ7-Smn in AO transfected mouse cells, AOs were 

tested in combinations with equal amounts of each AO, and AOs m3 and m8 were 

tested individually for comparison (Figure 7.5). In this experiment, AOs m3 and m8 

induced only 50% Δ7-Smn transcripts, indicating that this strategy was less efficient 

compared to that shown in Figure 7.4. With this in mind, AO combinations appear to 

modestly increase exon 7 skipping levels compared to the individual m3 and m8 AOs. 

The m3+m8 combination showed a 10% increase in exon 7 skipping levels at the 200 

nM concentration, compared to m3 or m8 tested individually. While there appears to be 

an additive effect of transfecting combinations of AOs, the mouse specific AOs are still 

not as effective at inducing exon 7 skipping as those targeting the human transcript.  

 

 

Figure 7.5 RT-PCR analysis of Smn transcripts in mdx mouse myoblasts. Myoblasts were transfected with 

combinations of 2´OMethyl AOs at a total concentration of 200, 100 and 50 nM.  
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To investigate why exon 7 skipping was less efficient in mouse cells compared to 

human cells, AOs were designed to induce exon 5 skipping, for comparison to the data 

on exon 7 skipping AOs. By comparing the skipping efficiencies of these exons, we can 

assess whether Smn splicing is more tightly regulated in the mouse relative to the 

human transcript, or whether the difference in results is merely methodological and 

reflects AO design.  

 

7.3.5 Comparing the skipping efficiency of exons 5 and 7  

Unfortunately it was not possible to find an specific online tool for analysing the 

strength of splice sites within the mouse transcript. However, Human Splicing Finder 

3.0 (available http://www.umd.be/HSF3/HSF.html) (Desmet et al. 2009) was used to 

predict the splice site scores for SMN1 exons 5 and 7. Exon 5 appears to be the 

“weaker” exon with an acceptor site score of 82% and a donor site score of 85%, 

compared to exon 7 with an acceptor score of 98% and a donor score of 83%.  

Table 7.2 Splice site scores of human SMN1 exons 5 and 7 using Human Splicing Finder 3.0. 

Exon 
Splice site 

type 
Splice site 

Consensus 
value (0-100) 

5 Acceptor tattccttatagCC 82.19 

 Donor CCAgtaagt 84.67 

7 Acceptor ttttccttacagGG 98.2 

 
Donor GGAgtaagt 82.81 

 

To compare exon 5 and 7 skipping in the human sequence, two exon 5 skipping AOs 

were tested in normal human fibroblasts, and compared to the h5 exon 7 skipping AO 

(Figure 7.6). Interestingly, AO-induced exon 5 skipping in the human transcript was 

less efficient than exon 7 skipping. The exon 7 AO h5 targeting h7A(+13+32) induced 

76% Δ7-SMN transcripts in fibroblasts transfected with 100 nM of AO. AO h8 

(h5A(+04+28)) was not effective at inducing exon 5 skipping, with only 7% of 

transcripts skipping exon 5, while AO h9 targeting h5A(+29+53) appears to completely 

knockdown the SMN transcript levels. 

 

http://www.umd.be/HSF3/HSF.html
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Figure 7.6 RT-PCR analysis of SMN products across exons 4 to 8 in normal human fibroblasts transfected 

with 2´OMethyl AOs (100, 50 and 25 nM). The percentage of Δ7-SMN and Δ5-SMN transcripts, as 

determined by densitometric analysis, are shown below each lane. 

 

To compare the skipping of mouse Smn exons 5 and 7, 2´OMethyl AOs targeting exon 

5 and exon 7 of the mouse sequence were tested at 200, 100 and 50 nM. RT-PCR results 

(Figure 7.7) shows m4, the exon 7 30-mer targeting m7A(+7+36) induces a maximum 

of 50% exon 7 skipping in mouse myoblasts, while AOs targeting Smn exon 5 induce 

close to 100% Δ5-Smn transcripts. The sequence m10, a 25-mer targeting 

m5A(+12+36) induces greater than 90% skipping at 50 nM, while m12 targeting 

m5A(+56+77) induces 90% skipping at 200 nM, decreasing in a dose response manner. 

Interestingly, m11 targeting m5A(+32+54), appears to cause exon 5 skipping with 

almost complete knockdown of the Smn transcript, similar to the results observed using 

the human specific h9 AO targeting h5A(+29+53).  

 

Figure 7.7 Electrophoresis of RT-PCR products across Smn exons 4 to 8 in mdx mouse myoblasts. 

Myoblasts were transfected with 2´OMethyl AOs at 200, 100 and 50 nM. The percentage of Δ7-SMN or 

Δ5-SMN transcripts, as determined by densitometry, are shown below each lane. 

 

7.3.6 Transfection of mouse exon 5 and 7 PMOs 

The best exon 7 and exon 5 skipping AOs for the mouse sequence were synthesised as 

unmodified PMOs and transfected uncomplexed at 20, 10, 5, 2.5 and 1 µM in mdx 

myoblasts, and the transfected cells incubated for 3 days. Interestingly, RT-PCR results 

(Figure 7.8) show the PMOs to be equally effective at inducing skipping of their target 
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exons with a maximum of 54-55% exon skipping achieved in myoblasts transfected 

with either PMO. Looking at the levels of exon skipping at the low 2.5 and 1 µM doses 

it appears that the PMO targeting exon 7 may be modestly more effective than the PMO 

targeting exon 5, inconsistent with the results obtained when testing 2´OMethyl AOs.  

 

Figure 7.8 RT-PCR analysis of SMN products across exons 4 to 8 in mdx mouse myoblasts transfected 

with PMOs at 20, 10, 5, 2.5 and 1 µM.  

 

 

7.4 Discussion 

To date, the major focus of SMA therapies has been to effectively target SMN within 

the central nervous system and the motor neuron (Duque et al. 2015; Porensky et al. 

2012; Rigo et al. 2014). However, the importance of SMN within peripheral tissue is 

less understood, and further studies are required to characterise the consequences of 

SMN loss outside of the CNS so that therapies can be tailored accordingly. The aim of 

the current study was to design antisense oligomers to skip exon 7 in order to develop a 

transient model of SMA in which the role of SMN in peripheral tissue could be 

characterised.  

AOs were initially designed to induce exon 7 skipping from SMN1 in normal human 

fibroblasts, with the aim to test stem cells in future studies. AOs designed across exon 7 

were very effective at inducing exon skipping with over 90% exon skipping observed 

from cells transfected with 100 nM of single AOs. Testing of AO cocktails with equal 

amounts of two AOs, did not appear to improve the levels of skipping. High levels of 

exon skipping were associated with high levels of cellular stress and cell death. Given 

the importance of SMN in a number of cellular processes, this observation was not 

surprising. However, it is interesting that transfection with the exon 7 peptide-tagged 

PMO (PPMO) induced 100% exon skipping across all concentrations, ranging from 10 

µM down to 0.5 µM, yet only the 10 µM and 5 µM concentrations induced high levels 

of toxicity, suggesting complete-knockdown of SMN is not sufficient to cause cell death 
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within the transfection incubation period of three days. Perhaps off-target toxic effects 

of phosphorothioate AOs were responsible for cellular stress following 2´OMethyl AO 

transfection. 

While future studies will test exon 7 skipping AOs in stem cells differentiated into a 

number of lineages, including motor neurons, the neuroblastoma SH-SY5Y cell line can 

be differentiated into neurons by incubating cells in low serum media containing 

retinoic acid for 7 days (Lopes et al. 2010). Differentiated SH-SY5Y cells transfected 

with the exon 7 skipping PPMO showed increased levels of Δ7-SMN compared to 

untreated samples. However, the PPMO was not as effective in differentiated SH-SY5Y 

cells as it was in primary human fibroblasts. This could be due to neurons being more 

difficult to transfect, or alternatively, could reflect tissue specific splicing regulation and 

the importance of SMN in neurons. SMN is known to be required at higher levels 

within neurons compared to other cell types (Burghes and Beattie 2009; Coovert et al. 

1997) and could therefore result in increased or stricter regulation of the transcript 

processing or turnover, and ultimately more tightly controlled SMN protein levels.  

Following the results from testing human specific AOs, sequences were then 

designed and transfected into mouse derived cells. The initial AO screening was carried 

out in the NIH-3T3 mouse fibroblast cell line, whereby no skipping was induced by any 

of the AOs (data not shown). To determine if this poor result was the result of cell-

specific transfection characteristics, the transfections were then repeated in primary mdx 

mouse myoblasts from our in-house cell-culture source, the results of which are shown 

in Figure 7.4. Interestingly, mouse specific AOs were only able to induce a maximum of 

60% exon 7 skipping, compared to the 90% skipping achieved in primary human 

fibroblasts. Of these, the most effective AOs target the mouse exon 7 donor splice site, 

in contrast, the donor splice site was the least effective target in the human exon 7. A 

similar result was observed in DMD exon skipping studies, whereby AOs targeting the 

Dmd exon 23 donor site were effective at inducing exon 23 skipping, yet those targeting 

the DMD exon 23 donor site were ineffective (Mitrpant et al. 2009). Regardless of how 

highly conserved the SMN and DMD transcripts are between human and mouse, taken 

together, these results emphasise the disparities in splicing between the species. While 

SMN is highly conserved, three additional bases inserted towards the donor end of the 

human exon 7, could explain the interspecies difference observed by AOs targeting the 

donor site of the exon. And while there are only three further differences between the 

exon 7 sequences, the disparity in AO-induced exon skipping results infers substantial 
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differences in SMN/Smn splicing regulation between species, similar to that observed in 

the dystrophin gene transcript (Mitrpant et al. 2009). 

Dystrophin transcript exon skipping studies have shown certain exons to be more 

difficult to skip than others, with some requiring combinations of AOs to achieve 

efficient skipping (Adams et al. 2007). Transfection of cocktails of mouse exon 7 

skipping AOs marginally improved skipping levels when compared to individual AOs. 

It appears that AO-induced skipping of the mouse exon 7 can only achieve a maximum 

of 60%, compared to the 90% skipping achieved in the human SMN transcripts. The 

increase levels of exon skipping in the human SMN transcripts could be somewhat 

explained given there are two transcripts being amplified and analysed by RT-PCR, 

with SMN2 having weakened exon 7 skipping. Nevertheless, while humans have two 

SMN genes, mice only carry one Smn gene, critical for survival. Exon 7 has been shown 

to be necessary for self-oligomerisation of the protein, and is therefore crucial for 

protein function (Lorson et al. 1998). In a similar way that we predict SMN splicing 

could be over-regulated in the SH-SY5Y neurons, it is possible that Smn exon 7 

recognition by the spliceosome is more tightly regulated in mice given the lack of 

backup Smn copies. Alternatively, the Smn transcript may undergo more rapid turn-over 

or regulation, whereby Δ7-Smn transcripts are more rapidly degraded. 

To determine whether differences between human and mouse exon 7 skipping were 

the result of tighter exon selection or tighter regulation and turnover of the whole Smn 

transcript, we chose to examine splicing of the alternatively spliced exon 5. In human 

and mouse transcripts, exon 5 is 96 bases long, and in humans the Δ5-SMN transcript 

produces a seemingly functional protein, capable of producing gems (Mohaghegh et al. 

1999). In silico splice site analysis comparing exons 5 and 7 showed exon 5 to have 

weaker splice site scores compared to exon 7, suggesting AO-induced exon 5 skipping 

could be easily achieved. Contrary to expectation, efficient exon 5 skipping was not 

achieved by either AOs transfected in human fibroblasts. While one AO caused 

complete knockdown of SMN transcripts at high concentrations, additional AO 

sequences should be tested to confirm whether exon 5 skipping can be achieved. In 

comparison, AOs targeting Smn exon 5 induced up to 100% exon 5 skipping in mdx 

myoblasts, compared to 50% exon 7 skipping, suggesting that exon 7 splicing is more 

tightly regulated than exon 5.  

To further compare AO-induced exon 5 and 7 skipping in mouse cells, the best AOs 

for each exon were synthesised as PMOs and evaluated in mdx myoblasts. Interestingly, 
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the PMOs were equally effective with a maximum of 55% exon skipping observed in 

myoblasts transfected with either AO. This result was surprising since 2´OMethyl AO 

transfections induced 100% exon 5 skipping compared to only 60% exon 7 skipping in 

cells treated with the respective AOs. An increase in transcripts skipping exon 5 was 

consistently induced by AOs that cause substantial cell death across the studies 

presented in this thesis. Furthermore, it has been reported that the Δ5-SMN transcript is 

produced following oxidative stress (Seo et al. 2016). It is possible that the mouse exon 

5 AOs are sufficiently toxic to exacerbate the levels of AO-induced exon 5 skipping. 

Conversely, following transfection with the exon 5 targeting PMO, no cell death was 

observed and therefore the levels of exon 5 skipping observed are presumably the result 

of only antisense induced exon skipping. This result highlights the sensitivity of the 

SMN protein and transcript expression, drawing attention to the potential of non-

specific and non-antisense effects to confound interpretation of data in such studies. 

SMN is a crucial protein for survival, and it is therefore not surprising that its 

processing and expression is tightly regulated. This study presents data suggesting that 

SMN splicing may be more tightly regulated in circumstances where high levels of 

SMN protein are required, including the neuron and the muscle, and particularly in mice 

that have one Smn gene. Future studies will test these AOs in stem cells to study the 

consequences of SMN loss outside of the CNS. Given the availability of commercial 

induced pluripotent stem cells from an SMA patient, testing exon skipping AOs in 

human stem cells may be redundant as SMN analysis in differentiated cells can easily 

be compared between the SMA patient and healthy control cells. However, 

administering exon 7 skipping AOs to wildtype mice will be a very useful model for 

studying the tissue specific requirements of SMN. 
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CHAPTER 8.                                                                                   

Final discussion and conclusions 
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8.1 Current status of SMA therapies 

SMA is a devastating neurological disease characterised by the death of motor 

neurons and muscle wasting. In the most severe form, patients will succumb to the 

disease before 2 years of age. There are no treatments available, with symptom 

management the only current option. However over the past decade, research into SMA 

has focused on the development of a genetic-based therapy, with the two front runners 

including gene replacement therapy and antisense oligonucleotides to modify splicing, 

both currently being evaluated in clinical trials.  

An open label gene therapy trial testing scAAV9-SMN has shown promising results 

in SMA type I patients. Symptomatic patients administered a single intravenous dose of 

scAAV9-SMN remain at 28 months with no end-point milestones met, including death 

or respiratory failure. Remarkably, one patient was walking independently at 14 months 

(Mendell 2016). While gene therapy trials have shown the most significant impact to 

patient outcomes, the risk of neutralising antibodies and viral silencing implies drug 

administration may be limited to a single dose. It is unknown as to how long the 

benefits of a single dose will persist, although given the non-proliferative nature of the 

motor neuron, it is expected that SMN enhancement in the spinal cord could have long 

lasting effects. For tissues outside of the central nervous system, it is likely that 

alternative therapies, including splice-switching AOs, could augment the effects of 

scAAV9-SMN treatment. 

The Anti ISS-N1 AO developed by the Singh laboratory anneals to the ISS-N1 

hnRNP-A1 splicing factor motif within intron 7, and is the most clinically advanced AO 

for modulating SMN2 splicing. This 2´OMethoxyethyl (MOE) phosphorothioate AO 

(Nusinersen) has shown promise in clinical trials, with one patient reportedly walking 

independently (Bertini 2016). However, separate pre-clinical studies evaluating the anti- 

ISS-N1 MOE and PMO in an SMA mouse model show the Anti ISS-N1 MOE to be 

toxic at high doses, and less effective than the Anti ISS-N1 PMO at increasing survival 

(Passini et al. 2011; Porensky et al. 2012). With this in mind, new targets should be 

explored to identify alternative antisense therapies for SMA. The excellent safety profile 

of the PMO chemistry, and proven splice-switching efficiency in clinical and pre-

clinical studies of Duchenne muscular dystrophy (DMD), suggest the PMO is a lead 

chemistry for clinical application, and therefore was the main focus of this study. 
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8.2 AO strategies for SMA discussed in this thesis and the major 

findings 

The main focus of this thesis was to develop an antisense PMO suitable for 

therapeutic application in SMA, devoid of toxicity or off-target effects. We investigated 

three separate approaches to induce exon 7 retention and increase SMN protein levels. 

 

8.2.1 AOs designed to induce exon 7 retention 

Initial screening of 2´OMethyl AOs designed to target intron splice silencing 

domains within SMN2 induced exon 7 retention in SMA type I fibroblasts. A number of 

sequences were consistently shown to be as effective, if not more effective, than the 

Anti ISS-N1 AO sequence at increasing FL-SMN2. These AOs target novel silencing 

domains within intron 6 and intron 7, predicted to recruit splicing factors from the 

hnRNP family. Following the success of the 2´OMethyl AO screening, the selected AO 

sequences were published in an intellectual property patent (WO/2015/035460), thus 

expanding the therapeutic options for SMA.  

Unfortunately, evaluation of these sequences as PMOs in the Δ7-SMA mouse model 

was disappointing with only a 1.4-fold increase in survival in treated mice, compared to 

an 8-fold increase in survival in mice treated with Anti ISS-N1 PMO (Mitrpant et al. 

2013; Porensky et al. 2012). Achieving a 1.4-fold increase in survival could be of 

clinical benefit to other diseases, including cancer, however for chronic conditions such 

as SMA, a further impact on survival of mouse models will be necessary to predict a 

clinical benefit to SMA patients. Chemical modifications to these PMOs in order to 

improve cellular uptake and efficiency further increased SMN protein levels compared 

to unmodified PMOs. Future studies will focus on evaluating the efficacy of these 

chemically modified PMOs in the Δ7-SMA mouse model, and are anticipated to induce 

a further increase in mouse survival relative to the 1.4-fold increase observed in 

unmodified PMO treated mice. Given the Anti ISS-N1 MOE induced a maximum 1.9-

fold increase in survival in Δ7-SMA mice (Passini et al. 2011), it will be interesting to 

see how the chemically modified SMN2 PMOs presented in this study would compare. 
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8.2.2 Alternative mismatch AO design 

In this study we demonstrated that mismatched AOs, not perfectly complementary to 

their targets, are effective at inducing SMN2 exon 7 retention. One advantage of 

antisense therapies is the highly specific binding of the AO to a specific target. 

However, one study has reported an AO to be significantly more effective at inducing 

exon skipping in myoblasts from a DMD patient carrying a single base insertion within 

the AO binding site, compared to other patients where perfect target binding is expected 

(Fragall et al. 2011). Mismatched AOs designed to induce SMN2 exon 7 inclusion did 

not significantly improve the efficiency of exon inclusion, yet some were shown to be 

as effective as their fully complementary counterparts. While this finding does not 

provide new therapeutic avenues for SMA patients, it does show that mismatched AOs 

may be useful in targeting multiple patient mutations, without the need for individual or 

personalised AO design. 

Further results from this study suggest that PMOs may be less likely to bind 

mismatched targets than 2´OMethyl PS-AOs. While this finding emphasises the base-

pairing specificity of PMOs, it also suggests that the unmodified PMO chemistry may 

not be applicable as mismatched AOs in targeting multiple patient mutations. 

Interestingly, the positively charged PMO+ chemistry discussed in Chapter 4 was 

originally designed as an antiviral with the ability to target multiple viral variants, and 

overcome viral genetic resistance (Warren et al. 2012).  Adding a positive charge at the 

position of commonly mutated bases in the viral genome was predicted to increase the 

PMO binding affinity at this position, regardless of base-pairing. This property suggests 

that the PMO+ chemistry could be applicable in the design of mismatched AOs 

targeting multiple patient mutations. 

 

8.2.3 Antisense mediated terminal intron retention 

An alternative approach to inducing exon 7 retention was to slow pre-mRNA 

processing and splicing by targeting AOs to the final exon. It is not possible to induce 

skipping of the terminal exon, however the expected stalling of the splicing machinery 

would presumably allow more time for accurate splicing of preceding compromised 

exons. Interestingly, these AOs yielded an SMN2 transcript including exon 7 as well as 

intron 7. Since the stop codon is in exon 7, this transcript could encode the same 

protein, but with an extended 3´UTR. Interestingly, the presence of the intron within the 
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transcript was shown to down-regulate the levels of SMN protein relative to expression 

in untreated SMA fibroblasts. Further evaluation of the exon/intron7-SMN2 transcript 

suggested that early polyadenylation within the elongated 3´UTR could be responsible 

for the decreased SMN levels. In this study we report for the first time the application of 

PMOs that induce terminal intron retention as a means for specific protein knock-down. 

Endogenous intron retention is a common mechanism for transcript and protein 

down-regulation, particularly in neurons (Yap et al. 2012). We suggest that early 

polyadenylation signals within the intron could be a natural way of controlling mRNA 

or protein levels, and furthermore, could be activated using AOs as a way to down-

regulate undesirable proteins. Alternatively, intron retention could down-regulate 

protein levels by disrupting the reading frame, destabilising the transcript, or by 

introducing new microRNA binding sites within the 3´UTR. Here we present an 

alternative splice-switching antisense application whereby terminal intron retention and 

protein knock-down could have broad potential for a number of diseases, including 

cancer. 

 

 

8.3 New questions raised about antisense oligonucleotides 

8.3.1 The difference between PMO and 2´OMethyl AO efficiency 

Correlation of AO-induced exon skipping efficiency between 2´OMethyl AOs and 

PMOs has been well established for DMD (Adams et al. 2007), as well as for other 

genes, including Lamin A/C (Luo et al. 2014) and Myostatin (Kang et al. 2011). Each of 

these studies has shown PMOs to be as effective, if not, more effective than 2´OMethyl 

AOs of the same sequence at altering splice forms. Similarly, the Anti ISS-N1 sequence 

has shown excellent results as a PMO, verifying the correlation between 2´OMethyl and 

PMO chemistries for exon inclusion (Mitrpant et al. 2013). However, the work 

presented in Chapters 3 and 4 challenges this trend, reporting for the first time that 

splice-modifying activities for the 2´OMethyl and PMO chemistries do not correspond 

for all AO sequences. 

The differences between 2´OMethyl AO and PMO efficacy for SMN2 exon 7 

retention may simply reflect the mechanistic differences between AO-induced exon 

skipping and exon retention. An extensive search of the literature has revealed limited 
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studies utilising AOs as a strategy for exon retention, and more specifically, very few 

studies were identified that use PMOs for exon inclusion, apart from those directed 

towards SMN2, including AOs targeting ISS-N1 and ISS-E1 (Osman et al. 2014). One 

study using PMOs targeting a predicted intron splice silencing domain was shown to 

induce exon retention and production of a full-length fibroblast growth factor receptor 1 

transcript (Bruno et al. 2004). Furthermore, the Bruno et al. study reports PMOs to be 

more effective at inducing exon retention compared to the same AO sequences 

transfected as 2´OMethyl AOs. Interestingly, the work presented in Chapter 6 shows 

PMOs targeting exon 8 to slow SMN2 processing were effective at inducing retention of 

exon and intron 7 in the mature transcript, providing another example of PMO induced 

exon retention.  

All effective splice-switching studies using PMOs, including those targeting DMD, 

SMN2 ISS-N1 and ISS-E1, the FGRF1 transcript as well as those targeting SMN2 exon 

8, either target the exon or within proximal intronic regions. In contrast, the PMOs 

presented in Chapters 3 and 4 targeting deeper intronic regions were ineffective. 

Likewise, the Anti ISS-N2 AO sequence, reported to be as effective as Anti ISS-N1 at 

inducing SMN2 exon 7 retention when evaluated using the 2´OMethyl chemistry (N. N. 

Singh et al. 2013), achieves limited exon inclusion when evaluated as a PMO in our 

laboratory. The Anti ISS-N2 motif is thought to modulate SMN2 splicing through 

blocking a long distance interaction with the proximal ISS-N1 hnRNP-A1 binding 

domain, disrupting the looped secondary structure of intron 7. However, in silico 

splicing factor evaluation predicts the Anti ISS-N2 AO to target a weak hnRNP-A1 

binding site. It is conceivable that distally binding splicing factors are less likely to 

impact splicing outcomes than those proximal to the exon and to spliceosome binding 

sites. We suggest that AOs targeting distal motifs could act in a similar way to Anti ISS-

N2, and modulate splicing by altering secondary structures and interactions.  

Given that so few studies have developed PMOs that target intronic regions for exon 

inclusion, it is possible that additional limitations are yet to be identified outside of this 

study. Should the AOs that target sites distal to the exon, presented in this study, elicit 

their splice-switching effect through modulating secondary structures, then perhaps 

PMOs will not be effective for this application. 
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8.3.2 Off-target effects of antisense oligonucleotides 

Phosphorothioate (PS) AOs, including those with 2´OMethyl and 2´OMOE sugar 

modifications, have been shown to elicit many off-target effects due to non-specific 

binding to proteins. A recent study by Ionis pharmaceuticals reported that PS-AOs 

sequester paraspeckle proteins in place of the paraspeckle binding non-coding RNA 

NEAT1 (Shen et al. 2014). The proteins involved in paraspeckle formation include a 

number of splicing factors, as well as proteins involved in transcription, RNA 

processing and transport (Bond and Fox 2009; Naganuma et al. 2012). If these proteins 

are sequestered by the AO into aggregates, and are therefore not available to perform 

their necessary functions within the cell, unintended effects on RNA processing and 

splicing could cause numerous disruptions to cell function and biology. 

We compared the effects of the PS-2´OMethyl and PMO chemistries on paraspeckle 

proteins and observed the following findings: 

1. All 2´OMethyl PS-AOs tested, including Anti ISS-N1 and the sham control 

AOs, sequester the paraspeckle protein NONO into either round aggregates or 

“worms”, confirming and expanding upon the findings by Shen et al. (2014). 

2. This effect occurred irrespective of modifications to the sugar ring, with 

2´OMethyl, locked nucleic acid and unlocked nucleic acid modified bases all 

producing aggregates or worms. 

3. The splicing factor, and paraspeckle protein FUS is co-localised with these 

aggregates or worms formed by NONO, confirming FUS is sequestered by 

AOs on a PS backbone. 

4. Expression of the splicing factors and paraspeckle proteins hnRNP-A1 and 

TDP-43 are decreased following transfection with PS-AOs, in a dose 

dependant manner, independent of AO sequence.  

5. Transfection of a number of PMO sequences in primary cells using multiple 

delivery techniques, unequivocally confirmed that PMOs do not sequester 

paraspeckle proteins. 

PS-AO induced protein sequestering into either aggregates or worms was confirmed 

by transfection of 2´OMethyl PS-AOs targeting SMN2, including Anti ISS-N1, and sham 

control AOs. Furthermore, the study presented in Chapter 4 of this thesis reports for the 



175 

 

first time that the splicing factor and paraspeckle protein FUS is also sequestered by PS-

AOs, while the expression and distribution of hnRNP-A1 and TDP43 are disrupted. 

Given the role of hnRNP-A1 in SMN2 exon 7 splicing, we predict that knockdown of 

hnRNP-A1 will influence SMN2 splicing, resulting in an increase in FL-SMN2. 

Furthermore, the sequestration of FUS by PS-AOs is likely to have global effects on 

splicing outcomes. The fact that sham control AOs have also been shown to increase 

FL-SMN2, verifies that 2´OMethyl PS-AO-induced exon 7 retention is not necessarily a 

specific outcome due to blocking splicing factor binding. While an increase in FL-

SMN2 is indeed a desirable outcome for the purpose of this study, one can only 

speculate on the global consequences of limiting the functional availability of 

paraspeckle proteins involved in transcription and RNA processing. Additional studies 

are on-going to further characterise the proteins sequestered by PS-AOs, and will aim to 

explain the relevance and the repercussions of the use of PS-AOs in a clinical setting. 

Accumulation of these PS-AO induced protein aggregates within the central nervous 

system is of particular concern. Aggregates of misfolded and other aberrant proteins are 

characteristic of a number of dominant neurological diseases, including amyotrophic 

lateral sclerosis, Huntington’s disease, Alzheimer’s disease and Parkinson’s disease 

(Shastry 2003). It is not established definitively if the protein aggregates are causative 

or markers of disease. One theory suggests that the propagation of protein aggregates 

between neurons, including the micropinocytosis of aggregates following neuron death 

and lysis, could explain the progressive build-up and accumulation of these aggregates 

and their role in neuronal toxicity, and account for the progressive decline in patients 

with these neurological diseases (Zeineddine and Yerbury 2015). It is possible that 

aggregates of paraspeckle proteins could accumulate in a similar manner following 

frequent administration of PS-AOs into the CNS, inducing further neuronal toxicity. 

The full repercussions of these paraspeckle protein aggregates are yet to be determined. 

However, considering the proposed mechanisms of ALS and related disorders, we are 

concerned that while PS-AOs may relieve symptoms of SMA in the short term, the 

long-term effects of induced protein aggregates could result in downstream neurological 

disorders including ALS-like disease. 

 

8.3.3 The relevance of in vivo animal models for evaluating splice-switching AOs 

One significant limitation in evaluating splice-switching AOs in vivo is the clinical 

relevance of available animal models. While this is not a novel finding of this thesis, the 
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results discussed herein do reiterate concerns as to how species dependent splicing 

outcomes could influence interpretation of AO effect. PMOs designed to induce exon 7 

retention showed variable results between in vitro and in vivo studies. Mice 

administered PMOs 6 and 10 (Chapter 3) lived to a median survival of 18 and 19 days 

respectively, compared to control treated mice surviving to 14 days. However, results in 

Chapter 4 show that enhancing PMO delivery produced an increase in FL-SMN2 and 

SMN protein levels in PMO-6 treated samples, while PMO-10 was ineffective. 

Curiously, SMA fibroblasts transfected with PMO-6 and Anti ISS-N1 PMO expressed 

similar levels of SMN protein, yet Anti ISS-N1 treated mice survived for over 100 days. 

The obvious discrepancy in PMO efficacy in vitro versus in vivo is possibly explained 

by the splicing differences between humans and mice, as well as the difference in 

splicing between tissue types in vitro (fibroblasts) and in vivo (neurons).  

In the Δ7-SMA mouse carrying the human SMN2 transgene, the splicing of the 

SMN2 pre-mRNA is carried out by rodent splicing machinery. Similar discrepancies in 

AO-induced splice-switching have been reported in a transgenic mouse model of DMD, 

compared to in vitro AO evaluation in patient cell cultures (Aartsma-Rus et al. 2002; 

Bremmer-Bout et al. 2004; van Deutekom et al. 2001). Conceivably, there are 

differences in the expression and recognition sites between human and mouse splicing 

factors, as well as within splicing regulation. Furthermore, sequence variation and 

interactions with RNA binding proteins are likely to influence mRNA secondary 

structures, which could in turn impact on splicing patterns between species (Warf and 

Berglund 2010).  

Differences between human and mouse splicing patterns are further discussed in 

Chapter 7, whereby AO-induced SMN exon 5 and 7 skipping was not reproducible 

between the human and mouse sequences. While exon 7 was easily removed from SMN 

transcripts in human cells, poor exon skipping results in mouse cells suggest that Smn 

splicing is more tightly regulated. Conversely, exon 5 was easily skipped from the 

mouse Smn, but not human SMN. The human and mouse SMN sequences are highly 

conserved, therefore these results suggest that other regulatory factors influence the 

differences in splicing patterns between the species. This theory is somewhat supported 

by results of studies on AOs targeting the highly conserved human and mouse 

dystrophin transcripts. In silico predictions of splicing factor motifs in the two species 

appear to be consistent, yet AOs targeting the same co-ordinates provide vastly different 

results (Mitrpant et al. 2009). Taken together, the data presented here questions the 
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suitability of in vivo models for evaluating splice-switching AOs. It appears that 

splicing regulation may not be as highly conserved as the transcript sequences 

themselves. 

Whilst pre-clinical AO evaluation in transgenic animal models may currently be the 

best option, caution is urged when interpreting results. However, in the absence of an 

appropriate model, and given the devastating nature of some rare diseases and the lack 

of available therapies, perhaps proof of AO effect in patient cells, including stem cells, 

combined with proof of AO safety in vivo, could be sufficient to progress to clinical 

trials. 

 

8.4 Treatment considerations for SMA 

Considering the severity of SMA, it will be necessary for patients to receive 

treatment as early as possible and preferably before the onset of symptoms, in 

particular, before the irreversible death of spinal motor neurons occurs. A study by 

Foust et al. (2010) has shown the scAAV9-SMN administration was most effective 

when delivered to SMA mice on postnatal day 0, with a decline in clinical effect 

observed in mice treated on postnatal day 5 (Foust et al. 2010). A study by Kariya et al. 

(2014) suggested that SMN enhancement will be required prior to the maturation of the 

neuromuscular junction and that therapeutic intervention should be most aggressive 

before this event to ensure optimal treatment and impact on survival (Kariya et al. 

2014). Given the success of the SMN gene replacement trials, it is likely that this could 

deliver the greatest long-term effect to motor neurons, while delayed treatment with 

additional therapies, including antisense therapies, could be administered systemically 

to maintain SMN levels. 

While traditionally, SMA therapies have mainly been targeted towards the motor 

neuron, a number of pre-clinical studies have shown systemic administration either 

before the blood brain barrier has formed, or in combination with a central 

administration, to be of greater benefit to survival, compared to CNS administration 

alone (Hammond et al. 2016; Hua et al. 2011; Zhou et al. 2015). These studies 

emphasise that enhanced SMN expression will be required in all tissues, and not just 

within the central nervous system. Outside of the motor neuron, the wildtype liver has 

the highest levels of SMN (Coovert et al. 1997). Furthermore, low SMN levels in 



178 

 

various SMA mouse models cause a number of abnormalities in liver, cardiac and 

pulmonary function (Schreml et al. 2013; Shababi et al. 2010; Szunyogova et al. 2016). 

AOs have been shown to accumulate in the liver (Amantana and Iversen 2005), 

therefore, targeting this organ should not be problematic, however, antisense delivery to 

the heart is still inefficient (Boisguerin et al. 2015) 

It will be important to characterise the role of SMN in each tissue type to identify 

useful markers of treatment success in peripheral organs. The main focus of Chapter 7 

in this thesis was to design AOs that in future studies can induce an SMA phenotype in 

stem cells or cells derived from multiple tissue types as well as wildtype mice. Not 

surprisingly, we showed that SMN knockdown was more difficult to achieve in tissues 

with greater requirement for SMN, including neurons and murine myoblasts. Future 

work will focus on utilising these AOs in stem cells differentiated into a number of 

lineages, as well as in wildtype mice, to characterise the role of SMN in cells of 

peripheral tissues utilising metabolomics and next generation sequencing.   

It is clear that treatment of SMA patients should be administered to all tissues within 

the body as early as possible. However, postnatal screening for SMA is not a standard 

practice in Australia and the US, and therefore SMA patients may not be identified 

sufficiently early. While SMA is considered a rare disease, a carrier rate of 1 in 40 

makes it the second most common recessive genetic disorder after cystic fibrosis. 

Leading experts therefore suggest that routine screening should be implemented if a 

therapy that can effectively change disease progression becomes available. A US 

company called VeriYou has recently made a genetic screening assay available online 

to US residents to identify carriers of SMA and cystic fibrosis mutations using next 

generation sequencing from saliva samples. While routine carrier screening may raise a 

number of ethical concerns, it is likely that this assay will have the potential to lower the 

incidence of SMA and CF cases.  

 

8.5 Clinical translation of antisense drugs and ethical considerations 

for rare genetic diseases 

Given the severity of SMA and other childhood diseases, there are a number of 

ethical concerns that must be considered during drug development stages, as well as 

during clinical translation. Clinical trials must be adapted to overcome the limitations of 
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drug evaluation for rare genetic diseases, including patient age, small patient numbers 

and phenotypic variation between patients, as well as taking into consideration the 

ethical concerns of treating a child with a fatal condition with a placebo drug. 

The FDA has recently granted accelerated approval for the DMD PMO antisense 

drug Exondys51. Prior to this, the FDA raised concerns over the efficacy of Exondys51, 

in particular, the small trial size and the lack of placebo cohort. Unlike heart disease or 

many cancers, the rarity of some genetic diseases limits the number of patients available 

for trials. Furthermore, phenotypic variation between patients poses a challenge in 

objectively assessing patient outcomes following treatment in a disease that shows 

variable progression. Expectations over clinical drug evaluation for rare diseases, and 

particularly for those with even rarer mutations will need to be adjusted to address these 

requirements. For some rare diseases or mutations, it is likely that n-of-1 trials will be 

considered.  

Clinical trials sponsored by Sarepta Therapeutics to evaluate Exondys51 in DMD 

patients began as a randomized, double-blind, placebo-controlled trial. However, 

following statistically significant difference in the primary outcome measure in patients 

receiving the drug and modest increases in dystrophin levels as assessed by 

immunohistochemical staining and western blotting, Sarepta deemed it unethical to 

deny patients a beneficial drug, and the placebo group were rolled over into an open 

label delayed treatment group. Given the lack of placebo cohort from this point, patient 

outcomes were then compared to the natural history of DMD and an external control 

group, raising further concerns with the FDA over the objectivity of this approach. A 

clinical trial is currently recruiting DMD patients to assess the natural history of DMD 

in attempt to streamline outcome measures and disease progression for future drug 

evaluation trials (NCT02780492). 

A further concern for clinical evaluation of many splice-switching drugs is the 

inability to assess drug safety and tolerability in normal volunteers. It is unknown 

whether SMN directed AOs, increasing SMN above normal levels, would induce any 

deleterious effects in normal individuals without SMA. However, AOs designed to 

cause exon skipping for other diseases, including DMD, would cause out-of-frame exon 

deletions, potentially lowering the levels of functional protein in normal individuals. In 

these cases, it may be necessary to assess the clinical safety of a particular AO 

chemistry as a whole, and then assess the safety of the individual AO sequence in pre-

clinical animal studies. 
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Another concern of particular relevance to this thesis is the issue of intellectual 

property patents impeding drug discoveries. Following the screening of over 70 AO 

sequences, discussed in Chapter 3, the Anti ISS-N1 sequence remains the best at 

producing full-length SMN2 transcripts. And while this AO is licensed by Ionis 

Pharmaceuticals as a MOE (WO 2007/002390 A2), a number of studies, including the 

work presented herein demonstrating the off-target effects of PS-AOs, suggest the PMO 

chemistry to be better than the MOE for clinical application. The licensing restrictions, 

in the current climate prohibit the Anti ISS-N1 AO sequence from being developed as a 

PMO for clinical trials. This raises a number of ethical concerns as to how far licensing 

restrictions should extend. Patents claiming ownership of potential AO targets over 

large regions of a gene, and often without any supporting data, effectively impede on 

drug development and availability of treatments to patients with terminal illnesses. 

Perhaps these issues will inspire collaborations to ensure that children with rare and 

serious diseases, such as SMA, are not deprived of the best possible treatment. 

 

8.6 Final remarks and conclusions 

The major focus of this thesis was to identify an AO sequence that efficiently 

increased SMN protein levels and could be developed into an antisense therapy for 

SMA patients. Despite undertaking multiple approaches, we have yet to identify an AO 

that can be taken to clinical translation. However, a number of novel findings were 

reported that contribute knowledge to the field of antisense research and drug 

development. Of particular significance, we have demonstrated that the sequestration of 

paraspeckle proteins by PS-AOs may have global consequences within the cell. 

Furthermore, we report that this off-target effect was not observed following 

transfection with PMOs. We also present an alternative application for AOs in inducing 

terminal intron retention as a mechanism for transcript or protein down-regulation. 

While this application may not be of clinical benefit for SMA patients, it could be an 

alternative approach for down-regulating certain genes involved in other diseases 

including cancer and those with a dominant mode of transmission. 

While licensing restrictions on AO targets for the SMN2 transcript limited the 

options for AO design, other factors were shown to impinge on this study. One question 

raised from this study is relevance of in vivo animal models in evaluating splice-

switching AOs, given the differences in splicing patterns and regulation between 
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species. Other limitations that will need to be taken into consideration for future studies 

include overcoming the poor sensitivity of western blots for assessing small changes in 

protein levels, as well as overcoming SMN transcript and protein sensitivity. The 

sensitivity of SMN to stress and toxicity, as well as its involvement in many important 

cellular processes, affects the assessment of the potential therapeutic benefit on SMN in 

vitro by PCR or western blotting. Instead, SMN evaluation using functional assays, 

including immunofluorescence of SMN “gems”, or perhaps evaluating downstream 

pathways will be necessary. 

The recent success of gene replacement trials, suggest that the scAAV9-SMN will 

become the first available therapy for SMA patients. However, in time alternative 

therapies may be required for continued clinical benefit to patients. The search into 

alternative therapies, including splice-switching AOs, therefore continues. Further to 

SMA, the work presented herein has the potential to be extended to several genetic 

diseases. While the number of clinically available antisense drugs is limited, recent 

years have seen significant progression in pre-clinical and clinical development, with 

various clinical trials on-going. As the research into antisense therapies grows, this is 

sure to expand. Since approximately one third of human diseases are caused by splicing 

errors (K. H. Lim et al. 2011), the application potential for splice-switching AOs is 

enormous. Following the success of the DMD PMO trials and the approval of the first 

splice-switching AO therapy, there is the potential for antisense therapies to become a 

hall-mark treatment for rare and genetic diseases. 
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Appendix 1: Supplementary data for Chapter 3 

 

SMN2 exon 7 retention results for all AOs 

Supplementary Table A1lists all 2´OMethyls tested and their efficacy at inducing SMN2 

exon 7 inclusion. The efficiency of the AO at inducing full length SMN is indicated as a 

percentage over the UT where UT = 100%. Therefore AOs with up to 150% efficacy 

are exceptional AOs. The better AOs binding intron 6 and 7 were repeated, the results 

of these transfections are shown in figures 1 and 2 respectively. AOs binding intron 7 

appear to be better at exon inclusion than those binding intron 6.   

 

In silico analysis of predicted splicing factor binding 

The intron 6 and 7 regions were analysed using the online SpliceAid splicing factor 

prediction tool to identify splicing factors the AOs are predicted to be blocking. 

SpliceAid predictions are shown in Figure A1, comparing the SMN1 and SMN2 

transcripts. Anti ISS-N1, Anti ISS-N2, AO-6 and AO-10 are highlighted. 

 



 

 

Table A1.1 Co-ordinates and sequences of AOs tested in Chapter 3 and the percentage of FL-SMN2 induced by each AO as determined by densitometry (n≥2). 

AOs chosen for further evaluation are indicated in bold type. 

AO name Co-ordinates Sequence 5´ > 3´ 
Splicing 

factor target bp % GC 
  % FL-SMN2 

(UT=67%) 

              

 

SMN2.7A(-264-245)  ACA ACU UUG GGA GGC GGA GG hnRNP-H1 20 55 75 

  SMN2.7A(-258-239)  AAU CCC ACA ACU UUG GGA GG   20 50 93 

  SMN2.7A(-252-233)  GCC UAC AAU CCC ACA ACU UU    20 45 81 

  SMN2.7A(-252-227) GCU CAU GCC UAC AAU CCC ACU UCU UU   26 46 67 

  SMN2.7A(-249-227) GCU CAU GCC UAC AAU CCC ACU UC   23 52 89 

  SMN2.7A(-246-227) GCU CAU GCC UAC AAU CCC AC   20 55 86 

  SMN2.7A(-240-221)  GCA GUG GCU CAU GCC UAC AA   20 55 74 

  SMN2.7A(-234-215)  CUU CUU GCA GUG GCU CAU GC    20 55 65 

  SMN2.7A(-228-209)  UAA GGU UUU CUU GCA GUG GC   20 45 88 

  SMN2.7A(-88-69)  UUA UAU GGA UGU UAA AAA GC    20 25 75 

  SMN2.7A(-85-66)  GCU UUA UAU GGA UGU UAA AA   20 25 60 

  SMN2.7A(-82-63)  AUA GCU UUA UAU GGA UGU UA    20 25 92 

  SMN2.7A(-79-60)  UAG AUA GCU UUA UAU GGA UG    20 30 68 

  SMN2.7A(-76-57)  AUA UAG AUA GCU UUA UAU GG    20 25 77 

  SMN2.7A(-76-51)    AGC UAU AUA UAG AUA GCU UUA UAU GG   26 27 87 

  SMN2.7A(-73-54)  UAU AUA UAG AUA GCU UUA UA    20 15 95 

  SMN2.7A(-73-51)    AGC UAU AUA UAG AUA GCU UUA UA   23 22 83.5 

  SMN2.7A(-70-51)    AGC UAU AUA UAG AUA GCU UU    20 25 96 

AO-3 SMN2.7A(-70-48)    GAU AGC UAU AUA UAG AUA GCU UU hnRNP-C1 23 22 94 

AO-4 SMN2.7A(-70-45)    AUA GAU AGC UAU AUA UAG AUA GCU UU   26 23 97 

AO-5 SMN2.7A(-67-48)  GAU AGC UAU AUA UAG AUA GC    20 30 99 

  SMN2.7A(-64-45)  AUA GAU AGC UAU AUA UAG AU    20 20 93 

  SMN2.7A(-61-42)  GAU AUA GAU AGC UAU AUA UA    20 20 70 

AO-6 SMN2.7A(-58-39)   AUA GAU AUA GAU AGC UAU AU   20 20 100 

  SMN2.7A(-55-36)  UAU AUA GAU AUA GAU AGC UA    20 20 80 



 

 

AO name Co-ordinates Sequence 5´ > 3´ 
Splicing 

factor target bp % GC 
  % FL-SMN2 

(UT=67%) 

  SMN2.7A(-52-33)  AGC UAU AUA GAU AUA GAU AG    20 25 50 

Anti ISS-N1  SMN2.7D(-10-29) AUU CAC UUU CAU AAU GCU GG hnRNP-A1 20 35 99.3 

Anti ISS-N1 25 SMN2.7D(-10-34) GUA AGA UUC ACU UUC AUA AUG CUG G hnRNP-A1 25 36 98.5 

  SMN2.7D(-69-94)    UCU GAA CUU UUU AAA UGU UCA AAA AC  hnRNP-C1 26 23 100 

  SNN2.7D(-69-88)    CUU UUU AAA UGU UCA AAA AC    20 20 92 

  SMN2.7D(-72-94)    UCU GAA CUU UUU AAA UGU UCA AA    23 22 99 

  SMN2.7D(-75-94)  UCU GAA CUU UUU AAA UGU UC   20 25 97 

  SMN2.7D(-81-100)   CUA ACA UCU GAA CUU UUU AA    20 25 100 

  SMN2.7D(-87-106)   AAC UUU CUA ACA UCU GAA CU    20 30 90 

  SMN2.7D(-89-114)   AAC CUU UCA ACU UUC UAA CAU CUG AA    26 31 97 

  SMN2.7D(-92-114)   AAC CUU UCA ACU UUC UAA CAU CU hnRNP-A1 23 30 88 

  SMN2.7D(-93-112)   CCU UUC AAC UUU CUA ACA UC    20 35 71 

  SMN2.7D(-95-114)  AAC CUU UCA ACU UUC UAA CA   20 30 95.5 

  SMN2.7D(-101-120)  CAU UAA CCU UUC AAC UUU CU    20 30 81 

  SMN2.7D(-107-126)  GUU UUA CAU UAA CCU UUC AA    20 25 95 

  SMN2.7D(-113-132)  UAU UGA UUG UUU UAC AUU AA    20 15 83 

  SMN2.7D(-128-147) AUC AAA AUU CUU UAA UAU UG    20 15 77 

  SMN2.7D(-128-153)  UUU GGC AUC AAA AUU CUU UAA UA    26 19 69 

  SMN2.7D(-131-150)  GGC AUC AAA AUU CUU UAA UA   20 25 79 

  SMN2.7D(-131-153)  UUU GGC AUC AAA AUU CUU UAA UAU UG    26 23 68 

  SMN2.7D(-131-156) AGU UUU GGC AUC AAA AUU CUU UAA UA    26 23 82 

  SMN2.7D(-134-156)  AGU UUU GGC AUC AAA AUU CUU UA    23 26 89 

  SMN2.7D(-134-153)  UUU GGC AUC AAA AUU CUU UA    20 25 70 

AO-11 SMN2.7D(-134-159)  AAU AGU UUU GGC AUC AAA AUU CUU UA   26 23 100 

  SMN2.7D(-136-163)  AUC UAA UAG UUU UGG CAU CAA AAU UCU U    30 23 100 

  SMN2.7D(-137-156)  AGU UUU GGC AUC AAA AUU CU    20 30 93 

AO-13 SMN2.7D(-140-162)  UCU AAU AGU UUU GGC AUC AAA AU hnRNP-H1 23 26 100 

AO-10 SMN2.7D(-137-159)  AAU AGU UUU GGC AUC AAA AUU CU hnRNP-H1 23 26 98 

AO-9 SMN2.7D(-140-159)  AAU AGU UUU GGC AUC AAA AU   20 20 94.5 



 

 

AO name Co-ordinates Sequence 5´ > 3´ 
Splicing 

factor target bp % GC 
  % FL-SMN2 

(UT=67%) 

  SMN2.7D(-140-162)  UCU AAU AGU UUU GGC AUC AAA AUU CU    26 27 95 

AO-12 SMN2.7D(-143-162)  UCU AAU AGU UUU GGC AUC AA   20 30 99 

  SMN2.7D(-146-165)  UUA UCU AAU AGU UUU GGC AU    20 25 87 

  SMN2.7D(-149-168)  CUU UUA UCU AAU AGU UUU GG    20 25 100 

AO-8 SMN2.7D(-149-174)  AUU AAC CUU UUA UCU AAU AGU UUU GG   26 23 98.5 

  SMN2.7D(-152-171)  AAC CUU UUA UCU AAU AGU UU    20 15 85 

AO-7 SMN2.7D(-152-174)  AUU AAC CUU UUA UCU AAU AGU UU   23 17 94 

  SMN2.7D(-155-174) AUU AAC CUU UUA UCU AAU AG   20 20 87.25 

  SMN2.7D(-155-177)  UAG AUU AAC CUU UUA UCU AAU AG   23 22 73.5 

  SMN2.7D(-155-180)  AUG UAG AUU AAC CUU UUA UCU AAU AG   26 23 84.5 

  SMN2.7D(-158-177) UAG AUU AAC CUU UUA UCU AA    20 20 75 

  SMN2.7D(-161-180)  AUG UAG AUU AAC CUU UUA UC    20 25 86 

  SMN2.7D(-164-183)  GGG AUG UAG AUU AAC CUU UU    20 35 91 

 
SMN2.7D(-167-186)  GUA GGG AUG UAG AUU AAC CU    20 40 92 

  SMN2.7D(-170-189)  CUA GUA GGG AUG UAG AUU AA    20 35 81 

  SMN2.7D(-173-192)  AUU CUA GUA GGG AUG UAG AU    20 35 87 

Anti ISS-N2 SMN2.7D(-278-297) AAG UCU GCU GGU CUG CCU AC LDI 20 55 87 

 

 

 

 



 

 

 

Figure A1.1 Comparison of in silico SpliceAid predictions of splicing factor binding to SMN1 and SMN2. The splicing factors that AOs are covering are shown in black, and 

those that are different between the two genes are shown in grey. 
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Appendix 2: Supplementary data for Chapter 4 

 

In silico analysis of the mRNA secondary structure using m-Fold 

 

 

Figure A2.1 In silico prediction of the SMN2 intron 7 mRNA secondary structure using the m-Fold (Zuker 

2003) online tool, showing (a) the SMN2 intron 7 sequence without AO annealing, and (b) the SMN2 intron 

7 sequence following Anti ISS-N1 binding. Bases targeted by Anti ISS-N1 are highlighted in green.  
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Figure A2.1 In silico prediction of the SMN2 intron 6 mRNA secondary structure using the m-Fold (Zuker 

2003) online tool, showing (a) the SMN2 intron 6 sequence without AO annealing, and (b) the SMN2 intron 

6 sequence following AO-6 binding. Bases targeted by AO-6 are highlighted in green.  
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Figure A2.3 SHAPE-derived secondary structure of SMN2 intron 7 mRNA showing (a) the whole intron 7 

region, (b) an alternative structure for Module 1, and (c) an alternative structure for Module 2. The binding 

location of AO-10 within the Module 1 region is highlighted in green in (a) and (b), and the UNA modified 

bases are circled in purple in (b). Image adapted from Singh et al. (N. N. Singh et al. 2013). 
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Appendix 3: Supplementary data for Chapter 5 

 

Supplementary data from 2´OMethyl and PMO mismatch AO screening. For summary 

and discussion of results see Chapter 5. 

 

Initial Anti ISS-N1 mismatch AO design 

 

Figure A3.1 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with Anti ISS-N1 and 

mismatch 2´OMethyl AOs (100, 50 and 25 nM). The percentage of FL-SMN2 as determined by 

densitometric analysis is shown below each lane for comparison with untreated fibroblasts. 

 

Second generation mismatch AOs  

 

Figure A3.2 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with Anti ISS-N1 and 

mismatch 2´OMethyl AOs (100, 50 and 25 nM).  
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Effects of mismatch bases on PMO effectiveness 

 

Figure A3.3 RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with Anti ISS-N1 (20, 

10, 5, 2.5 and 1 µM) and mismatch PMOs (20, 10 and 5 µM).  
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Appendix 4: Supplementary data for Chapter 6 

 

Sequencing alignment of exon/intron 7 SMN2 transcript 

BLAST alignment of exon 7 and intron 7 included SMN2 transcript following 

transfection with exon 8 targeting AOs. 

 

Query    ACAAAATCAAAAAGAAGGAAGGTGCTCACATTCCTTAAATTAAGGAGTAAGTCTGCCAGC  

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     ACAAAATCAAAAAGAAGGAAGGTGCTCACATTCCTTAAATTAAGGAGTAAGTCTGCCAGC   

 

Query    ATTATGAAAGTGAATCTTACTTTTGTAAAACTTTATGGTTTGTGGAAAACAAATGTTTTT   

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     ATTATGAAAGTGAATCTTACTTTTGTAAAACTTTATGGTTTGTGGAAAACAAATGTTTTT   

 

Query    GAACATTTAAAAAGTTCAGATGTTAGAAAGTTGAAAGGTTAATGTAAAACAATCAATATT  

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     GAACATTTAAAAAGTTCAGATGTTAGAAAGTTGAAAGGTTAATGTAAAACAATCAATATT   

 

Query    AAAGAATTTTGATGCCAAAACTATTAGATAAAAGGTTAATCTACATCCCTACTAGAATTC   

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     AAAGAATTTTGATGCCAAAACTATTAGATAAAAGGTTAATCTACATCCCTACTAGAATTC   

 

Query    TCATACTTAACTGGTTGGTTGTGTGGAAGAAACATACTTTCACAATAAAGAGCTTTAGGA   

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     TCATACTTAACTGGTTGGTTGTGTGGAAGAAACATACTTTCACAATAAAGAGCTTTAGGA   

 

Query    TATGATGCCATTTTATATCACTAGTAGGCAGACCAGCAGACTTTTTTTTATTGTGATATG   

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     TATGATGCCATTTTATATCACTAGTAGGCAGACCAGCAGACTTTTTTTTATTGTGATATG   

 

Query    GGATAACCTAGGCATACTGCACTGTACACTCTGACATATGAAGTGCTCTAGTCAAGTTTA   

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     GGATAACCTAGGCATACTGCACTGTACACTCTGACATATGAAGTGCTCTAGTCAAGTTTA   

 

Query    ACTGGTGTCCACAGAGGACATGGTTTAACTGGAATTCGTCAAGCCTCTGGTTCTAATTTC  

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

SMN2     ACTGGTGTCCACAGAGGACATGGTTTAACTGGAATTCGTCAAGCCTCTGGTTCTAATTTC   

 

Query    TCATTTGCAGGAAATGCTGGCATAAAGCAGCACTAAGTGACAC   

         |||||||||||||||||||||||| ||||||||||| |||||| 

SMN2     TCATTTGCAGGAAATGCTGGCATAGAGCAGCACTAAATGACAC   

 

Exon 7 

Exon 8 
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Appendix 5: Publications 

 

Translational development of splice-modifying antisense oligomers 

S Fletcher, MI Bellgard, L Price, AP Akkari and SD Wilton 
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Publications related to this thesis: 

Improved antisense oligonucleotide design to suppress aberrant SMN2 gene 

transcript processing: Towards a treatment for spinal muscular atrophy 

C Mitrpant, P Porensky, H Zhou, L Price, F Muntoni, S Fletcher, SD Wilton and AHM 

Burghes 

 

A novel Morpholino oligomer targeting ISS-N1 improves rescue of severe spinal 

muscular atrophy transgenic mice 

H Zhou, N Janghra, C Mitrpant, RL Dickinson, K Anthony, L Price, IC Eperon, SD 

Wilton, J Morgan and F Muntoni 

 

Co-regulation of Survival motor neuron and BCL-XL expression: implications for 

neuroprotection in spinal muscular atrophy 

RS Anderton, LL Price, BJ Turner, BP Meloni, C Mitrpant, FL Mastaglia, C Goh, SD 

Wilton and S Boulos 
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