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ABSTRACT
Modifier genes involved in pre-mRNA splicing may offer novel therapeutic targets for
reducing the severity of some genetic diseases. Spinal muscular atrophy (SMA) is a
devastating neurodegenerative disease most commonly caused by the homozygous
loss of the survival motor neuron 1 (SMN1) gene. The absence of SMN is embryonic
lethal, however humans have one or more copies of a nearly identical gene, SMN2,
that provides low levels of full length SMN (FL-SMN). A single nucleotide change in
SMN2 exon 7 creates a splice silencer recognition site that leads to the predominant
production of non-functional transcripts missing exon 7. The splicing of SMN2 exon
7 is regulated by numerous positive and negative splicing factors that function
collaboratively to influence exon recognition by the spliceosome. Splice switching
antisense oligonucleotide (AO) manipulation of the expression and therefore
intracellular concentrations of these splicing factors has potential as a means of
restoring FL-SMN from the otherwise suboptimal SMN2 gene. In this study, three
splicing factors involved in the processing of SMN2, Human transformer 2 Beta 1
(TRA2-β1), Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) and Src
associated in mitosis, of 68kDa (SAM68), were selected as targets for AO
manipulation.

TRA2-β1 is a positive splicing factor that promotes exon selection, with increased
concentrations shown to restore FL-SMN levels produced from SMN2. AOs were
designed to mediate upregulation of TRA2-β1 and thereby increase levels of SMN
protein. Results from TRA2-β AO treated SMA patient cells showed a significant
increase in the amount of functional SMN protein generated from the SMN2 gene.
Therefore, AO mediated TRA2-β1 upregulation has the potential in the development
of a combination therapy for SMA.

HnRNP A1 and SAM68 are negative splicing factors that promote SMN2 exon 7
exclusion. AOs were designed to target hnRNP A1 and SAM68 frame-shifting exons
for removal during pre-mRNA splicing in an attempt to knockdown respective protein
expression and thereby facilitate increased FL-SMN and SMN protein production. AO
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mediated knockdown of hnRNP A1 and SAM68 was achieved resulting in enhanced
functional SMN expression in SMA patient cells.
In addition, the lead AOs targeting TRA2-β, hnRNP A1 and SAM68 were evaluated in
combination with the Anti ISS-N1 AO that is the current antisense treatment available
to SMA patients. Combination AO treatments in SMA cells showed an additive effect
in increasing SMN protein expression.

Whilst the focus of this study was to manipulate splicing factors involved in SMN2
splicing as a means to increase SMN protein and thereby reduce the severity of SMA,
this approach can be extended to other diseases potentially amenable to amelioration
by manipulation of the factors regulating alternative splicing. Therefore, this study also
explores a similar strategy for reducing the severity of retinitis pigmentosa 11
(adRP11), a rare autosomal dominant disease caused by mutations in a splicing factor
called pre-mRNA processing factor 31 (PRPF31).
The protein produced from the normal PRPF31 allele is unable to meet retinal splicing
demands required for the survival of photoreceptors and retinal pigment epithelia and
thus patients experience progressive loss of vision. PRPF31 expression is negatively
regulated by a transcription factor called CCR-NOT transcription factor subunit 3
(CNOT3). AOs were designed to knockdown CNOT3 transcript levels in an attempt
to increase expression from the normal PRPF31 allele and thus improve the adRP11
phenotype. To date, several AOs targeting frame-shifting exons in CNOT3 have
mediated CNOT3 exon skipping and increased PRPF31 levels.
This study shows that AO-mediated manipulation of splicing factor concentrations has
the potential to alter the splicing outcomes of disease-causing genes. However, global
effects on the splicing of other genes needs to be considered and fully investigated in
order to determine the therapeutic potential of this approach.
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CHAPTER 1
Introduction and Literature Review

1

2

1.1 Regulation of gene expression by pre-mRNA splicing
Regulation of gene expression: a brief overview
In humans and other multicellular eukaryotes, regulation of gene expression is
comprised of a series of complex biological mechanisms that enable the growth and
support of structurally and functionally diverse tissues from genetically identical cells.
Significantly, by regulating the expression of genes, cells are able to produce specific
proteins in precise quantities and prevent other proteins from being synthesised,
facilitating a diverse tissue- and development-specific repertoire of gene expression
across the body.

Multiple modes of regulating gene expression may occur during DNA transcription,
precursor messenger RNA (pre-mRNA) processing and translation of the mature
mRNAs into proteins. Regulation of gene expression during transcription includes, but
is not limited to, methylation of cytosine bases in DNA molecules that represses
transcription by interfering with the binding of transcription factors, and histone
modifications, such as acetylation that “opens” chromatin structure to increase
transcriptional activity. Mechanisms for regulating mRNA processing and hence gene
expression include, but are not limited to, pre-mRNA splicing, the use of multiple
transcription start sites, polyadenylation sites, RNA interference, microRNAs, Alu
elements and long non-coding RNAs. Furthermore, whilst the majority of gene
expression is regulated during mRNA processing, in some instances translation may
be repressed in order to control protein production. Regulation of gene expression is
comprehensively reviewed in (Kumar, Garg et al. 2014).
For the purposes of this thesis, the focus is on the pre-mRNA splicing component of
gene expression regulation.
3

Post-transcriptional processing occurs prior to mature mRNA translation and is a prerequisite for gene expression. Following transcription, most resulting nascent gene
transcripts (pre-mRNA) undergo polyadenylation, which is important in nuclear
export, translation, and stability of mRNA in the cytoplasm, 5´ capping to facilitate the
recruitment of ribosomes for translation and splicing to remove non-coding sequences
(introns) and join coding sequences (exons). Reviewed in (Douglas and Wood 2011).
During splicing, key functional protein complexes, the exon junction complexes, are
deposited on the pre-mRNA, at the site where two exons are joined. The exon junction
complexes are involved in RNA surveillance, specifically nonsense mediated decay,
and nuclear export of the mRNA (Le Hir, Gatfield et al. 2001). Once the pre-mRNA
has been duly processed to form a mature mRNA transcript, it is transported from the
nucleus to the cytoplasm for translation into protein.

1.1.1 Exon definition and the pre-mRNA splicing reactions
Analysis of the human transcriptome has revealed that approximately 95% of nascent
multi-exon gene transcripts undergo pre-mRNA splicing to generate one or more
mature mRNA transcripts for translation (Pan, Shai et al. 2008). A small percentage
of genes (~3%), are intronless and contain only a single coding sequence, and therefore
have no need for pre-mRNA splicing. Reviewed in (Grzybowska 2012).

Pre-mRNA splicing occurs in the nucleus and involves two transesterification
reactions that are catalysed by the binding of trans-acting components of the splicing
machinery (spliceosome) to key cis functional sequences embedded within the premRNA. These cis sequences are responsible for exon definition and include the 5´ and
3´ splice sites (ss), branch point (bp) sequence and polypyrimidine tract, as well as
4

enhancer and silencer elements that sequester positive and negative splicing factors,
respectively (De Conti, Baralle et al. 2013).

Splicing is largely directed by the location and relative strength of splice sites that
serve as markers of exon/intron junctions for recognition by the spliceosome. In
general, canonical splice sites include an AG dinucleotide that marks the 3´ splice site,
located at the 3´ end of the previous intron (beginning of exon), and a GU dinucleotide
that marks the 5´ splice site, located at the 5´ end of the next intron (end of exon).
Approximately 10% of all pathogenic mutations are located in canonical splice sites,
affecting splice site strength and therefore exon recognition by the spliceosome
(Krawczak, Thomas et al. 2007). However, splice sites alone do not provide enough
information to initiate spliceosome assembly onto the pre-mRNA.

The branch point sequence is recognised by components of the spliceosome early on
in splicing and adds further definition to the 3´ splice site to promote inclusion of the
exon into the mature mRNA transcript. Human branch points are typically located 19
to 37 nucleotides upstream of the 3´ splice site and consist of a degenerative consensus
sequence of yUnAy, where “y” refers to pyrimidines that are less conserved than the
“U” and “A” nucleotides. Most commonly, the branch point nucleotide “n” consists of
an adenine (78.4%), with other less frequently used branch point nucleotides, i.e.
cytosine (8.4%), uracil (8.4%) and guanine (4.7%), giving rise to less efficient branch
point sequences (Reed and Maniatis 1988, Gao, Masuda et al. 2008, Mercer, Clark et
al. 2015).
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The polypyrimidine tract is located downstream of the branch point and generally
consists of a long continuous stretch of uracil bases that increase branch point
utilisation by the spliceosome (Coolidge, Seely et al. 1997). Indeed, progressive
deletions of the polypyrimidine tract abolish correct spliceosome assembly on the premRNA, leading to exon exclusion from the mature mRNA. Similarly, binding of a
negative splicing factor, called polypyrimidine binding protein (PBT), to the
polypyrimidine tract also prevents spliceosome assembly, leading to exon exclusion
(Singh, Valcarcel et al. 1995).

Additionally, certain regulatory sequences, embedded within exons and introns of premRNA, provide consensus binding motifs for RNA-binding proteins that influence
splicing. Positive splicing factors, such as the serine-arginine rich (SR) family of RNAbinding proteins, bind to exonic or intronic splice enhancers (E/ISEs) and promote
exon inclusion into the mature mRNA transcript by interacting with the spliceosome
and adding further definition to the 5´ and 3´ splice sites. Conversely, negative splicing
factors, such as the heterogeneous nuclear ribonucleoprotein (hnRNP) family of RNAbinding proteins, bind to exonic or intronic splice silencers (E/ISSs) and repress exon
recognition by the spliceosome. Splicing factors are further discussed in Section 1.1.3.

The two-step pre-mRNA splicing reaction
A previously mentioned, pre-mRNA splicing involves the removal of introns and
ligation of exons that occurs during two simple transesterification reactions. In the first
reaction, the 5´ splice site is cleaved and the 5´ end of the intron joined to the branch
point sequence, forming a lariat structure. In the second reaction, the 3´ splice site is
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cleaved, excising the entire intron from the pre-mRNA and the 5´ and 3´ exons are
joined to form the maturing mRNA transcript.

Figure 1.1 Schematic showing the two steps of pre-mRNA splicing. The polypyrimidine tract
that promotes spliceosome assembly onto pre-mRNA is indicated ‘uuuuu’. Coloured rectangles
represent exons and introns are indicated as black lines. Figure adapted from Douglas and
Wood 2011 (Douglas and Wood 2011).

1.1.2 The Spliceosome
The two-step pre-mRNA splicing reaction, described above, is catalysed by the
spliceosome, a macromolecular machine consisting of uridine-rich small nuclear
ribonuclear proteins (UsnRNPs) and transient numbers of associated pre-mRNA
processing factor proteins. Two separate spliceosomes exist, each involved in splicing
two distinct types of introns. The major spliceosome is responsible for splicing most
pre-mRNA introns containing canonical GU/AG splice sites, termed U2-type introns,
and is formed from the assembly of U1, U2, U3, U4/U6 and U5 major spliceosomal
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UsnRNPs onto the pre-mRNA. The minor spliceosome is responsible for splicing a
rarer subset of introns (0.5%), termed U12-type introns, that either have non-canonical
splice sites (AU/AC or AU/AG), a specific highly conserved branch point sequence or
are without a 3´ polypyrimidine tract (Dietrich, Incorvaia et al. 1997, Will and
Luhrmann 2005, Turunen, Niemela et al. 2013).

The major spliceosomal U1, U2, U3, U4/U6 and U5 snRNP particles are each made
up of an UsnRNA molecule complexed to seven Sm ribonucleoproteins and a variety
of non-snRNP proteins that differ during each stage of spliceosomal assembly onto
pre-mRNA (Will and Luhrmann 2001). Indeed, approximately 170 auxiliary proteins
associate with the major spliceosome over the course of pre-mRNA splicing to
facilitate spliceosome assembly, maturation and stabilisation (Agafonov, Deckert et
al. 2011).

Spliceosome assembly and catalysis of the pre-mRNA splicing reactions
During the early phase of spliceosome assembly, key cis regions in the pre-mRNA are
recognised by several spliceosomal RNA-binding proteins. Firstly, the U1 snRNP
locates and binds to the 5´ splice site of the intron, following this, additional RNAbinding proteins, namely the SF1 branch point binding protein (SF1/BBP) and U2
auxiliary factors (U2AF65 and 35) bind to the bp and polypyrimidine tract,
respectively (E complex). Next, the U2 snRNP interacts with the branch point to form
the pre-spliceosome (A complex). Subsequently, the U4/U6 and U5 snRNPs are
preassembled as a U4/U6.U5 tri-snRNP and recruited to the intron (B complex). In
order to become catalytically active, the spliceosome then undergoes major
conformational changes, including the release of the U1 and U4 snRNPs to allow U6
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to replace U1 at the 5´ splice site. Following this, U6 interacts with U2 (C complex)
and thereby brings the branch point into proximity with the 5´ splice site. The first
transesterification step of splicing then occurs, cleaving the 5´ end of the intron and
attaching it to the branch point to form a lariat structure. U5 then mediates the
interaction of the 3´ and 5´ ends of the intron that facilitates cleavage of the intron at
the 3´ splice site and ligation of the two exons. After the two splicing reactions, the
UsnRNPs and auxiliary proteins are released and recycled for splicing of the remaining
introns (Wahl, Will et al. 2009, Douglas and Wood 2011, Gallego-Paez, Bordone et
al. 2017).

Figure 1.2 Schematic depicting major spliceosome assembly, including formation of the E, A,
B and C complexes, and the two pre-mRNA splicing reactions. Following excision of the intron
and ligation of the flanking exons, UsnRNPs are released and recycled for splicing of further
introns. The 5´ and 3´ splice sites (ss), branch point (bp) and polypyrimidine tract (uuuu) are
separated by black lines indicating introns. Exons are represented by solid rectangles. Adapted
from Wahl et al. 2009 (Wahl, Will et al. 2009).
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1.1.3 Splicing factors
RNA-binding proteins are evolutionarily conserved regulatory proteins that recognise
and bind to short, often low affinity, RNA sequences (~2-10 nucleotides) in order to
modulate RNA metabolism, and are estimated to account for ~7.5% of the human
proteome (Anantharaman, Koonin et al. 2002, Gerstberger, Hafner et al. 2014). The
interplay between positive and negative cis-regulatory elements across the pre-mRNA
landscape modulates “exon definition” and hence splicing. As previously mentioned,
SR proteins and hnRNPs bind to enhancer and silencer cis regions, respectively, to
regulate various aspects of pre-mRNA splicing, reviewed in (Hennig and Sattler 2015).
Modulation of splicing factor expression, or the use of artificial RNA-binding proteins
that target specific mRNAs, has potential to redirect splicing as a therapy for amenable
diseases.

Serine and arginine-rich (SR) proteins
SR proteins belong to the arginine/serine (RS)-domain-containing superfamily of
RNA-binding proteins that oversee pre-mRNA splicing, reviewed in (Long and
Caceres 2009) and (Howard and Sanford 2015). In general, SR proteins bind to ESEs
and facilitate the assembly of key UsnRNPs onto the pre-mRNA, thereby promoting
exon recognition by the spliceosome and hence exon inclusion into the mature mRNA
transcript.

Structurally, SR proteins are modular, consisting of one or two N-terminal RNArecognition motifs (RRMs) that facilitate binding to pre-mRNA and an RS domain at
the C-terminal that enables protein-protein interactions. RRMs are the most common
RNA-binding domains found in RNA-binding proteins and typically consist of four β10

sheets and two α-helices, βαββαβ, a variety of loops connecting the β-sheets that
influence RNA-binding affinity, and two RNP sequences spaced thirty residues apart
(Clery, Blatter et al. 2008).

SR proteins themselves, are regulated by various protein kinases that phosphorylate
the serine residues on the RS domain. Importantly, the phosphorylation status of SR
proteins directly determines their activity. For example, phosphorylation of the RS
domain enables protein-protein interactions, whereas dephosphorylation is necessary
for activation of the spliceosome (Cao, Jamison et al. 1997, Xiao and Manley 1997).

The recruitment of SR proteins to ESEs increases “exon definition” and plays
important roles in assembly of both the major and minor spliceosomes (Shen and
Green 2007). During the formation of the major spliceosomal E complex,
phosphorylated RS domains of ESE-bound SR proteins interact with the U1-70k
snRNP at the 5´ splice site and U2AF35 at the 3´ splice site. In addition, SR proteins
are thought to be involved in the recruitment of the U4/U6.U5 tri-snRNP to pre-mRNA
upon initiation of the B complex. During activation of the B complex, the RS domains
of SR proteins undergo dephosphorylation that adds to the conformational changes
required to catalytically activate the spliceosome (Eperon, Ireland et al. 1993,
Roscigno and Garcia-Blanco 1995, Makarova, Makarov et al. 2001, Howard and
Sanford 2015). For minor spliceosome assembly, SR proteins facilitate the binding of
U11 to the 5´ splice site and U12 to the branch point sequence (Hastings and Krainer
2001).
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SR proteins have also been shown to functionally antagonise the repressive effects of
hnRNP proteins that bind to splice silencing elements and prevent exon recognition by
the spliceosome (Mayeda and Krainer 1992, Eperon, Makarova et al. 2000). As such,
the expression of SR proteins relative to hnRNPs has a role in gene expression
regulation across various tissues and developmental stages (Mayeda and Krainer 1992,
Caceres, Stamm et al. 1994).
Most often, SR proteins, bound to ESEs, interact with other proteins to form large
multimeric protein complexes that collaborate to influence exon selection by the
spliceosome (Wu and Maniatis 1993).

Functional SELEX (selected evolution of ligands through exponential enrichment),
which uses randomised RNA libraries to select for RNA-binding protein binding sites,
has identified high affinity pre-mRNA binding sites for SR and SR-like proteins,
including SF2/ASF, TRA2β, SRp40, SRp20 and many more. Techniques such as
SELEX have led to the development of open-source web-based tools, including
Human Splice Finder (Desmet, Hamroun et al. 2009) and Splice Aid (Piva, Giulietti
et al. 2012) that allow users to input sequences and identify predicted ESE and ESS
motifs bound by known splicing factor proteins.

Heterogeneous nuclear ribonucleoproteins (hnRNPs)
The majority of the hnRNP family of RNA-binding proteins are well characterised as
splice repressors that, in general, bind to splice silencing regions in pre-mRNA to
promote exon exclusion from the mature mRNA transcript. Reviewed in (Geuens,
Bouhy et al. 2016). However, some hnRNPs may also act as splice enhancers to
promote exon inclusion (Chou, Rooke et al. 1999).

12

Structurally, hnRNPs may contain a variety of RNA-binding domains, including the
RRM, the RGG box and the KH domain, that facilitate binding of the hnRNP molecule
onto pre-mRNA and auxiliary proline-glycine rich domains that assist in RNA-protein
and protein-protein interactions. Typically, the RGG box is located in the C-terminus
of an RNA-binding protein and consists of contiguous clusters of arginine-glycineglycine tripeptides that are flanked by phenylalanine and tyrosine residues (Kiledjian
and Dreyfuss 1992). The RGG box is important in RNA-protein and protein-protein
interactions and has also been shown to bind intermolecular G-quartets in order to
stabilise RNA-RNA interactions (Cartegni, Maconi et al. 1996, Ramos, Hollingworth
et al. 2003). Another common RNA-binding domain present in hnRNPs, the KH
domain, is characterised by a βααββα configuration with a flexible loop that links the
two core α-helices and is important for RNA interactions (Siomi, Matunis et al. 1993,
Jensen, Musunuru et al. 2000). HnRNPs often interact with other hnRNPs or RNAbinding proteins to form strong silencing complexes that functionally compete with
SR proteins for splice site selection to repress exon recognition by the spliceosome
(Matter, Marx et al. 2000, Mauger, Lin et al. 2008, Stoiber, Olson et al. 2015). For a
review on the hnRNP family of proteins see Geuens et al. 2016 (Eperon, Ireland et al.
1993, Geuens, Bouhy et al. 2016)

Modulating the expression and function of RNA-binding proteins is an under-explored
approach to treating disease and may as yet provide researchers with novel tools for
reducing the severity of certain disease phenotypes. For instance, knockdown of
hnRNP A1 in a breast cancer cell line (MDA-MB-231) reduced tumour proliferation
(Loh, Moon et al. 2015). In addition, overexpression of the SR-like protein, TRA2-β1,
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in cells containing mini-gene constructs of the sub-optimal survival motor neuron 2
gene (SMN2) implicated in spinal muscular atrophy, corrected pre-mRNA splicing and
led to a significant increase in the production of functional SMN transcripts (Hofmann,
Lorson et al. 2000) (further discussed in Chapter 3).

Similarly, the emerging field of ‘designer RNA-binding proteins’ to modulate specific
RNA targets has potential for therapeutic applications. In 2009, Wang et al.,
engineered an artificial RNA-binding protein to modulate pre-mRNA splicing of the
Bcl-X transcript to increase expression of the pro-apoptotic anti-cancer spliceoform
and thereby promote apoptosis and increased sensitivity of cancerous cells to
chemotherapy (Wang, Cheong et al. 2009). Since then, others have expanded on the
design of synthetic splicing factors to selectively bind a diverse range of RNA targets
and regulate pre-mRNA splicing for biological applications (Filipovska, Razif et al.
2011, Coquille, Filipovska et al. 2014, Shen, Zhang et al. 2016).

1.1.4 Alternative splicing
Alternative splicing greatly expands the coding capacity of the genome by facilitating
the inclusion or exclusion of alternative coding sequences that allow two or more
functionally diverse protein isoforms to be produced from a single gene. For example,
alternative splicing of the RAGE gene, which is upregulated in Alzheimer’s disease
and certain cancers, generates twenty different splice variants, half of which are
translated into proteins that differ in structure and localisation, whilst the remainder
are targeted for nonsense mediated decay (Hudson, Carter et al. 2008). Another
example, showcasing the functional diversity of proteins generated by alternative
splicing of a single gene, is the BCL-2 gene that produces two protein isoforms of
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opposing function, one pro-apoptotic and the other anti-apoptotic (Tsujimoto, Finger
et al. 1984, Cleary, Smith et al. 1986)

Transcriptome studies reveal that more than 86% of human protein-coding genes
undergo alternative splicing (Wang, Sandberg et al. 2008, Chen, Bush et al. 2014).
Figure 1.3 outlines the currently known modes of alternative pre-mRNA splicing.
Besides RNA-binding proteins, several other factors influence alternative splicing
patterns including, the insertion of Alu elements containing cryptic splice sites and
changes in pre-mRNA secondary structure.
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Figure 1.3 Schematic showing the currently known modes of alternative splicing including, a)
alternative exon selection, b) mutually exclusive exon selection, c) alternative 5´ and/or 3´ splice
site (ss) usage, d) alternative promoters and e) alternative polyadenylation site (AAA) usage as
well as f) intron and g) pseudoexon retention, adapted from (Black 2003). Teal rectangles
represent constitutively spliced exons and purple and orange rectangles represent alternatively
spliced exons; introns are represented by solid black lines (not to scale) and retained introns
and pseudoexons are represented by blue rectangles.

1.1.5 Pre-mRNA splicing and disease
Lim et al. 2011 estimate that one third of all pathogenic mutations affect some aspect
of pre-mRNA splicing (Lim, Ferraris et al. 2011), including disruptions to splice sites,
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disruption of regulatory cis-elements and loss of function mutations in RNA-binding
proteins or components of the splicing machinery.
For example, a single base mutation in intron 20 of the IKBKAP gene, implicated in
familial dysautonomia, disrupts the 5´ splice site of exon 20 and results in exon 20
skipping, leading to the generation of a truncated transcript that is not translated
(Ibrahim, Hims et al. 2007). In addition, a single base transition in the survival motor
neuron 2 gene (SMN2), which is improperly spliced in spinal muscular atrophy
patients, disrupts an important cis-regulatory element that leads to the skipping of an
exon critical for the production of functional SMN protein (Lorson, Hahnen et al.
1999) (further discussed in section 1.3)

Pre-mRNA processing factor 31 (PRPF31) is a splicing factor involved in the
formation of the tri-snRNPs in spliceosome assembly, and loss of function mutations
in the PRPF31 gene lead to the autosomal dominant blinding disease, retinitis
pigmentosa 11 (Rose, Luo et al. 2017) (further discussed in Chapter 5). For further
examples and a more detailed review on pre-mRNA splicing and disease see Douglas
and Wood 2011 (Douglas and Wood 2011).

Therapeutic strategies aimed at modulating pre-mRNA processing include small
molecules that modulate splicing factor activity and antisense oligonucleotides that
can be rationally designed to influence splicing in a predicted manner. This thesis will
focus on antisense oligonucleotides as an intervention to modulate pre-mRNA
processing for therapeutic benefit.
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1.2 Antisense oligonucleotides
Antisense oligonucleotides (AOs) are short, synthetic nucleic acid analogues, typically
15 to 30 nucleotides in length, that bind with specificity to a complementary DNA or
pre-mRNA sequence through Watson-Crick base-pairing.

Stephenson and Zamecnik (1978) were the first researchers to develop an antisense
molecule in the form of an oligodeoxynucleotide that was used to induce
downregulation of Rous sarcoma virus mRNA through AO-initiated RNase H
cleavage (Stephenson and Zamecnik 1978, Zamecnik and Stephenson 1978, Furdon,
Dominski et al. 1989). Subsequently, nucleic acids have been modified to prevent
RNase H degradation of the pre-mRNA-AO complex, allowing for the development
of further mechanisms through which AOs can influence gene expression.

AOs can be rationally designed to alter gene expression in various ways, including,
splice switching, RNase H cleavage, small interfering RNA cleavage, transcription
blocking, microRNA blocking or mimicking, redirection of polyadenylation and
blocking of translation. Reviewed in (Lundin, Gissberg et al. 2015). This introduction
will specifically focus on splice switching AOs that alter the splicing pattern of a target
pre-mRNA by annealing to selected cis sequences and physically blocking the
interactions of splicing factors and/or components of the spliceosome with the premRNA. Reviewed in (Havens and Hastings 2016).

Splice switching AOs are generally designed to modulate splicing patterns through
enhancing or suppressing effects of defining elements of the exon that influence exon
recognition by the spliceosome (Figure 1.4). For example, an AO annealing to an
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exonic splice enhancer (ESE) prevents the binding of an SR protein and promotes exon
skipping. Conversely, an AO covering an intronic splice silencer (ISS) can prevent
binding of a negative splicing factor, e.g. hnRNP A1, and promote exon inclusion. In
addition, mutations that create cryptic splice sites that either induce a non-functional
frame-shift or a toxic protein isoform, can be targeted by an AO to redirect the
spliceosome to use the normal splice site and thereby restore the natural splicing
pattern.

Moreover, exon skipping AOs can be strategically placed to restore the open reading
frame in scenarios where genomic exon deletions lead to a frame-shift that induces a
premature stop codon leading to nonsense mediated decay e.g. the dystrophin gene in
Duchenne muscular dystrophy. In 1988, Monaco et al. proposed the “reading frame
hypothesis” to explain the difference in the severity between the Becker and Duchenne
muscular dystrophy phenotypes. Both diseases are caused by mutations in the
dystrophin gene (DMD) that encodes a structural protein found in muscle, called
dystrophin. Their hypothesis proposed that mutations disrupting the open reading
frame of DMD leading to loss of functional dystrophin and hence a severe DMD
phenotype. However, an in-frame mutation may allow the production of an internally
truncated but nevertheless partially functional dystrophin protein that leads to the
milder Becker phenotype (Monaco, Bertelson et al. 1988). This understanding has
been ground-breaking in the development of splice switching AOs that restore the
DMD open reading frame, discussed in more detail later in this section. Furthermore,
disruption of the open reading frame may be a suitable strategy for AO-mediated
downregulation of proteins that are over expressed in disease pathogenesis. However,
it is important to note that the pathogenesis of some genetic diseases remains to be
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fully understood as there are instances of modifier genes that influence the severity of
the phenotype. For instance, it has been documented that decreased expression of
phosphatidylinositol transfer protein-a reduces disease severity in a dystrophindeficient golden retriever dog model of DMD (Vieira, Spinazzola et al. 2017).

Modulating pre-mRNA splicing with AOs, designed to behave in a predicted manner,
has facilitated the development of several splice switching antisense therapies that
have shown promise in preclinical and/or clinical trials (Table 1.1).

20

Figure 1.4 Schematic showing several strategies for AO mediated splice switching to modulate
pre-mRNA splicing. Exons are depicted as coloured rectangles, introns as black lines, and AOs
as comb-like structures. a) An AO annealing to an ESE prevents the binding of a positive splicing
factor (SR), reducing exon definition and promoting exon skipping. b) An AO annealing to an
ISS prevents the binding of a negative splicing factor (hnRNP), thereby allowing for splice site
(ss) selection by components of the spliceosome and promoting exon inclusion. c) An AO
covering the 5´ or 3´ splice sites creates a steric block for spliceosome assembly and leads to
exon skipping.

Chemical modifications to the phosphate backbone and/or sugar moieties of splice
switching AOs have been developed to improve their binding affinity, cellular uptake,
stabilisation, modes of action and hence pharmacodynamics (Figure 1.5). One of the
first AO modifications to be developed for therapeutic application was the
phosphorothioate backbone that increases nuclease resistance and therefore improves
AO stability in vivo. However, phosphorothioate backbones alone are not RNase H
competent and further modifications are required for splice switching applications.
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Common modifications at the 2´sugar moiety render the AOs RNA-like and include
the 2´-O-methyl (2´OMe) and 2´-O-methoxyethyl (MOE) phosphorothioate AOs.
Another phosphorothioate AO modification, created by closing the sugar furanose
ring, is the locked nucleic acid (LNA) AO that enables greater AO-pre-mRNA binding
affinity in vivo. Phosphorothioate AOs have an increased risk of toxicity in vivo as
they bind non-specifically to plasma proteins and have reduced renal clearance
(Watanabe, Geary et al. 2006). Furthermore, the phosphorothioate backbone has been
shown to sequester nuclear paraspeckle proteins in vitro (Shen, Liang et al. 2014, Shen,
Liang et al. 2015) and since paraspeckle proteins play a key role in regulating the
expression of certain genes (Bond and Fox 2009, Naganuma, Nakagawa et al. 2012),
limiting their availability could potentially lead to detrimental effects on normal
cellular functioning. Indeed, our laboratory has shown global disturbances of gene
transcript expression in pathways related to apoptosis, chromatin silencing, cell
signalling, cellular metabolism and nucleotide excision repair in cultured cells
transfected with phosphorothioate AOs regardless of AO sequence (Flynn 2018)

Another important AO modification used in clinical applications is the
phosphorodiamidate morpholino oligomer (PMO) that has a phosphorodiamidate
backbone combined with a morpholine sugar ring. PMOs carry a neutral charge and
therefore do not readily bind plasma proteins, improving in vivo AO tolerability and
nuclease resistance. Futhermore, PMOs are not metabolised in vivo and therefore do
not have toxic break-down products. Indeed, Eteplirsen, a PMO used in clinical trials
to treat Duchenne muscular dystrophy was well tolerated in patients during three years
of weekly intravenous drug administration (n = 12) (Mendell, Goemans et al. 2016).
However, PMOs have rapid renal clearance and low delivery efficiency and therefore,
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repeated administration of high therapeutic doses is necessary to adequately affect
splicing, rendering PMOs an expensive treatment option. Additions to the PMO
molecule have been explored in order to improve PMO delivery and efficacy. Arginine
peptide-tags (PPMO) and octaguanidine dendrimers (vivo-linked PMO) that enhance
delivery across cell membranes have been conjugated to the 2´ sugar moiety with
promising results in vitro and in rodent studies, however, safety concerns in nonhuman primate testing demand caution and limit immediate clinical implementation
(Moulton, Wu et al. 2009, Moulton and Jiang 2009, Jearawiriyapaisarn, Moulton et al.
2010, Hammond, Hazell et al. 2016).
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Figure 1.5 Chemical structures of splice switching AOs most commonly used in clinical
applications, including 2´OMe, MOE and LNA phosphorothioate AOs as well as PMOs. VPMOs
and PPMOs, image taken from Havens and Hastings 2016 (Havens and Hastings 2016).
Recently, the United States Food and Drug Administration (U.S FDA) granted
accelerated approval for the use of an exon skipping PMO, Exondys51 (formerly
Eteplirsen, Sarepta Therapeutics, Cambridge Ma), for the treatment of Duchenne
muscular dystrophy (DMD), a genetic condition that is characterised by progressive
muscle degeneration.

The DMD gene has 79 exons and encodes dystrophin, a large structural protein that
anchors the muscle cytoskeleton to proteins in the extracellular matrix. Approximately
two thirds of DMD patients have genomic deletions of one or more exons that disrupt
the open reading frame of DMD leading to the near complete absence of a functional
dystrophin. Two out of three DMD patients have traces of detectable dystrophin,
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presumed to arise from natural exon skipping as a consequence of splicing errors
(Nicholson 1993). In patients with amenable mutations (~13%), AO-mediated removal
of exon 51 restores the DMD reading frame and leads to the production of a shorter
protein that retains the functional N- and C- terminals responsible for dystrophin’s
“anchoring” capabilities.

At the conclusion of Exondys51 clinical trials in 2015, patients showed on average a
10-fold increase in dystrophin production above baseline after treatment and this
altered disease progression from the expected natural history, with several patients
remaining ambulant for longer than predicted when compared to age-matched,
external controls in DMD natural history studies (Mendell, Goemans et al. 2016).

Another recently approved splice switching antisense therapy is the Anti ISS-N1 MOE
phosphorothioate AO (licensed as Nusinersen, Ionis Pharmaceuticals, Carlsbad, CA,
USA) designed to correct the splicing of the SMN2 gene implicated in spinal muscular
atrophy (SMA) (Finkel, Mercuri et al. 2017). Details on the mechanism of action of
Nusinersen are further discussed in Section 1.3.5.
For a review with a particular focus on the translation of splice switching AOs for
treating DMD and SMA see Fletcher et al. 2017 (Fletcher, Bellgard et al. 2017).
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Disease

Target
gene

Stage of trial

Type of AO

Target/Mechanism of action

Reference

Β-Thalassemia

HBB

mouse

PPMO

Intron 2 aberrant 5´ss

(Svasti, Suwanmanee et al. 2009)

Fukuyama congenital muscular dystrophy

FKTN

mouse

VPMO

(Taniguchi-Ikeda, Kobayashi et al. 2011)

Hutchinson-Gilford progeria

LMNA

mouse

VPMO; MOE

Exon 10 aberrant 3´ss; alt 5´ss;
ESE
Exon 10 5´ss; exon 11cryptic 5´ss

Myotonic dystrophy

CLCN1 mouse

PMO

Exon 7a 3´ss (exon 7a skipping)

(Koebis, Kiyatake et al. 2013)

Alzheimer’s disease

LRP8

mouse

MOE

Intron 19 ISS (exon 19 inclusion)

(Hinrich, Jodelka et al. 2016)

Autoimmune diabetes susceptibility

CTLA4

mouse

PPMO

Exon 2 3´ss (exon skipping)

(Mourich, Oda et al. 2014)

Cancer

ERBB4 mouse

LNA

Exon 26 5´ss (exon skipping)

(Nielsen, Sorensen et al. 2013)

Cancer

MDM4

mouse

PMO

Exon 6 5´ss (exon skipping)

(Dewaele, Tabaglio et al. 2016)

Spinal muscular atrophy

SMN2

Human/FDA approved

MOE

Intron 7 ISS (exon 7 inclusion)

(Chiriboga, Swoboda et al. 2016)

Cardiomyopathy

TTN

mouse

VPMO

Exon 326 ESE (exon skipping)

(Gramlich, Pane et al. 2015)

Duchenne muscular dystrophy

DMD

Human/FDA approved

PMO

Exon 51 ESE (exon skipping)

(Mendell, Goemans et al. 2016)

Duchenne muscular dystrophy

DMD

Human/Rejected by the
FDA*

2´OMe

Exon 51 ESE (exon skipping)

(Tandon, Yan et al. 2016)

Disruption of open reading frame/protein
function
Huntington disease

HTT

mouse

2´OMe

Exon 12 skipping

(Evers, Tran et al. 2014)

Hypercholesterolemia

APOB

mouse

2´OMe

Exon 27 4 3´ss (exon skipping)

(Disterer, Al-Shawi et al. 2013)

Pompe disease

GYS2

mouse

PPMO

Exon 6 5´ss (exon skipping)

(Clayton, Nelson et al. 2014)

Spinocerebellar ataxia type 3

ATXN3 mouse

2´OMe

Exon 10 skipping

(Toonen, Rigo et al. 2017)

Correction of aberrant splicing due to mutations

(Lee, Nobumori et al. 2016)

Switching to alternative spliceoforms

Correction of open reading frame

Table 1.1 Examples of splice switching AO strategies in preclinical and clinical trials, adapted from Havens and Hastings 2016 (Havens and Hastings 2016).
*This drug (Drisapersen) was rejected by the FDA in 2016 for lack of efficacy and safety concerns related to AO toxicity, further discussed in Section 1.3.5
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1.3 Spinal muscular atrophy
Proximal spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular
disorder that is currently the leading genetic cause of infant mortality worldwide, with
a pan-ethnic incidence of 1 in 11,000 live births and a carrier frequency of 1 in 40 to
67 people (Sugarman, Nagan et al. 2012). SMA is caused by homozygous disruptions
to the survival motor neuron 1 (SMN1) gene that otherwise encodes a ubiquitous and
essential protein, called SMN (Lefebvre, Burglen et al. 1995, Schrank, Gotz et al.
1997). SMN is involved in numerous cellular processes and is particularly critical for
the survival of spinal motor neurons. Animal deletion models of SMN are embryonic
lethal and this should have been the same for humans except for a near identical gene
called SMN2. Although SMN2 potentially encodes the same protein as SMN1,
abnormal splicing of its pre-mRNA only produces enough SMN to prevent embryonic
lethality and is otherwise insufficient, leading to spinal motor neuron death and the
characteristic muscle weakness that all SMA patients manifest (Lorson, Hahnen et al.
1999).
1.3.1 Pathophysiology and clinical features of SMA
The pathophysiological hallmarks of SMA include catastrophic spinal motor neuron
loss that leads to failure of neuromuscular junctions and subsequent skeletal muscle
weakness, particularly affecting proximal, intercostal and lower limb muscles.
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Figure 1.6 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 SMA patient (B) compared with those in the healthy control (A). Skeletal
muscle of a SMA 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 directly from (Lunn and Wang
2008).

Clinically, SMA has been separated into five subtypes (types 0-IV) that range in age
of onset, severity and prognosis (Table 1.2) (Wadman, Stam et al. 2017):

Type 0 is the rarest and most severe form of SMA as new-borns present with
significant respiratory distress at birth (Al Dakhoul 2017) and have a median survival
of 3 to 15 days (Wadman, Stam et al. 2017).
28

Type I is the most common severe subtype of SMA with patients typically manifesting
debilitating hypotonia or “floppy baby syndrome” within the first three to six months
of life. SMA type I infants have no control of head movements and will never sit
unassisted. Furthermore, these patients present with profound weakness of trunk
muscles that lead to a bell shaped torso and respiratory insufficiency (Finkel, Weiner
et al. 2014). In type I patients, the median age of death or ventilation for more than
sixteen hours per day is 13.5 months of age (Finkel, McDermott et al. 2014). In
addition to respiratory insufficiency, type I sufferers are at risk of aspiration
pneumonia due to bulbar denervation that affects their ability to clear airway secretions
and swallow.

Type II is an intermediate SMA subtype, with onset generally between six to eighteen
months of age. Type II patients are able to sit unassisted but remain non-ambulant and
wheelchair bound for life. Similar to type I patients, they experience bulbar
denervation that results in difficulty swallowing and coughing, as well as weakened
trunk muscles that lead to scoliosis and respiratory insufficiency. Type II patients have
a decreased life expectancy due to the risk of respiratory failure, however, with
ventilation, most are still alive at 25 years of age (Kang, Gooch et al. 2014).

Type III is a milder form of SMA that displays a wide spectrum of symptom
heterogeneity, with onset any time from eighteen months of age to adolescence. Type
III patients typically sit and walk unassisted and have a normal life expectancy,
however some may eventually require wheelchair assistance.
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SMA type IV, the mildest form is characterised by disease onset in adulthood,
typically in the fourth to sixth decade of life. Type IV patients experience progressive
muscle weakness that may eventually lead to loss of ambulation, but they have a
normal life expectancy (Juntas Morales, Pageot et al. 2017).

The death of spinal motor neurons and failure of neuromuscular junctions are
attributed to insufficiency of SMN protein in SMA patients. However, SMN is
ubiquitously expressed and deficiency also leads to abnormalities in numerous other
peripheral tissues, including, skeletal muscle, cardiac muscle, bone, pancreas, liver,
the gastrointestinal tract and vascular tissue (Simone, Ramirez et al. 2016).

1.3.2 The SMN protein
SMN is a 38 kD ‘housekeeping’ protein, present in both the cytoplasm and nucleus of
all cells, that associates with eight additional proteins including, Gemins 2-8 and UNRinteracting protein to form a functional macromolecular structure called the SMN
complex.

The SMN complex is critical to the biogenesis of UsnRNP components of both the
major and minor spliceosomes. Briefly, while in the cytoplasm, the SMN complex
binds to Sm proteins and facilitates their assembly onto an UsnRNA molecule, creating
a heptameric ring of Sm core proteins around the uridine-rich region of the snRNA
(Meister, Buhler et al. 2001, Pellizzoni, Yong et al. 2002). The SMN complex then
functions as a molecular chaperone to translocate the newly assembled UsnRNP to the
nucleus, where it transiently associates with Cajal bodies to initiate further snRNP
maturation necessary for spliceosomal activity. In the nucleus, SMN complexes
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accumulate in clearly identifiable structures known as Gemini of Cajal bodies or
“gems”.

Since SMN is a key regulator of snRNP biogenesis, it is hypothesised that SMN
deficiency leads to global pre-mRNA splicing defects that in turn are responsible for
the pathogenesis of SMA. Indeed, SMN deficient mouse models show alterations in
pre-mRNA splicing in numerous mRNAs across a broad spectrum of tissues (Zhang,
Lotti et al. 2008). Furthermore, SMA patients have lowered snRNP biogenesis when
compared to healthy individuals (Wan, Battle et al. 2005).

The exact pathophysiology that renders spinal motor neurons particularly susceptible
to SMN depletion remains unclear. However, studies in severe SMA mouse models
have shown that the loss of spinal motor neurons is preceded by dysregulation of
mRNAs critical to synapse formation (Zhang, Pinto et al. 2013) and impaired astrocyte
development in the spinal cord (McGivern, Patitucci et al. 2013). In addition, SMN
depletion leads to the deficiency of multiple mRNAs and RNA-binding proteins in
motor neuron axons (Fallini, Zhang et al. 2011, Saal, Briese et al. 2014) and growth
cones (Fallini, Donlin-Asp et al. 2016). Furthermore, low levels of SMN lead to
vascular defects that induce hypoxia in motor neurons and abnormal development of
the blood-spinal cord barrier (Somers, Lees et al. 2016).

1.3.3 Genetics of SMA
Proximal SMA is caused by homozygous loss of function mutations or deletion of the
SMN1 gene, located on chromosome 5q, that lead to deficiency of the SMN protein
(Lefebvre, Burglen et al. 1995). SMN is essential to life, since complete absence is
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embryonic lethal (Schrank, Gotz et al. 1997). However, humans are the only species
to possess an almost identical, duplicated gene (Rochette, Gilbert et al. 2001) called
SMN2 that encodes low levels of SMN protein (Lorson, Hahnen et al. 1999). Indeed,
SMA patients invariably possess one or more copies of the SMN2 gene allowing them
to produce between 10 to 40% of normal SMN levels, depending on their SMA
subtype (Table 1.2) (Crawford, Paushkin et al. 2012).

Whilst there are eleven single nucleotide transitions between SMN1 and SMN2, the
most significant is a translationally silent C>T change six nucleotides into SMN2 exon
7 that simultaneously disrupts an ESE and creates consensus sequences for an ESS
complex. The C>T transition in SMN2 exon 7 creates UAGA and UUUA motifs that
sequester negative splicing factors hnRNP A1 and SAM68, respectively and promote
exon 7 skipping (Kashima, Rao et al. 2007, Pedrotti, Bielli et al. 2010). Therefore,
alternative splicing of SMN2 pre-mRNA predominantly generates a truncated
transcript, lacking exon 7 (Δ7-SMN) and produces only small amounts of the functional
full length SMN transcript (FL-SMN; ~10% per SMN2 copy in motor neurons) (Figure
1.7). Both SMN2 transcripts are translated, however the Δ7 transcript encodes a
truncated non-functional protein that is rapidly degraded.

Although not absolute, there is a compelling inverse correlation between the severity
of the SMA phenotype and SMN2 copy number, as increased SMN2 gene copies result
in the overall production of more functional SMN protein (Table 1.2) (Lefebvre,
Burlet et al. 1997, McAndrew, Parsons et al. 1997, Elsheikh, Prior et al. 2009,
Butchbach 2016). Therefore, treatments that increase the production of functional
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SMN in SMA patients have the potential to reduce disease severity and/or delay
disease onset.

Figure 1.7 Schematic showing SMN1 vs. SMN2 pre-mRNA splicing. The C6U transition in exon
7 simultaneously disrupts an ESE that binds to positive splicing factors, hnRNP Q and SF2/ASF,
and creates an ESS that recruits negative splicing factors, hnRNP A1 and SAM68. The majority
of transcripts generated from SMN2 pre-mRNA splicing lack exon 7 (Δ7-SMN) and encode a
truncated, rapidly degraded protein isoform.
Table 1.2 Summary of SMA types 0-IV (Crawford, Paushkin et al. 2012, Monani and De Vivo
2014, Wadman, Stam et al. 2017).
Type 0
SMN2 copy #
Proportion of
total SMA
cases (%)
Age at onset
Maximum
motor
milestone
Phenotype
Survival

Type I

Type I

Type III

Type IV

undetermined 1-2
60

2-3
27

3-4
12

4-6
1

In utero
none

<6 months
none

6-18 months
Sitting
unassisted

>18 months
Walking
unassisted

Adulthood
Normal

Severe
Severe
death within
<2 years of
weeks of birth age

Intermediate
95% alive at
25 years

Mild
Normal life
expectancy

Mild
Normal life
expectancy
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1.3.4 Modifiers of SMN2 pre-mRNA splicing
Pre-mRNA splicing of SMN2 exon 7 is regulated by numerous positive and negative
splicing elements that function collaboratively to influence exon 7 recognition by the
spliceosome (Figure 1.8).
TRA2-β1, TDP-43, hnRNP G, SRp30c and TIA1 are all positive splicing factor
proteins that bind to SMN2 exon or intron 7 enhancer regions to promote exon 7
inclusion into the mature SMN2 transcript (Hofmann, Lorson et al. 2000, Hofmann
and Wirth 2002, Young, DiDonato et al. 2002, Bose, Wang et al. 2008, Singh, Seo et
al. 2011). However, the additive effect of exonic and intronic splice silencing regions
that promote exon 7 exclusion, over-ride the positive influence of the enhancer
elements on SMN2 exon 7 splicing and thus the majority of SMN2 transcripts lack exon
7 in motor neuros. It is important note that the ratio of full length SMN2 to SMN2
transcripts lacking exon 7 (i.e. FL-SMN:∆7-SMN) is tissue specific, for instance, ~90%
of SMN2 derived transcripts in motor neurons are ∆7-SMN and ~50% are ∆7-SMN in
fibroblasts (Soler-Botija, Cusco et al. 2005).

As discussed previously, the C>U transition in SMN2 exon 7 pre-mRNA creates a
splice silencing complex that sequesters negative splicing factors, hnRNP A1 and
SAM68. In addition, several other silencing elements play a role in SMN2 exon 7
exclusion, the most significant being an intron 7 region called ISS-N1 that harbours
binding motifs for two hnRNP A1 molecules (Singh, Singh et al. 2006).

Discovery of the factors that influence exon 7 inclusion have provided researchers with
potential therapeutic targets for correcting SMN2 exon 7 splicing and thereby increase
functional SMN protein levels produced from the sub-optimal SMN2 gene. Indeed,
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Anti ISS-N1, an AO that anneals to ISS-N1 and mediates increases FL-SMN production,
has recently been approved for clinical use by the U.S FDA and European Union, and
is currently the only SMN-restoring treatment available to SMA patients (Singh,
Howell et al. 2017) (discussed further in Section 1.3.5).

Figure 1.8 Schematic showing the trans-acting factors and cis-elements contributing to SMN1
and SMN2 exon 7 pre-mRNA splicing, adapted from Singh et al. 2013 (Singh, Lawler et al.
2013). Positive splicing factors that promote exon 7 inclusion are indicated (+) and negative
splicing factors that promote exon 7 exclusion are indicated (-).

1.3.5 Current therapeutic approaches for SMA
Until very recently, symptomatic management, including ventilation, assisted feeding,
physiotherapy and wheelchair usage, was the only therapy option available to SMA
patients. However, several promising clinical trials that focus on increasing functional
SMN production have either recently concluded or are currently underway with the
front-runners being intrathecal administration of the Anti ISS-N1 MOE to improve
SMN2 splicing in the CNS and scAAV-9 viral vector delivery of the SMN1 gene.
Reviewed in (Farrar, Park et al. 2017). Indeed, in December 2016, the U.S FDA
approved the use of an Anti ISS-N1 MOE AO for treatment of SMA (Maharshi and
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Hasan 2017). However, given the non-regenerative nature of motor neurons, it will be
crucial that SMA patients receive treatment early on in the disease pathogenesis, prior
to motor neuron death and neuromuscular junction failure.

Anti ISS-N1 oligonucleotide therapy
In 2006, the Singh laboratory (Massachusetts, U.S.A) designed the Anti ISS-N1 AO
that targets a splice silencing region in SMN intron 7, called ISS-N1 (Singh, Singh et
al. 2006). ISS-N1 harbours binding motifs that recruit two hnRNP A1 molecules and
hence promote exon 7 skipping. The Anti ISS-N1 AO sterically blocks the binding of
hnRNP A1 and thereby inhibits the negative effect of ISS-N1 on exon 7 splicing.
Indeed, initial in vitro studies on the Anti ISS-N1 AO showed significant increases in
FL-SMN2 and SMN protein. Subsequently, the Anti ISS-N1 sequence has been
synthesised in a variety of AO chemistries and tested extensively in vivo in SMA
mouse models, showing great promise as an SMN-restoring therapy (Williams, Schray
et al. 2009, Porensky, Mitrpant et al. 2012, Mitrpant, Porensky et al. 2013, Rigo, Chun
et al. 2014, Singh, Howell et al. 2017).

Ionis Pharmaceuticals in partnership with Biogen, Inc. purchased the rights for
exclusive use of the Anti ISS-N1 AO sequence and has conducted clinical trials since
2012 using their patented MOE chemistry. Results from the phase I and II clinical
trials were promising, with some SMA type I patients showing significant
improvements in meeting developmental motor milestones (Chiriboga, Swoboda et al.
2016, Finkel, Chiriboga et al. 2016). At the end of 2016, the U.S FDA approved a
‘New Drug Application’ for the use of the Anti ISS-N1 MOE (licensed as Spinraza,
formerly Nusinersen, Ionis Pharmaceuticals) to treat SMA patients whilst the phase III
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clinical trial continues (NCT02193074 and NCT02292537). However, the toxicity of
the phosphorothioate backbone in vivo is must be considered. Below normal platelet
counts occurred in 11% of Nusinersen-treated patients compared to 0% in the placebo
control group, putting them at risk for thrombocytopenia. Furthermore, pre-clinical
trials in monkeys reported neurotoxicity in some subjects (Fisher 2016). Several
serious adverse events occurred during the course of Nusinersen clinical trials,
including hypoxic brain injury, lung collapse and pneumonia. However, the FDA
clinical safety reviewer stated all serious adverse events in the Nusinersen treated
group were likely to be related to complications of SMA and not the drug (Pratt 2016).

Although the clinical safety reviewer was of the opinion that all serious adverse events
in Nusinersen-treated patients were unrelated to Nusinersen, another splice switching
AO drug with a phosphorothioate backbone (Drisapersen), was deemed unsafe by the
FDA peripheral and central nervous system drug advisory committee in 2016.
Drisapersen is an exon skipping 2´-O-methyl phosphorothioate AO evaluated for the
treatment of DMD. During the course of the clinical trials with intravenous
Drisapersen administration, patients experienced several substantial adverse events,
including severe thrombocytopenia that lead to nasal and gingival bleeding;
unacceptable levels of renal toxicity as Drisapersen accumulates in kidney proximal
tubules; injections site reactions that occurred in 79% of patients, with 7% of patients
experiencing ulcerations and 18% chronic skin damage; and vascular inflammation
that may put patients at risk of myocardial ischemia and intracranial venous sinus
thrombosis (Tandon, Yan et al. 2016).
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It is likely that the poor tolerability of Drisapersen is attributed to phosphorothioate
backbone toxicity. Indeed, the Exondys51 PMO targeting the same DMD exon (exon
51) as Drisapersen had zero safety concerns, implying the side-effects experienced by
Drisapersen-treated patients were due to toxicity induced by the 2´-O-methyl
phosphorothioate AO chemistry rather than the AO-sequence or gene target.

SMN1 gene replacement therapy
The first-ever SMN1 gene replacement clinical trial (AVXS-101) is currently
underway. Excitingly, phase I data shows dramatic improvements in the phenotype of
SMA type I infants treated with a single dose of the self-complementary adenoassociated virus 9 carrying the functional human SMN1 gene (scAAV9-SMN). Indeed,
in 2016, the FDA granted scAAV-SMN a “break-through” therapy status that has the
potential to accelerate its approval for use in SMA patients.

The scAAV9 vector was developed by the Kaspar laboratory in 2009 (Ohio,
Columbus) and has the remarkable capability of crossing the blood brain barrier to
deliver its cargo gene into motor neurons (Foust, Nurre et al. 2009). ScAAV9-SMN
has been tested in various small and large animal models of SMA with promising
results. Indeed, a single dose of scAAV9-SMN in a severe SMA mouse model
extended survival out to 250 days compared to the untreated median survival rate of
15.5 days (Foust, Wang et al. 2010).

In the AVXS-101 phase I trial, fifteen infants with SMA type I (all patients were
genetically tested and had two SMN2 copies) received a single intravenous injection
of scAAV9-SMN. All patients showed improvements in pulmonary function, with
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none requiring permanent ventilation by 13.5 months of age- the median age of death
or ventilation in SMA type I infants carrying 2 copies of SMN2, according to a natural
history study. Furthermore, eleven out of twelve infants achieved motor milestones
previously unseen in the SMA type I population, including head control (11/12) and
unassisted sitting (8/12). Impressively, two patients were able to stand and walk
independently. No serious adverse events occurred, however, four patients had
elevated levels of aminotransferase, associated with liver damage, that was attenuated
by administration of prednisolone (Mendell, Al-Zaidy et al. 2017).

Although, SMN gene therapy appears promising as a cure for SMA, patients with preexisting neutralising antibodies to AAV9 could not benefit from this therapy.
Furthermore, there is the potential for patients to develop neutralising antibodies over
time that would preclude repeated treatment and may limit the efficacy of scAAV9SMN treatment (Kotterman, Yin et al. 2015). There is also uncertainty as to how long
the effects of the single dose scAAV9-SMN would last for before reverting to the
natural disease phenotype.

1.4 Significance and aims of this thesis
Although the Anti ISS-N1 MOE has been approved for use to treat SMA patients in the
United States and European Union, concerns regarding the safety and efficacy of long
term administration of molecules with phosphorothioate backbones persist. In
addition, whilst the SMN1 gene replacement therapy is very promising as a cure for
SMA patients who receive treatment early enough, there are certain patients that could
be excluded from treatment and the long-term efficacy of scAAV9-SMN is yet
unknown. Consequently, opportunities remain in the SMA drug development space
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for back-up treatments that modulate the expression of certain splicing factors
involved in the pre-mRNA processing of SMN2. Such drugs have potential to be used
transiently as part of a combination therapy to perhaps bolster the effects of other
treatments that target SMN2 directly, e.g. Anti ISS-N1.
Furthermore, the under-explored approach of modulating RNA-binding proteins
involved in disease pathogenesis could potentially be extrapolated to other amenable
diseases, such as a sub-set of retinitis pigmentosa that is caused by mutations in
splicing factors or cancers in which certain hnRNPs are upregulated.

Aims of this study
The purpose of this study is to develop AOs that manipulate the intracellular
concentrations of key positive and negative splicing factors involved in the pre-mRNA
splicing of SMN2 exon 7 in order to increase the production of FL-SMN from the suboptimal SMN2 gene. The intention of the study was to develop antisense compounds
that target splicing factors and can be used in combination with the existing Anti ISSN1 AO, or new and more potent AOs in order to augment treatment efficacy. The study
has the following specific aims:

1. a) To design and test AO sequences, synthesised as both the 2´-O-methyl
phosphorothioate and PMO chemistries, to upregulate TRA2-β1, a positive
SR-like splicing factor that promotes SMN2 exon 7 inclusion.
b) To explore the effects of AO-mediated TRA2-β1 upregulation on SMN2
splicing and functional SMN protein production, alone and in combination
with the Anti ISS-N1 AO.
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2. a) To design and test AO sequences, synthesised as both the 2´-O-methyl
phosphorothioate and PMO chemistries, that downregulate hnRNP A1, an
SMN2 exon 7 splicing repressor.
b) To test the hnRNP A1 downregulation AOs in conjunction with AOs
designed by a colleague that target SAM68, another SMN2 exon 7 splicing
repressor.
c) To explore the effects of AO-mediated hnRNP A1 and SAM68 knockdown
on SMN2 splicing and functional SMN protein production, singly and in
combination with the Anti ISS-N1 AO.

3. To explore the approach of AO-mediated manipulation of modifiers of gene
expression in another genetic disease, namely retinitis pigmentosa 11, a
blinding disease caused by mutations in a gene encoding pre-mRNA
processing factor 31 (PRPF31).
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CHAPTER 2
Materials and Methods
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2.1 Materials
2.1.1 Reagents
All the reagents used in this study are listed below:
Reagents

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

Jomar Life Research

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

Minimum essential medium (MEM)

Life Technologies

Ethanol

Sigma-Aldrich

Ethylenediaminetetra acetic acid (EDTA)

Sigma-Aldrich

F12 supplement

Life Technologies

Fast SYBR green

Applied Biosystems

Foetal bovine serum (FBS)

Scientifix
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Gemin 6 mouse monoclonal antibody

Developmental systems hybridoma bank (DSHB)

Glycerol

Sigma-Aldrich

Glycine

Sigma-Aldrich

hnRNP A1 rabbit polyclonal antibody

Pierce

Hoechst 33342 nucleic acid stain

Sigma-Aldrich

Horse serum (HS)

Life Technologies

IgG Alexa Fluor 488 goat anti-mouse

Life Technologies

IgG Alexa Fluor 568 goat anti-rabbit

Life Technologies

Interferon (INF) gamma

Life Technologies

Isopropanol

Sigma-Aldrich

Lipofectamine 3000

Life Technologies

MagicMark XP Western protein standard

Life Technologies

MagMax RNA isolation kit

Life Technologies

MANSMA1 SMN mouse monoclonal antibody

Developmental systems hybridoma bank (DSHB)

MANSMA7 SMN mouse monoclonal antibody

Developmental systems hybridoma bank (DSHB)

MOPS buffer

Life Technologies

Neural induction media (NIM)

Stemcell Technologies

Novex NuPage 4-12% Bis/Tris precast gels

Life Technologies

OptiMEM reduced serum media

Life Technologies

P2 nucleofection kit

Lonza

Polyvinylidene Fluoride (PVDF) transfer membrane

Pall

Phenylmethylsulphonyl fluoride (PMSF)

Sigma-Aldrich

Precision Plus Protein Kaleidoscope Standards

Bio-Rad Laboratories

ProLong Gold Antifade Mountant

Thermo Fisher Scientific

Protease inhibitor cocktail (P8340)

Sigma-Aldrich
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Random primers

Life Technologies

Red Safe nucleic acid stain

iNtRON biotechnologies

Roswell Park Memorial Institute medium (RPMI)

Life Technologies

SAM68 rabbit polyclonal antibody

Santa Cruz

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich

Superscript III one-step RT-PCR with Platinum Taq

Life Technologies

Superscript IV cDNA synthesis kit

Life Technologies

Tissue culture grade water

Sigma-Aldrich

TRA2-β rabbit polyclonal antibody

Life Technologies

Triton X-100

Sigma-Aldrich

Trizma base

Sigma-Aldrich

Trypan Blue

Sigma-Aldrich

Trypsin (used 0.25% in PBS)

Life Technologies

Tween 20

Sigma-Aldrich

Western Breeze Chemiluminescent

Life Technologies

immunodetection
Zenon Alexa Fluor 488 Mouse IgG2a Labelling kit

ThermoFisher Scientific

Zenon Alexa Fluor 568 Mouse IgG1 Labelling kit

ThermoFisher Scientific
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2.1.2 Buffers
The compositions of buffers made in-house are documented in Table 2.1.
Table 2.1 Composition of buffers
Stock Buffer

pH

Reagents

Applications

1x PBS

7.4

137 mM NaCl

•

Cell culture

2.7 mM KCl

•

Immunocytochemistry

•

Gel electrophoresis

•

Gel electrophoresis

•

Immunocytochemistry

•

Western blot

10 mM Sodium Phosphate dibasic
2 mM Potassium Phosphate
monobasic
Autoclaved and filter sterilised
1x TAE

8.2

20 mM Trizma base
40 mM Acetic Acid
1m M EDTA

Gel loading dye

0.25 g Bromophenol blue
0.125 g Xylene cyanol
7.5 g Ficoll
0.5 g SDS
make to 50 mL with H2O

1x PBST

7.4

137 mM NaCl
2.7 mM KCl
10 mM Sodium Phosphate dibasic
2 mM Potassium Phosphate
monobasic
0.1% Tween-20

1x Western

8.4

50 mM Trizma base

Transfer

400 mM Glycine

Buffer (WTB)

0.01% SDS
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2.2 Methods
2.2.1 Antisense oligonucleotide design and synthesis
Antisense oligonucleotides (AOs), typically 25 bases long, were designed to anneal to
target sequences on a specific pre-mRNA. In order to mediate exon skipping, AOs
were designed to target exonic splice sites and enhancer regions identified in
publications or predicted by the web-based bioinformatics tool Human splice finder
3.0 (Desmet, Hamroun et al. 2009). For this work, AOs were designed to avoid G
repeats as they are typically difficult to synthesise. Furthermore, GC content and AO
secondary structure were not taken into account during AO design, as the specific
focus was on targeting splice sites and exonic enhancer sequences.

All 2´-O-methyl phosphorothioate sequences were manufactured in-house on an
Expedite 8909 nucleic acid synthesiser using the 1 µmole synthesis protocol.
Phosphorodiamidate morpholino oligomers (PMOs) were kindly supplied by Sarepta
Therapeutics (Cambridge, MA, USA) or purchased from Gene Tools LLC (Philomath,
OR, USA). AO nomenclature, in this study, adheres to that described by Mann et al.
(2002), such that the species (h), gene transcript, exon number (n), acceptor or donor
splice site (A/D) and binding co-ordinates are indexed. Bases located within an exon
are indicated “+” and bases found in intronic regions “-” (Mann, Honeyman et al.
2002) i.e. h GENE n A/D (±xx ±yy).

The PMO chemistry was preferred for final AO evaluation and functional testing, as
PMOs have an excellent in vivo safety profile. However, PMOs are expensive to
manufacture, and therefore, all initial AO screening and micro-walking was performed
using the less expensive 2´-O-methyl phosphorothioate chemistry. Once lead AO
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sequences had been identified using the 2´-O-methyl phosphorothioate chemistry, they
were then synthesised as PMOs for further evaluation. In general, exon skipping AOs
have a good correlation in efficacy between the 2´-O-methyl phosphorothioate and
PMO chemistries (Adams, Harding et al. 2007).

2.2.2 Cell maintenance and passaging
Cells used in this study were purchased either from Coriell Cell Repositories (CCR;
Camden, NJ, USA), the American Type Culture Collection (ATCC, Manassas,
Virginia, USA), kindly provided by Professor Fred Chen at the Lion’s Eye Institute
(LEI, Perth, Western Australia) or cultured in-house from patient and healthy
volunteer skin biopsies.
Cells were proliferated in T75 flasks and subcultured when they were 80% to 90%
confluent. Human cells were seeded, with the appropriate media, onto 24-well plates
for RNA analysis, 6-well plates for western blotting or 22mm x 22mm coverslips in
6-well plates for immunofluorescence analysis and incubated at 37° C for 24 hours
prior to transfection. Table 2.2 outlines the specific cell types, their proliferation and
transfection conditions and source.

SH-SY5Y differentiation into neuron-like cells
SH-SY5Y cells are an immortalised human neuroblastoma cell line that consists of a
mixture of adherent and suspension cells. SH-SY5Y cells were proliferated in 10%
FBS EMEM/F12 in a T75 tissue culture flask and subcultured at 80% confluency with
care being taken to preserve the cells in suspension. For differentiation into neuronal
cells, SH-SY5Y cells were seeded onto poly L ornithine coated 6-well plates and
cultured in neural induction media (Stemcell Technologies), performing daily media
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changes, for one week. After 2 weeks, cells were then characterised by
immunocytochemistry using nestin and SOX-1 antibodies as markers of neuronal
precursor cells.

Figure 2.1 SH-SY5Y neuroblastoma cells differentiated into neuron-like cells express neural
precursor markers nestin (green) and SOX-1 (red). Nuclei stained with Hoechst 33342 (blue).

H2K mdx mouse myoblast cell culture
Mouse myoblasts were seeded onto matrigel coated flasks, proliferated in growth
medium consisting of 20% FBS 10% HS and 0.5% chick embryo extract in DMEM
and subcultured when 80% confluent. Mouse recombinant INF gamma was added to
media to a final concentration of 20 uL/mL and incubated at 33º C to maintain
transcription of the thermolabile immortalizing tsA58 gene (Morgan, Beauchamp et
al. 1994).
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2.2.3 2´-O-methyl phosphorothioate transfections
2´-O-methyl phosphorothioate AOs have a negatively charged backbone and are
therefore easily delivered across cell membranes using a lipid-based transfection
reagent. All 2´-O-methyl phosphorothioate AOs were transfected into cells using
Lipofectamine 3000 (Life Technologies, Melbourne, Australia), according to
manufacturer’s specifications. Briefly, transfections were prepared by incubating the
AO and transfection reagent (3 µL of Lipofectamine 3000 per 1 mL transfection
sample) in 50 to 200 µL of Opti-MEM, at room temperature, for 10 minutes.

Following incubation, the transfection mix was serially diluted to obtain the desired
AO concentrations to a final volume of 1 mL Opti-MEM and subsequently applied to
pre-seeded cells. Transfections were incubated at 37° C for the appropriate period of
time before the cells were harvested for analysis, generally, 48 hours for RNA analysis
and 72 hours for protein analysis. To prevent excessive cell death in transfections
incubated for longer than 24 hours, the Opti-MEM and excess 2´-O-methyl
phosphorothioate AOs were removed and replaced with 5% FBS DMEM for the
remainder of the transfection incubation.
2.2.4 Phosphorodiamidate morpholino oligomer transfections
Phosphorodiamidate morpholino oligomers (PMOs) have a neutral backbone and are
therefore not readily transfected into cells using standard transfection reagents. PMOs
were transfected using electroporation (nucleofection) or by the commercially
available peptide-based Endo-Porter transfection reagent (Gene Tools LLC). In
addition, proprietary peptide-conjugated phosphorodiamidate morpholino oligomers
(PPMOs) were synthesised as the PMO-K chemistry and supplied by Sarepta
Therapeutics for enhanced delivery of selected AO sequences. See Jearawiriuapaisarn
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et al. 2008 for details on PMO-K (Jearawiriyapaisarn, Moulton et al. 2008). Both
PMOs and PPMOs were supplied as lyophilised powder and reconstituted to 2 to 5
mM in tissue culture grade water (Sigma) for transfecting.

Nucleofection
Nucleofection is an electroporation-based transfection method, whereby AOs are
suspended in proprietary nucleofection reagents and delivered across cell membranes
using selected voltages. PMOs, typically at final volume concentrations of 1 µM and
0.5 µM, were delivered into fibroblasts by nucleofection with a P2 nucleofection kit
using the CA-137 (human) and CA-138 (mouse) programs on a 4D-Nucleofecter X
unit (Lonza, Melbourne, Australia). Briefly, cells were collected and resuspended in
the nucleofection P2 solution with supplement, as per manufacturer’s instructions, and
18 µL per well of the cell suspension was transferred into the transfection strip. Once
desired PMO concentrations were applied, cells were electroporated, following which,
80 µL of RMPI media was added to each well and cells were incubated for 10 minutes
to aid in recovery. The cell suspension was then transferred from the transfection strip
to the appropriate culture vessel containing 5% FBS DMEM and typically incubated
for 48 to 72 hours before cells were harvested for analysis. Table 2.3 outlines the
culture conditions for nucleofection. Cells were seeded at a higher density for
nucleofection than for lipid-based transfections to account for cell loss during
electroporation.

Endo-Porter transfection reagent
Endo-Porter is a peptide-based transfection reagent that delivers PMOs into cells via
endocytosis. Cells were transfected, according to manufacturer’s specifications, by
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applying Endo-Porter (6 µL per mL culture media) together with the appropriate
concentration of PMO directly to the transfection medium. Transfected cells were
incubated for 72 hours before being collected and processed for transcript and protein
analysis.
Peptide-tagged PMOs
Cells were transfected by applying PPMOs of appropriate concentrations directly to
the cell culture medium and typically incubated for 72 hours prior to being collected
and processed for transcript and protein analysis.
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Table 2.2 Cell culture types used in this thesis including the culturing and transfection conditions for 2´-O-methyl phosphorothioate and phosphorodiamidate
morpholino AOs.
Cell Type

Proliferation
conditions

Transfection
conditions

Seeding density

Mutation

Source

Media

24-well 6-well
plate
plate

Coverslip

Reagent
(2´-O-Me AOs)

Reagent
(PMO)

Spinal muscular
atrophy Type I
fibroblasts GM03813

SMN1 ex7-8
del,2 copies
SMN2

CCR

10% FBS
DMEM

20,000

75,000

10,000

Lipofectamine
3000, 3 µl/1 mL

Nucleofection

Retinitis pigmentosa
11 fibroblasts

PRPF31
c.1205 C>A

LEI

10% FBS
DMEM

20,000

75,000

10,000

Lipofectamine
3000, 3 µl/1 mL

Nucleofection

Apparently healthy
(normal) human
fibroblasts

N/A

Inhouse

10% FBS
DMEM

20,000

75,000

8,000

Lipofectamine
3000, 3 µl/1 mL

Nucleofection

ATCC

10% FBS
EMEM/F12 1:1,
(differentiated
in neural
induction
media)
20%FBS,
10%HS, 0.5%
chick embryo
extract DMEM

70,000

250,000

N/A

Endo-Porter

N/A

Nucleofection

SH-SY5Y,
neuroblastoma cell
line, CRL-2266
H-2Kb-tsA58 (H2K)
mdx mouse
myoblasts

ATCC

30,000

Media
Opti-MEM or
1-5% FBS
DMEM
Opti-MEM or
1-5% FBS
DMEM
Opti-MEM or
1-5% FBS
DMEM
Neural
induction
media

20%FBS,
10%HS,
0.5% CEE
DMEM
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Table 2.3 Culture conditions for nucleofection of fibroblasts.
Cell

Media

Analysis

Culture Vessel

density

Volume

RNA

2 wells, 24-well plate

60,000

1 mL

Western blot

1 well, 6-well plate

100,000

1.5 mL

Immunofluorescence

22mm x 22mm coverslip in 6-well plate

20,000

1.5 mL

2.2.5 Cell harvesting and RNA extraction
Following the appropriate post-transfection incubation period, cells were collected in
lysis/binding solution concentrate and RNA was extracted with a MagMax 96 well
total RNA isolation kit (Life Technologies) on an automated RNA extraction station
(Kingfisher Flex System), as per manufacturer’s instructions. Briefly, RNA binding
beads were added to the collected cell lysate and mixed for 5 to 10 minutes, following
which the bead/cell lysate solution was washed several times using two different
washing buffers and then DNase treated. The extracted RNA was eluted in 20 to 50
µL of elution buffer and RNA concentrations were measured using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific).

2.2.6 Polymerase chain reactions
Reverse transcription PCRs
For RT-PCRs, each reaction included 100 ng of RNA with 25 ng each of the forward
and reverse primers and was performed using the One-step Superscript III RT-PCRS
kit with Platinum Taq polymerase (Life Technologies), according to manufacturer’s
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instructions. PCR conditions for amplification of the relevant gene transcripts used in
this study are outlined in Table 2.4.

Real time quantitative reverse transcription PCRs
cDNA synthesis and qRT-PCR
Prior to qRT-PCR amplification, cDNA was synthesised from selected treated and
untreated RNA using the Superscript IV first-strand synthesis system (Life
Technologies) as per manufacturer’s instructions. Briefly, 150 to 300 ng of RNA was
added to a master mix containing appropriate Superscript IV first-strand synthesis
system buffers, random primers (Life Technologies), RNase OUT (Life Technologies)
and Superscript IV reverse transcriptase and cDNA was synthesised on a thermocycler
(Gene Works) to the temperature profile specified by the manufacturer. Prior to qRTPCR amplification, cDNA was diluted in RNase/DNase free water (1:5).

For qRT-PCRs, each reaction included 0.5 µL of each primer, 5 µL of Fast-SYBR
green, containing AmpliTaq DNA polymerase (Applied Biosystems, CA, USA), and
4 µL of diluted cDNA. Reactions were set-up in triplicate on 384-well plates for
amplification and transcript abundance was measured using the CFX384 TouchTM
Real Time PCR detection system (Bio-Rad Laboratories Pty., Ltd., Gladesville,
Australia). Table 2.4 outlines specific qRT-PCR primers concentrations and
thermocycler conditions.

All experiments included standard curves for each primer set and primers for
housekeeping genes Tata box protein (TBP 100% primer efficiency), Beta Tubulin
(TUBB, 94% primer efficiency) and/or Glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH, 96% primer efficiency) in order to normalise the data. Data analysis was
calculated using the 2-

CT

DD

method and presented as a fold change compared to sham-

AO and/or untreated samples.
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Table 2.4 RT- PCR and qRT-PCR conditions for all transcripts amplified in this thesis
Transcript

Primer and
conc.

Primer sequence 5' - 3'

Temperature
profile

SMN

Exon 4 Fwd

AGGTCTCCTGGAAATAAATCAG

55°C 30 min
94°C 2 min

(RT-PCR)

Exon 8 Rev

TGGTGTCATTTAGTGCTGCTCT

(50 nM)
Exon 1 Fwd

GGTCAAGATGGAGCCAGAGA

40 sec
1 min
1 min
30 min
2 min

27 x

SAM68

94°C
56°C
68°C
55°C
94°C

(RT-PCR)

Exon 6 Rev

ACAGTGGCACCTCTGGTGAT

(50 nM)
Exon 1 Fwd

AGGTAGGCTGGGAGATACGTTC

40 sec
1 min
1 min
30 min
2 min

27 x

HnRNP A1

94°C
58°C
68°C
55°C
94°C

Exon 9-10
Rev

CATAGCCACCTTGGTTTCGT

94°C
60°C
68°C
55°C
94°C

40 sec
1 min
2 min
30 min
2 min

28 x

94°C
58°C
68°C
55°C
94°C

40 sec
1 min
1 min
30 min
2 min

27 x

(RT-PCR)

CNOT3
∆3 transcripts
(RT-PCR)
CNOT3
∆8-9
transcripts
(RT-PCR)
CNOT3

(50 nM)
Exon 2 Fwd

GAAGATGGCGGACAAGCGCAA

Exon 6 Rev

CTGGCCAACCTCTTCCTTCTC

(50 nM)
Exon 7 Fwd

CTGTCAGTGCAGACACGCAA

Exon 11
Rev

GGACAGGCTTGGAGCCGTTT

94°C 40 sec
56°C 1 min
68°C 1 min

(50 nM)
Exon 15
Fwd

CATCCTGAGCAGTACATCAGC

55°C 30 min
94°C 2 min

Exon 18
Rev

CTCCAGGTAGCGGTACTCAA

94°C 40 sec
56°C 1 min
68°C 1 min

∆16-17
transcripts
(RT-PCR)
(50 nM)

Cycle
number
(x)

27 x

27 x
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Transcript

Primer and
conc.

Bandstab
PCR
(RT-PCR)

Appropriate
primers

TRA2-β
Set 1
For exon 2
transcripts
(qRT-PCR)
TRA2-β

Primer sequence 5' - 3'

94°C 30 sec
50°C 1 min
72°C 1 min
GAGCGGGTTAATGTTGAAGAAGG

Exon 2 Rev

GGACTTCTGGTCTGATAATTAGC

Set 2
For TRA2- β Exon 3 Rev
1
transcripts
(qRT-PCR) (250 nM)
PRPF31
Exon 2-3
Fwd

Cycle
number
(x)

94°C 6 min

(50 nM)
Exon 1-2
Fwd

(250 nM)
Exon 1-3
Fwd

Temperature
profile

95°C 20 sec
95°C 3 sec
60°C 30 sec

AGAACTACGGCGAGCGGGAATC

30 x

40 x

95°C 20 sec

CTAGATTCAGATCGGGACCTGGAC
95°C 3 sec
60°C 30 sec
GGGATAGTAAGATGTTTGCTGAG

40 x

95°C 20 sec

Exon 3-4 Rev GTCCCATCACTTCTGAAGCTTTGG
(qRT-PCR)
TBP

(250 nM)
Fwd

TCAGGCGTTCGGTGGATCGAGT

Rev

AGTGATGCTGGGCACTGCGGAGAA

(qRT-PCR)
GAPDH

(500 nM)
Fwd

ACAGTCAGCCGCATCTTCTT

Rev

AGGGGTCTACATGGCAACTG

(250 nM)

95°C 3 sec
60°C 30 sec
95°C 20 sec

40 x

95°C 3 sec
60°C 30 sec
95°C 20 sec

40 x

95°C 3 sec
60°C 30 sec

40 x

2.2.7 Gel electrophoresis
RT-PCR products were mixed with loading dye (1:4) and fractionated on a 2% agarose
gel in TAE buffer at 100V for 1.5 hours. A 100 base pair ladder was loaded alongside
the PCR samples and used as a standard for comparing product size. Following
electrophoresis, gels were incubated at room temperature in TAE containing 1x
Redsafe (iNtRON Biotechnology, Korea) for 10 minutes and then washed for 20
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minutes in ddH2O. Gel images were captured on a Vilber Lourmat Fusion FX system,
using Fusion software and Bio-1D software (version 15) was used for image analysis
with densitometry.

2.2.8 Band-stab PCR and sequencing
In order to purify and sequence individual PCR products, bands of interest on the
above described agarose gel (Section 2.2.7) were visualised on a UV light box and
“stabbed” with a pipette tip. The collected product was then placed into a pre-prepared
PCR master mix containing AmpliTaq gold DNA polymerase (Applied Biosystems,
CA, USA) and amplified according to the conditions outlined in Table 2.4 for a
secondary PCR. Following amplification, the PCR products were purified with
Diffinity rapid tips (Diffinity Genomics, PA, USA), as per manufacturer’s instructions
and sent, with the relevant primers, to the Australian Genome Research Facility
(AGRF, Perth, Australia) for Sanger sequencing. Chromas Lite version 2.1.1 software
was then used to analyse the sequencing.

2.2.9 Immunofluorescence
Cell culture
Cells were seeded, in the appropriate media, on 22 mm x 22 mm coverslips in 6-well
plates and incubated for 24 hours prior to transfection. AO-transfected and control
cells were incubated for 72 hours, following which cells were fixed on coverslips with
ice cold acetone-methanol (1:1) for 4 minutes and air dried. Coverslips were stored at
-80° C until immunofluorescence staining was performed. Table 2.5 details the
antibodies used in this study.
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SMN Staining
Coverslips were thawed, washed with PBS and incubated for 5 minutes in 1% Triton
X-100 for membrane permeabilisation. Cells were then washed with PBS to remove
excess Triton X-100 and blocked in 10% filtered goat serum in PBS containing 0.05%
Triton X-100 (PBT) for 10 minutes. SMN was probed with the MANSMA1 mouse
monoclonal antibody (1:100; Developmental studies hybridoma bank) diluted in PBT
and incubated overnight at 4° C.
Nuclei were stained with Hoechst 33342 (1mg/mL diluted 1:125; Sigma-Aldrich),
according to manufacturer’s specifications. Coverslips were incubated with
AlexaFluor 488 goat anti-mouse secondary antibody (1:400; Life Technologies) for 1
hour at room temperature to detect the MANSMA1 antibody.
Coverslips were then mounted onto glass slides using Prolong Gold anti-fade media
(Life Technologies). Images of the cells were captured with a 20 x objective on a
Nikon TS100 with NIS software. Twelve fields on each slide were photographed for
both SMN and Hoechst 33342 staining that were overlaid using Adobe Photoshop CC
2015 software. The number of nuclei containing gems were counted and expressed as
a percentage. The number of gems per individual nucleus were also counted and
recorded as 1 to 4 gems per nucleus and greater than 4 gems per nucleus.

SMN and Gemin 6 colocalisation staining
MANSMA1 (SMN) and anti-Gemin 6 (Gemin 6) are both mouse monoclonal primary
antibodies and thus could not be used to stain the same cells for co-localisation.
Therefore, Zenon AlexaFluor mouse IgG labelling kits (Life Technologies) for two
different isotypes (IgG1 and IgG2a) were used according to manufacturer’s instructions,
to stain cells simultaneously for SMN and Gemin 6. Briefly, 1 µg of primary antibody
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was labelled with the Zenon secondary antibody and chemiluminescence substrate.
The antibody mix was then applied directly to cells on coverslips and incubated for 30
to 45 minutes, following which the coverslips were washed in PBT and fixed in 4%
paraformaldehyde. Coverslips were then washed once more and mounted on to glass
slides with Prolong Gold anti-fade media (Life Technologies). Images were captured
as described for SMN staining. Cells were also stained with control mouse antibodies
(Dako, Denmark) of matched immunoglobulin isotype and concentrations to eliminate
false positive results produced by non-specific binding of the Zenon detection system.

2.2.10 Transmission electron microscopy (TEM)
All TEM processing and imaging was performed by Ms Lisa Griffiths at Sir Charles
Gairdener Hospital.
Following transfection, cells were washed in PBS and fixed in cold 2.5% phosphate
buffered glutaraldehyde overnight. The fixed cells were scraped, centrifuged and
embedded in 4% agarose. Cell pellets were processed using a Leica tissue processor,
moving through 1% aqueous osmium tetroxide, increasing graded alcohols, propylene
oxide, propylene oxide/araldite mix, and finally pure araldite resin. The osmicated
cells, surrounded by resin in a BEEM capsule were polymerised overnight at 80° C to
form hard blocks.
Semi-thin (0.5 micron) sections were taken from the blocks using glass knives, on an
RMC ultratome, and stained with methylene blue to visualise available cells.
Ultrathin sections were then cut from selected blocks, using a Diatome diamond
knife, at approximately 95 nm thickness and mounted on copper mesh grids and
stained with uranyl acetate and lead citrate. The grids were viewed using a JEOL
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1400 TEM, at 80 kV and images captured by an eleven megapixel GATAN digital
camera at varying magnifications.
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Table 2.5 List of Antibodies used in this study, their dilutions and detection method.

Primary

Antibody

Supplier

Catalogue #

Dilution

Beta Tubulin

DSHB

E7

1 in 5000

SMN

MANSMA-1

1 in 100

Incubation
4° C 16 hr
4° C 1-16hr

Conjugate

Species

Method

Detection

monoclonal

Mouse

Western blot

monoclonal

Mouse

Western breeze
IgG1 Alexa Fluor
Immunofluorescence 488 or 568

monoclonal

Mouse

Western blot

Western Breeze

polyclonal

Rabbit

Western blot

HRP

polyclonal

Rabbit

Western blot

monoclonal

Mouse

monoclonal

Mouse

polyclonal

Rabbit

HRP
IgG2a AlexaFluor
Immunofluorescence 488
IgG1 Alexa Fluor
Immunofluorescence 488
IgG1 Alexa Fluor
Immunofluorescence 568

polyclonal

Rabbit

Western blot

monoclonal

Mouse

Immunofluorescence Alexafluor 488

4° C 16 hr
DSHB
TRA2-β

Pierce

MANSMA-7
PA5-41788
PA5-30170

1 in 1,000
4° C 16 hr
1 in 3000
4° C 16 hr

hnRNP-A1
Gemin 6
Nestin
SOX-1
SAM68
Negative
control Mouse
IgG1 and IgG2a

Pierce
DSHB
Stemcell
Tech.
Stemcell
Tech.
Santa
Cruz

PA5-19431
4H6
60091
60095

1 in 1000
1 in 10
1 in 2000
1 in 1000

4° C 1 hr
4° C 16 hr
4° C 16 hr
4° C 16 hr

SC-333

1 in 10,000
4° C 1 hr

Dako

Same as test
X0931 / X0943 antibody

HRP
Alexafluor 568/
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Table 2.5 (Continued)
Antibody
Secondary

Nuclei
stain

Supplier

Catalogue #

Alexa Fluor 488 Life Tech A11001
Zenon
AlexaFluor
Z25006
mouse IgG1 568
labelling kit
Life Tech
Zenon
AlexaFluor
Z25102
mouse IgG2a
488 labelling kit Life Tech
Hoechst 33342

Sigma

B2261

Dilution
1 in 400
3:1
Fab:
Antibody

Incubation
25° C 1 hr

Conjugate

Species

Method

Detection

Anti-mouse

Goat

Immunofluorescence N/A

25° C 1 hr
Anti-mouse

Immunofluorescence

N/A

Anti-mouse

Immunofluorescence

N/A

25° C 1 hr
3:1
Fab:
Antibody
1mg/ml, 1 in
125

25° C 1 hr

None

None

Immunofluorescence None
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2.2.11 Western blot analysis
After the appropriate transfection period, adherent cells were removed from
cultureware, centrifuged and collected as a cell pellet. Following collection, cells
pellets were immediately snap frozen on dry ice then lysed with lysis buffer and
sonication to extract protein.
Lysis Buffer:

125 mM Tris/HCl pH 6.8
15% SDS (w/v)
10% Glycerol
12.5 µL PMSF
150 µL Protease inhibitor cocktail
Water to final volume of 5 mL

Loading Buffer for 75 µL of sample:

1.75 µL Bromophenol blue
4 µL Dithiothreitol (DTT, 100 mM)

A Pierce BCA protein assay kit (Life Technologies) was used, according to
manufacturer’s instructions, to determine the concentrations of total protein in each
cell pellet. Approximately 10 µg of protein per sample was loaded on a NuPAGE
Novex 4 to 12% Bis/Tris gel (Life Technologies) and fractionated at 200 V for 55
minutes. Precision plus kaleidoscope standards (Bio-Rad), to monitor electrophoretic
separation and blot transfer, and Magic Mark molecular weight marker (Bio-Rad), as
a standard for protein size, were loaded alongside each protein sample. Following gel
electrophoresis, proteins were transferred from the gel onto a fluorotrans
polyvinylidene fluoride (PVDF; Pall Corporation) membrane at 350 mA for 1 hour in
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western transfer buffer. Membranes were then blocked in 5% skim milk powder in 1
x TBST for 1 hour at room temperature. Membranes were incubated in the primary
antibody of choice at room temperature for 1 hour or 4° C overnight and then incubated
with an appropriate secondary antibody according to manufacturer’s instructions. A
Western Breeze chemiluminescence immunodetection system (Life Technologies)
was used to detect all the monoclonal antibodies, according to manufacturer’s
instructions. All antibodies, their dilutions and detection methods are described in
Table 2.6. Western blot images were captured on a Vilber Lourmat Fusion FX system
using Fusion software and Bio-1D software for image analysis. For western blot
analysis, (n=3) student’s t test was performed, significance was determined if P£0.05.

2.2.12 In vivo mouse study
All in vivo work, including genotyping and PMO administration, was performed by
Dr Vicki McGovern at Ohio State University, Columbus, Ohio, USA in strict
accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals at the University Laboratory Animal Resources, Ohio State University. The
protocol was approved by the Institutional Animal Care and Use Committee (IACUC),
under Permit Number 2008A0089. We thank professor Arthur Burghes and his team
for performing these studies.

FVB/N mice carrying SMN2 and SMNΔ7 transgenes were bred with heterozygous Smn
knockout mice, to produce a double transgenic SMA mouse breeding colony (SMN2;
SMNΔ7; Smn+/- on an FVB/N background) (Le, Pham et al. 2005). These heterozygous
SMN2; SMNΔ7 mice were bred to produce Smn+/+, Smn+/-, and Smn-/- offspring (Table
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2.6). On post-natal day 0 (PND0), mice pups were genotyped to identify heterozygous
(Smn+/-) and SMA (Smn-/-) mice for PMO administration.
Lyophilised PMOs were reconstituted to 4 mM in 0.9% saline and filter sterilised
before being mixed with 0.04% Evans blue dye for visualisation after injection. SMA
and heterozygous mice 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, 1mm lateral to and 1mm
posterior to the bregma (Porensky, Mitrpant et al. 2012). Mice were weighed daily.

Table 2.6. Genotypes possible from crossing SMN2; SMNΔ7; Smn+/- double transgenic mice.
Female

alleles

SMN2;SMNΔ7 Smn+

SMN2;SMNΔ7 Smn-,

Male

SMN2;SMNΔ7 Smn+,

Smn+/+(wildtype)

Smn+/- (Het)

alleles

SMN2;SMNΔ7 Smn-,

Smn+/- (Het)

Smn-/- (SMA)

2.2.13 Retinal organoid and retinal pigment epithelia
Retinal organoids are three dimensional (3D) structures containing retinal cells,
including photoreceptors and retinal pigment epithelium, that can be differentiated
from patient iPSCs and used for retinal disease modelling and drug screening
(Volkner, Zschatzsch et al. 2016, Wahlin, Maruotti et al. 2017).

In this study, 3D retinal organoids were differentiated from normal and RP11 patient
iPSCs (PRPF31 mutation c.1205 C>A) according to the protocol described in
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Kuwahara et al., by collaborators at the Lions Eye Institute (Perth, Australia) and used
as a functional photoreceptor model for evaluating CNOT3 PPMO 3.1 as a potential
therapeutic for RP11 (Kuwahara, Ozone et al. 2015).

All reprogramming of RP11 patient fibroblasts into induced pluripotent stem cells
(iPSCs), differentiation of iPSCs into retinal organoids and retinal pigment epithelia
and transfections into these retinal cells were performed by Mrs Dana Zhang at the
Lions Eye Institute in Perth, Western Australia. Experimental design and transcript
analysis of the transfected retinal organoids and retinal pigment epithelia were
performed by the author of this thesis.
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CHAPTER 3
Antisense Oligomer Modulation of TRA2-β1 Expression
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3.1 Introduction
Spinal muscular atrophy (SMA) is most commonly caused by the homozygous loss of
the entire survival motor neuron 1 (SMN1) gene that encodes an essential protein called
SMN (Lefebvre, Burglen et al. 1995). SMN has a role in the maintenance and growth
of axons in spinal motor neurons (Laird, Mackovski et al. 2016, Miller, Shi et al. 2016)
and is also an integral component of splicing machinery essential to the function and
survival of all cells (Pellizzoni, Kataoka et al. 1998).

Total depletion of SMN is incompatible with life (Schrank, Gotz et al. 1997), however,
humans have another near identical gene to SMN1, called SMN2. SMN2 prevents
embryonic lethality by producing approximately 10% of the normal levels of SMN,
encoded by a functional transcript (FL-SMN), per SMN2 gene copy. Although not
absolute, there is a strong correlation between SMA severity and SMN2 copy number,
since patients with more SMN2 genes will produce more FL-SMN (Lefebvre, Burlet et
al. 1997, McAndrew, Parsons et al. 1997, Elsheikh, Prior et al. 2009). Therapeutic
strategies, therefore, aim to increase FL-SMN as a means to improve the SMA
phenotype.

The most significant difference between the SMN1 and SMN2 genes is a single base
substitution in exon 7 that converts a splice enhancer into a splice silencer. This means
that the processing of SMN2 pre-mRNA is pathologically altered and leads to a huge
reduction (~90%) in the amount of functional SMN protein produced in spinal motor
neurons (Lorson, Hahnen et al. 1999). RNA-based therapies for treating SMA aim to
manipulate the processing of SMN2 pre-mRNA in order to increase the amount of
SMN produced by the SMN2 and thereby reduce the severity of SMA.
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The splicing of SMN2 exon 7 is regulated by numerous positive and negative splicing
factors that function collaboratively to influence exon recognition by the spliceosome
(Figure 3.1). Manipulation of intracellular concentrations of selected splicing factors
with splice switching antisense oligonucleotides (AOs) has the potential to increase
production of FL-SMN from the otherwise suboptimal SMN2 gene.

Human Transformer2-β1 (TRA2-β1), orthologous to Drosophila melanogaster
transformer-2 (dTra2) essential in sex determination (Inoue, Hoshijima et al. 1992),
belongs to the serine/arginine (SR)-rich family of splicing factors and is involved in
the alternative splicing of multiple genes, including the microtubule associated tau
(Kondo, Yamamoto et al. 2004), secretory receptor for advanced glycation
endproducts (Liu, Li et al. 2015) and survival motor neuron 1 and 2 genes (Hofmann,
Lorson et al. 2000).

TRA2-β1 binds to an enhancer region located within exon 7 of both the SMN1 and
SMN2 transcripts and functions in a complex with several other splicing factors,
namely TDP-43 (Bose, Wang et al. 2008), hnRNP-G (Hofmann and Wirth 2002) and
SRp30c (Young, DiDonato et al. 2002), to promote exon 7 recognition and hence FLSMN mRNA. TRA2-β1 is essential to the assembly of this multimeric splicing
enhancer complex as it binds directly to the 5´- A21G22 A23A24– 3´ sequence in SMN
exon 7 to activate inclusion, whilst also interacting with and stabilising TDP-43,
hnRNP-G and SRp30c to nearby low affinity binding motifs (Clery, Jayne et al. 2011).
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Figure 3.1 Schematic showing SMN exon 7 regulatory cis-elements and splicing factors
contributing to exon recognition, adapted from Singh, Lawler et al 2013. Cis-elements and transacting factors promoting exon 7 inclusion are indicated (+) and those promoting exon 7 skipping
are indicated (-). SMN2 exon 7 has a C6U change that replaces a binding motif for SF2/ASF, a
positive splicing factor, with one for hnRNP-A1, a negative splicing factor, and in so doing tips
the balance of regulatory elements in the favour of exon 7 skipping. TRA2-β1 assembles a
multimeric complex by interacting with TDP-43, hnRNP-G and SRp30c to promote exon 7
inclusion in both SMN1 and SMN2 (Singh, Lawler et al. 2013).
Several studies have shown that increasing intracellular TRA2-β1 protein levels has a
favourable impact on SMN2 exon 7 selection and can increase FL-SMN.
Overexpression of TRA2-β1 in both human and murine cells transfected with SMN2
minigenes, showed that increasing TRA2-β1 concentrations (0-3 μg) can restore FLSMN by up to 2.7-fold (Hofmann, Lorson et al. 2000). Similarly, transfecting SMA
patient cells with bifunctional AOs, that have a specifically designed tail region to
sequester TRA2-β1 to its ESE in SMN2 exon 7, has also lead to increases in FL-SMN
(Osman, Yen et al. 2012). Valproic acid and benzamide M344, which are histone
deacetylase inhibitors (HDACi), have been explored as potential small molecule
therapeutic agents for treating SMA. In addition to the general promotion of
transcription by HDACis, both valproic acid and benzamide M344 facilitate increased
expression of SR-rich proteins, including TRA2-β1, which is the likely mechanism for
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the increases seen in SMN protein (Brichta, Hofmann et al. 2003, Riessland, Brichta
et al. 2006, Mohseni, Zabidi-Hussin et al. 2013).

The aforementioned studies suggest that increasing intracellular TRA2-β1, and the
downstream effect it has in restoring FL-SMN from the defective SMN2 gene, may be
of therapeutic benefit in treating SMA. There is, as yet, mostly unexplored potential
for directly targeting the TRA2-β gene and upregulating TRA2-β1 protein as a strategy
for improving SMN2 splicing in the development of a treatment for SMA.

TRA2-β is located on chromosome 3q26.2-q27 and produces five mRNA transcripts
(Figure 3.2), two of which encode functional proteins, TRA2-β1 and -β3. TRA2-β1 is
the predominant TRA2-β transcript and is ubiquitously expressed, whilst expression of
the TRA2-β3 transcript is developmentally regulated and specific to brain, testes, liver
and kidney (Beil, Screaton et al. 1997, Nayler, Cap et al. 1998).

TRA2-β is essential to life in mammals, as studies with Tra2-β knockout mice showed
embryonic lethality at embryonic day 7 (Mende, Jakubik et al. 2010). Murine cortical
neurogenesis requires Tra2-β, since its depletion results in apoptosis of neural
progenitor cells and an underdeveloped disorganised cortex (Roberts, Ennajdaoui et
al. 2014).
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Figure 3.2 Schematic of the TRA2-β transcripts, adapted from Stoilov, Daoud et al. 2004. The
TRA2-β gene uses alternative splicing, polyadenylation and two promoter sites to produce five
transcripts. TRA2-β1 is the predominant transcript and contains the longest ORF (shown in light
blue), consisting of exons 1-10, minus exon 2. TRA2-β2 has the shortest ORF due to a
polyadenylation signal in exon 2 and is not translated. TRA2-β3 is generated as a result of the
start codon in exon 1 being followed by several nearby in-frame stop codons and a second
downstream start codon in exon 4 that initiates the third ORF (shown in light blue) encoding the
TRA2-β3 protein. The TRA2-β4 transcript, although not translated, is created in the presence
of high concentrations of TRA2-β1 as a mechanism of autoregulation and is formed by the
usage of the 5´ splice site in exon 2. Transcripts including exon 2 are not translated due to a
stop codon that leads to nonsense mediated decay. (Beil, Screaton et al. 1997, Nayler, Cap et
al. 1998, Stoilov, Daoud et al. 2004)
Structurally, the predominant TRA2-β protein, TRA2-β1, consists of two RS
(arginine-serine) domains flanking a single RNA recognition motif (RRM) that
specifically binds CAA and GAA sequences on pre-mRNA (Tsuda, Someya et al.
2011). The two RS domains can either interact with other RNA-binding proteins, to
stabilise protein binding to pre-mRNA, or can interact with RNA directly and thereby
increase the binding affinity of TRA2-β1. In the case of SMN2, it is proposed that
TRA2-β1, bound to the ESE in exon 7, interacts with hnRNP-G, via an RS domain, to
stabilise it to a sub-optimal binding site further upstream and thereby contribute to
exon 7 inclusion (Clery, Jayne et al. 2011). The TRA2-β3 protein is similar in structure
to TRA2-β1, but has only one RS domain, which makes it a more typical RNA binding
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protein. TRA2-β3 only appears in the brain at embryonic day 20, implying that it is
developmentally regulated (Beil, Screaton et al. 1997).

In order to prevent mis-splicing events, cells tightly regulate splicing factor
concentrations. In both Drosophila and humans, the dtra2 and TRA2-β1 proteins
dynamically regulate their concentrations via a negative feedback loop that controls
the amount of functional transcripts produced. Excessive dtra2226 concentrations
trigger the retention of dtra2 intron 3, producing a non-functional protein and thereby
decreasing dtra2226 levels (McGuffin, Chandler et al. 1998). In humans, TRA2-β1
concentrations are influenced by several factors, including phosphorylation by an SRprotein kinase, sequestration by other RNA-binding proteins and by an autoregulation
mechanism.

Autoregulation of TRA2-β1 involves the alternative splicing of TRA2-β exon 2 to
regulate concentrations. Excessive TRA2-β1 levels facilitate its annealing to four
ESEs in exon 2 of the TRA2-β pre-mRNA that activates exon 2 inclusion and produces
the inactive TRA2-β4 variant, thereby switching off TRA2-β1 synthesis (Figure 3.3).
Transfection studies with TRA2-β1 expressing constructs showed that even a small
increase in TRA2-β1 protein levels lead to a significant increase in TRA2-β exon 2
inclusion, enabling TRA2-β1 to be precisely regulated (Stoilov, Daoud et al. 2004).
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Figure 3.3 Schematic of TRA2-β1 autoregulation. Alternative splicing of TRA2-β exon 2
facilitates TRA2-β1 autoregulation. Exon 2 is skipped when TRA2-β1 concentrations are low,
allowing the TRA2-β1 transcript and protein to be produced. However, at high concentrations,
TRA2-β1 is sequestered by the four enhancer motifs in exon 2, inducing exon 2 inclusion and
facilitating the production of the TRA2-β4 transcript that is not translated, thereby suppressing
TRA2-β1 production.

Stoilov et al. 2004, identified the four motifs in exon 2 that bind to the TRA2-β1 RRM
(shown in Table 3.1) (Stoilov, Daoud et al. 2004) and facilitate exon 2 inclusion by
the spliceosome. In silico analysis of TRA2-β1 exon 2 revealed it has poor exon
definition, with a suboptimal 5´ splice site that allows it to be skipped when TRA2-β1
concentrations are low and the four enhancers inactive (Table 3.2).
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Table 3.1 Motifs and coordinates of TRA2-β1 binding sites located in exon 2 of TRA2-β premRNA (from Stoilov et al 2004).
Motif coordinates

Sequence 5´- 3´

Motif 1 (+13+19)

GAAGGAAA

Motif 2 (+204+210)

GGAAGAA

Motif 3 (+182+188)

GAAAGAAG

Motif 4 (+105+111)

GAAAGAA

Table 3.2 Splice site strength of the TRA2-β exon 2 acceptor and donor splice sites. Scores
calculated

by

the

web

based

bioinformatics tool Human

Splice

Finder

3.0

(http://www.umd.be/HSF3/HSF.html) (Desmet, Hamroun et al. 2009).
Splice site

Sequence 5´- 3´

Score

Acceptor (3´ss)

ttttctattaagGT

86.1

Donor (5´ss)

TAAgtgaag

75.1

The purpose of this study was to design and evaluate splice switching AOs to
upregulate TRA2-β1 in SMA type I patient cells and thereby increase the production
of FL-SMN2 and functional SMN protein from the sub-optimal SMN2 gene. Splice
switching AOs were designed to anneal to the acceptor and donor splice sites as well
as the four enhancer motifs that sequester TRA2-β1 within the exon 2 pre-mRNA in
an effort to induce exon 2 skipping and hence mediate TRA2-β1 upregulation. The
increased availability of TRA2-β1 for SMN2 exon 7 splicing may consequently lead
to improved SMN expression through the restoration of FL-SMN2.

In addition, this study assesses the potential of TRA2-β exon 2 targeting AOs to
augment the efficacy of a patented AO sequence, Anti ISS-N1, (licenced by Ionis
Pharmaceuticals, Carlsbad, CA, USA; WO 2007/002390 A2, currently FDA approved
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as Nusinersen and marketed under the trade name Spinraza) that targets SMN2 exon 7
splicing directly. More globally, the rationale for this study was to determine if a
combination approach to treating SMA, with coordinated AOs targeting modifiers of
SMN2 splicing and AOs targeting SMN2 directly, would be a viable option.

3.2 Specific methods
3.2.1 AO design
AO sequences, 25 nucleotides long, were designed to cover the acceptor and donor
splice sites and motifs 1 to 4 of TRA2-β exon 2 pre-mRNA (Table 3.3). All 2´-Omethyl phosphorothioate AOs were synthesised in-house on an Expedite 8909 using
the 1 µmole synthesis protocol and all PMOs were manufactured and supplied by
Sarepta Therapeutics (Cambridge, MA, USA).
For all experiments, the Anti ISS-N1 AO sequence was used for comparison of FLSMN induction and a scrambled AO sequence, the Gene Tools control (GTC) that does
not bind SMN2 and is not known to bind to any other pre-mRNAs, was used as a shamtreatment control (commercially available as a PMO from Gene Tools LLC.
Philomath, OR, USA).
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Table 3.3. AO sequences targeting TRA2-β1 binding motifs and splice sites in exon 2 of TRA2β pre-mRNA. The bases that anneal to the TRA2-β1 binding motifs in exon 2 are highlighted in
red. Also shown are the Anti ISS-N1, GTC sham control and SMN∆7 AO sequences.
AO Name

Coordinates

Sequence 5´- 3´

Acceptor (A)

TRA2-β H2A(-8+17)

CCUUCUUCAACAUUAACCUUAAUAG

Motif 1

TRA2-β H2A(+7+31)

GACUUCCGCAUUUUCCUUCUUCAAC

Motif 2

TRA2-β H2A(+196+220)

CUUUUCUUCAUUCUUCCGUUUC

Motif 3

TRA2-β H2A(172+196)

AUUCUGACUUCUUUCAUCUUCCCCA

Motif 4

TRA2-β H2A(+104+128)

CUGAUUUAGCAUGCAUUCUUUCU

Donor (D)

TRA2-β H2D(+15-9)

AGTAATTACTTAGCGTAGTGCTTT

Anti ISS-N1

SMN2 H7D(−10-29)

AUUCACUUUCAUAAUGCUGG

GTC AO
SMN ∆7

CCTCTTACCTCAGTTACAATTTATA
SMN1 H7A(+06+27)

UCCUUCUUUUUGAUUUUGUCUG

3.2.2 TRA2-β quantitative reverse transcription PCR primers
Two primer sets were designed in order to quantitate TRA2-β1 and –β4 transcript levels
by qRT-PCR (Table 3.4). A forward primer across the TRA2-β exon 1 and 2 junction
was paired with an exon 2 reverse primer to amplify and quantitate the TRA2-β
transcripts containing exon 2 (TRA2-β2 and -β4). For the functional TRA2-β1
transcript, a forward primer across the exon 1 and exon 3 junction was paired with an
exon 3 reverse primer. Results for all TRA2-β AO treated cells were normalised to the
expression of two housekeeping genes, TBP and GAPDH, and compared to Anti ISSN1 and sham AO treated cells in order to calculate fold changes in TRA2-β1, -β2 and
-β4 transcripts.
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Table 3.4. TRA2-β qRT-PCR primer sequences.
Primer Name

Sequence 5´-3´

TRA2-β ex1/2_Fwd

GAGCGGGTTAATGTTGAAGAAGG

TRA2-β_ex2_Rev

GGACTTCTGGTCTGATAATTAGC

TRA2-β ex1/3_Fwd

AGAACTACGGCGAGCGGGAATC

TRA2-β_ex3_Rev

CTAGATTCAGATCGGGACCTGGAC

3.3 Results
3.3.1 Screening 2´-O-methyl phosphorothioate AO sequences designed to
upregulate TRA2-β1
3.3.1.1 Proof of concept: qRT-PCR analysis of TRA2-β transcripts from AO
treated cells
2´-O-methyl phosphorothioate AOs, annealing to the acceptor, donor splice sites or
motifs 1-4 of TRA2-β exon 2 pre-mRNA, were complexed with Lipofectin 3000 (Life
Technologies) and transfected with into SMA type 1 patient fibroblasts (GM03813,
Coriell Cell Repositories, Camden, NJ, USA) at 50 nM and 25 nM and incubated for
48 hours. Previous studies showed high levels of cell death at 2´-O-methyl
phosphorothioate AO concentrations above 50 nM (data not shown) and therefore 50
nM and 25 nM were selected to show a dose response in the AO treated cells.
QRT-PCR analysis of the TRA2-β transcripts, from RNA extracted from SMA
fibroblasts, showed a decrease in TRA2-β2 and -β4 transcript levels and a concomitant
increase in TRA2-β1 transcript levels in all of the TRA2-β AO treated cells -with the
exception of the donor AO treated cells. This indicated that the AOs were successfully
mediating exon 2 skipping from TRA2-β pre-mRNA and prevented TRA2-β1
autoregulation in a dose dependent manner (Figure 3.4). The AO sequence covering
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motif 2 was the most effective at upregulating the functional TRA2-β1 transcript and
induced levels of over four-fold higher, compared to sham-AO treated cells.

Figure 3.4. qRT-PCR analysis of the TRA2-β transcripts from AO treated cells, normalised to
housekeeping genes, TBP and GAPDH, and represented as relative to the average of Anti ISSN1 and GTC (sham) treated cells (baseline = 1), n=1.

3.3.1.2 Analysis of SMN2 transcripts and functional SMN protein in cells treated
with the TRA2-β 2´-O-methyl phosphorothioate AOs.
After confirming that the TRA2-β exon 2 acceptor and motif 1 to 4 targeting AOs were
effective in upregulating TRA2-β1, SMN2 transcripts and functional SMN protein were
analysed. RT-PCR of SMN2, across exons 4 to 8, showed restoration of FL-SMN
comparable to that induced by treatment with the Anti ISS-N1 AO (Figure 3.5a).

SMA fibroblasts treated with the TRA2-β AOs were stained with the MANSMA-1
antibody for SMN detection. SMN is located in nuclear SMN complexes or “gems”,
together with gemins 2-7. The SMN complex is responsible for the assembly of small
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nuclear ribonucleoproteins (snRNPs) that are key components of the spliceosome
(Feng, Gubitz et al. 2005).
Functional SMN protein was assessed in TRA2-β AO, control AO and untreated cells
by counting the number of nuclei (identified by Hoechst 33342 nuclear stain)
containing gems, and expressing these as a percentage of total nuclei (Figure 3.5b and
c). For each sample, two hundred or more nuclei were examined for the presence of
gems, with the number of gems per individual nucleus also noted. Surprisingly, all the
TRA2-β AO treated cells had over 15% of nuclei that contained gems, indicating higher
SMN levels than those induced in the Anti ISS-N1 AO treated cells. The TRA2-β
acceptor AO and motif 1 and 4 AOs, at the 50 nM dose, showed over 35% nuclei
containing gems, which is comparable with the gem numbers found in apparently
healthy fibroblasts. In addition, an alteration in the distribution of gems per individual
nucleus in TRA2-β AO treated cells was observed. For instance, in the normal
untreated cells 22.5% of the nuclei containing gems had only one gem per nucleus,
compared to cells treated with the acceptor AO where just 5% of nuclei containing
gems had one gem and 11.4% had five or more gems.
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Figure 3.5 a) RT-PCR analysis of SMN2 transcripts from SMA fibroblasts transfected with
TRA2-β AOs at 50 nM and 25 nM. The Anti ISS-N1 and GTC (sham) AOs were included as
transfection controls. The percentage of SMN transcripts as FL-SMN, as determined by
densitometry, is shown below each lane. b) Functional SMN shown as percentage of nuclei with
gems in SMA fibroblasts treated with 50 nM and 25 nM of TRA2-β and control AOs. c)
Representative images of immunofluorescence staining of SMN (green) in nuclei stained with
Hoechst 33342 (blue) in TRA2-β treated, control treated (50 nM) and untreated SMA fibroblasts,
as well as apparently healthy untreated fibroblasts. Images were photographed at 20 x
magnification, scale bar = 50 µm, arrows indicate examples of nuclei containing gems.
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3.3.2 TRA2-β PMO studies
3.3.2.1 In vitro TRA2-β PMO studies in SMA type I fibroblasts
Identification of the lead TRA2-β PMOs
All the TRA2-β AO sequences described above were synthesised as the PMO
chemistry (Sarepta Therapeutics, Cambridge, MA, USA), nucleofected into SMA
fibroblasts and incubated for 72 hours, after which time RNA was extracted for
transcript analysis and cells collected for functional SMN analysis.

Initially, all the TRA2-β PMOs were screened in order to identify the lead sequences
and optimal doses for further testing (Figure 3.6). All PMOs transfected at 0.5 µM
were ineffective at inducing any significant changes in either the TRA2-β or SMN2
transcripts. Consistent with the 2´-O-methyl phosphorothioate AO screen, the
acceptor, motif 1 and motif 2 PMOs, at the 1 µM dose, all increased the TRA2-β1
transcript by more than 2-fold. However, the remaining PMOs (motifs 3 and 4) did not
alter TRA2-β1 expression (Figure 3.6 a).

Analysis of the SMN2 transcripts by RT-PCR (Figure 3.6 b) showed that treatment
with the 1 µM dose of the acceptor-targeting PMO restored FL-SMN by up to 68% and
similarly, treatment with the motif 2 PMO restored FL-SMN by up to 73%.
Surprisingly, the motif 1 targeting PMO induced even greater SMN2 exon 7 skipping
than that present in untreated cells, which could be due to an autoregulation attempt
by the cell to maintain SMN protein at a sustainable level.

Immunocytochemistry analysis of gems showed that functional SMN was increased
by the acceptor (48%) and motif 1 (39%) PMOs to levels surpassing those found in
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normal cells, identifying the acceptor and motif 1 PMOs as the lead compounds. Once
again, a shift in the distribution of the number of gems per individual nucleus was
observed in the TRA2-β1 PMO treated cells. For example, the acceptor PMO treated
cells showed 10.7% of nuclei containing gems to hold one gem per nucleus and 21.4%
to hold five or more gems, compared to the SMA and normal untreated cells that had
little to no incidence of five or more gems per nucleus.

Treatment with the motif 2 PMO showed a 10% increase in functional SMN, which is
similar to the increase mediated by the Anti ISS-N1 PMO. However, motif 2 PMO
treatment induced significantly less SMN compared to the lead TRA2-β PMOs
(acceptor and motif 1 PMOs), suggesting that there is a threshold for TRA2-β1
upregulation in order for a significant downstream impact on SMN2 splicing to occur.
As the acceptor and motif 1 PMOs both induced TRA2-β1 levels of greater than 2.5fold relative to Anti ISS-N1 and GTC (sham) PMO treated cells, and motif 2 only 2.1fold, it could be speculated that TRA2-β1 levels are required to exceed 2.5-fold in order
to result in an effect on SMN2 exon 7 splicing.
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Figure 3.6 a) qRT-PCR analysis of the TRA2-β transcripts from PMO treated cells, normalised
to housekeeping genes, TBP and GAPDH, and represented as relative to the average of Anti
ISS-N1 and GTC (sham) PMO treated cells (baseline = 1). b) RT-PCR analysis of SMN2
transcripts from SMA fibroblasts transfected with TRA2-β PMOs at 1 µM and 0.5 µM. The Anti
ISS-N1 and GTC PMOs were included as transfection controls. The percentage of FL-SMN, as
determined by densitometry, is shown below each lane. c) Functional SMN shown as
percentage of nuclei containing gems in SMA fibroblasts treated with TRA2-β and control
PMOs. d) Representative images of immunofluorescence staining of SMN (green) in nuclei
stained with Hoechst 33342 (blue) in acceptor and motif 1 TRA2-β PMO, Anti ISS-N1 and GTC
(sham) PMO treated (1 µM) and untreated SMA fibroblasts, as well as apparently healthy
untreated fibroblasts. Images were photographed at 20 x magnification, scale bar = 25 µm,
arrows indicate examples of nuclei containing gems.
SMN and Gemin 6 colocalisation
A variation in gem size was observed in both the TRA2-β 2´O-Methyl PS AO and PMO
treated cells (Figure 3.7). The presence of abnormally large gems in some nuclei
prompted further investigation into whether the SMN probed with MANSMA-1 was
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in fact in complex with other gemins. SMA fibroblasts were treated with the TRA2-β
motif 1 PMO and cells were labelled using Zenon mouse IgG labelling kits
(ThermoFisher Scientific) with MANSMA-1 for staining SMN and anti-gemin 6 for
staining gemin 6. Motif 1 PMO treated cells were also probed with negative control
primary antibodies of matched immunoglobulin isotype and concentration to eliminate
false positive results produced by non-specific binding of the Zenon detection system.
Immunofluorescence microscopy showed colocalisation of SMN (red) with gemin 6
(green). These results confirm that the gems counted in this study contain functional
SMN.
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Figure 3.7 Representative images of immunofluorescence staining of SMN (red) and gemin 6
(green), showing colocalisation in nuclei stained with Hoechst 33342 (blue) in TRA2-β motif 1
PMO treated (1 µM) SMA fibroblasts. Cells stained with negative control primary antibodies of
matched isotype and concentration are also shown.
Transmission electron microscopy of nuclei from motif 1 PMO treated SMA cells
As shown above, SMA fibroblasts treated with the TRA2-β motif 1 PMO develop large
sized gems in ~25-40% of nuclei. One possibility is that multiple gems accumulate
fuse, and fluoresce as one unit or “gem” when stained with MANSMA-1 antibody that
recognises SMN. Therefore, transmission electron microscopy (TEM) was used to
visualise and assess any morphological changes in the nuclei of TRA2-β motif 1 PMO
treated cells at a high magnification.

Motif 1 PMOs were nucleofected into SMA type 1 fibroblasts and incubated for 72
hours, following which cells were collected, fixed and processed for imaging by
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transmission electron microscopy (performed by Ms Lisa Griffiths at Sir Charles
Gairdener Hospital, Western Australia).

Figure 3.8 shows electron micrographs of motif 1 PMO treated SMA, and normal
untreated fibroblasts. Although not quantitative in nature, the images to do suggest an
increase in the number of Cajal bodies in treated cells. One nucleus showed several
round structures close together (C and D), which supports the theory that the nuclear
gems aggregate and fluoresce as one large gem. Unfortunately, as SMN was not
antibody-labelled for this analysis, we cannot definitively say the structures are gems
or contain SMN. Future studies using super-resolution fluorescence microscopy would
give more insight into the size and nuclear distribution of the large gems induced by
treatment with motif 1 PMO.
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Figure 3.8 Electron micrographs of A. An untreated normal fibroblast (mag. 12000x), B. A motif
1 PMO treated SMA fibroblast (mag. 12000x) with black arrows indicating large nuclear
structures, possibly Cajal bodies, C. A motif 1 PMO treated SMA fibroblast (mag. 15000x) with
the black box indicating several round structures close together, represented at a higher
magnification in D (mag. 60000x). Scale bars are indicated on each image.

TRA2-β1 transcript threshold test with motif 2 and 3 PMO cocktail
As shown above, motif 2 PMO treated SMA fibroblasts showed a 2-fold increase in
TRA2-β1 transcripts yet did not show restored functional SMN to levels seen after
treatment with the acceptor and motif 1 PMOs.

Motif 2 and motif 3 PMOs were nucleofected as a cocktail into SMA fibroblasts in
order to assess if increasing TRA2-β1 transcript levels above 2.5-fold had a more
pronounced effect on SMN2 splicing. Individually, motifs 2 and 3 PMOs both induced
TRA2-β1 levels below a 2.5-fold increase and only modestly increased functional
SMN. However, as a cocktail at a dose of 1 µM of each, motif 2 and 3 PMOs were
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successful at increasing TRA2-β1 levels 2.5-fold, which had a dramatic effect in
increasing the amount of functional SMN produced from the SMN2 gene.
Immunocytochemistry analysis of gems in cells treated with the motif 2 and 3 PMO
cocktail showed that 18% of nuclei contained functional SMN (Figure 3.9).

Figure 3.9 a) qRT-PCR analysis of the TRA2-β transcripts from cells treated with 1 µM each of
motif 2 and 3 TRA2-β PMOs, normalised to housekeeping genes, TBP and GAPDH, and
represented as relative to the average of Anti ISS-N1 and sham PMO treated cells (baseline =
1). b) Functional SMN shown as percentage of nuclei with gems in SMA fibroblasts treated with
TRA2-β and control PMOs.
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Motif 1 PMO time course
As shown above, application of the motif 1 PMO to SMA fibroblasts for 72 hours,
induced SMN2 exon 7 skipping, and in contradiction to the transcript data, also
significantly increased functional SMN protein levels. We speculated previously, that
the high SMN protein levels, induced by the motif 1 PMO, are being regulated and the
increase in SMN2 exon 7 skipping is a mechanism to downregulate SMN protein
production. Therefore, a time course experiment was done to observe a correlation
between the SMN2 transcript and functional SMN protein levels over time

SMA type 1 fibroblasts were nucleofected with the TRA2-β motif 1, Anti ISS-N1 and
GTC (sham) PMOs at 1 µM and incubated for 16 to 96 hours. In order to track the
changes in SMN transcript and protein levels over time, RNA was harvested and cells
were fixed on coverslips every 8 hours (Figure 3.10). Contrary to our hypothesis that
the FL-SMN2 transcript was being downregulated due to overproduction of SMN
protein, there was no observed increase and subsequent decrease in the FL-SMN
transcript and functional SMN levels only began to increase from 24 hours.

Furthermore, in order to detect if AO induced SMN2 exon 7 skipping mediates an
increase in functional SMN protein, SMA cells were transfected with a PMO that
induces SMN2 exon 7 skipping (SMN∆7 PMO) and incubated for 72 hours. Following
this, RNA was extracted for SMN2 transcript analysis and cells fixed on coverslips for
immunocytochemistry analysis of SMN protein. RT-PCR of the SMN2 transcript
across exons 4 to 8, shows that the SMN∆7 PMO induces 100% Δ7-SMN2 transcripts
(Figure 3.11). Functional SMN protein analysis indicated that the SMN∆7 PMO
mediated no increase in nuclear gems.
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Figure 3.10 A time course study of the SMN2 transcript and functional SMN following
transfection of SMA type 1 fibroblasts with 1 µM of motif 1 (M1), Anti ISS-N1 (N1), GTC sham
(ctl) and untreated (UT) PMOs. a) RT-PCR analysis of SMN2 transcripts from SMA fibroblasts
transfected with the motif 1 TRA2-β PMO, at 1 µM, with the RNA harvested at 8 hour increments
from 16 to 96 hours. The Anti ISS-N1 and GTC sham PMOs were included as controls. b)
Functional SMN shown as percentage of nuclei with gems in SMA fibroblasts treated with motif
1 TRA2-β and control PMOs.
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Figure 3.11 a) RT-PCR of SMN2 transcripts and b) functional SMN protein, shown as
percentage nuclei with gems, in SMA type 1 fibroblasts transfected with an SMN2 exon 7
skipping PMO at 1 µM and incubated for 72 hours. The GTC PMO was included as a sham
control.

3.3.2.2 A combination approach: Treating SMA fibroblasts with a combination
of the lead TRA2-β PMOs and the Anti ISS-N1 PMO
The rationale for this study was to determine if TRA2-β upregulation in combination
with the Anti ISS-N1 AO sequence, which targets the SMN2 gene directly, could be a
potential therapeutic strategy for SMA. Therefore, a combination of the lead TRA2-β
PMOs (i.e. the acceptor and motif 1 PMOs) and the Anti ISS-N1 PMO, each at doses
of 1 µM, were transfected via nucleofection into SMA type I fibroblasts (Figure 3.12).
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RT-PCR of SMN2 transcripts from cells treated with a combination of the TRA2-β and
Anti ISS-N1 PMOs showed a similar SMN2 splicing pattern to cells treated with each
PMO individually. Applied on its own, the Anti ISS-N1 PMO mediates almost 100%
exon 7 inclusion in the SMN2 transcript, therefore it was difficult to detect any further
improvements to the splicing of SMN2 by combining this AO with one of the TRA2-β
PMOs. However, immunocytochemistry of functional SMN in gems showed that
SMN levels further increased when the TRA2-β PMOs were delivered in combination
with the Anti ISS-N1 PMO i.e. an additive effect was observed. For instance,
transfected individually, the motif 1 PMO induced 23% and the Anti ISS-N1 PMO 12%
of nuclei to develop gems, respectively, and transfected in combination, motif 1 and
the Anti ISS-N1 PMO induced 39% of nuclei to contain gems.

Figure 3.12 Functional SMN shown as percentage of nuclei with gems in SMA fibroblasts
treated with the acceptor and motif 1 TRA2-β and Anti ISS-N1 PMOs, either individually or in
combinations at 1 µM each, as well as the GTC (sham) PMO and incubated for 72 hours. Four
hundred nuclei per AO treatment were counted, n = 2.
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A dose titration of a combination of the TRA2-β acceptor and Anti ISS-N1 PMOs
Following on from the above described combination transfection, combinations of the
TRA2-β acceptor and Anti ISS-N1 PMOs were transfected into SMA type 1 patient
fibroblasts, in decreasing dose increments, to evaluate the lower limits of the additive
effect induced by the combinatorial PMO on functional SMN protein production from
the SMN2 gene. The acceptor PMO does not induce SMN2 exon 7 skipping or large
gems and was therefore selected in preference over the motif 1 PMO for this
combination study.

Immunocytochemistry of functional SMN in gems showed that for all transfection
doses (1 µM, 0.5 µM and 0.25 µM) SMN levels further increased when the TRA2-β
acceptor PMO was delivered in combination with the Anti ISS-N1 PMO i.e. an additive
effect was observed (Figure 3.13).
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Figure 3.13 Functional SMN shown as percentage of nuclei with gems in SMA fibroblasts
transfected with the TRA2-β acceptor and Anti ISS-N1 PMOs, either individually or in
combinations at 1 µM, 0.5 µM and 0.25 µM each, as well as the GTC (sham or control) PMO
and incubated for 72 hours. At least six hundred nuclei per AO treatment were counted, n = 3.

3.3.2.3 TRA2-β PMOs transfected into other relevant cell types
Differentiated SH-SY5Y cells
Spinal motor neurons are the most severely affected cell type in SMA patients.
Therefore, to test the efficacy of the acceptor TRA2-β PMO in upregulating TRA2-β1
transcripts in neuronal cells, the acceptor PMO was transfected into SH-SY5Y cells
that had been differentiated into neuron-like cells, at 5 µM using the Endo-Porter
transfection reagent (GeneTools, LLC) and incubated for 72 hours (Figure 3.14).

Since the SH-SY5Y cells do not have the SMA genotype and thus already have ~100%
FL-SMN, an SMN RT-PCR showed no difference between PMO treated and untreated
cells (RT-PCR not shown). Similar to observations in SMA fibroblasts, qRT-PCR of
the TRA2-β transcripts in TRA2-β PMO-treated SH-SY5Y cells showed a 1.8-fold
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increase in TRA2-β1 transcript levels and a concomitant decrease in the transcripts
containing exon 2.

Figure 3.14 qRT-PCR analysis of the TRA2-β transcripts from neuron-like cells differentiated
from SH-SY5Y cells, following nucleofection with the TRA2-β acceptor PMO at 10 µM. TRA2β expression was normalised to the housekeeping genes, TBP and GAPDH, and data is
represented as relative to the average of Anti ISS-N1 and GTC (sham) PMO treated cells
(baseline = 1), n=1.
Mouse myoblasts
The human and murine TRA2-β/Tra2-β coding sequences are 100% identical, enabling
the human TRA2-β upregulation AOs to be evaluated in mouse cells, prior to in vivo
testing in an SMA mouse model. H2K-mdx cells are an immortalised mouse myoblast
cell line derived from a mouse model of dystrophinopathy and are routinely used in
our laboratory for AO evaluation.

H2K-mdx mouse myoblasts were nucleofected with TRA2-β acceptor PMO, at a
concentration of 1 µM, and incubated for 72 hours before RNA was extracted for Tra2103

β transcript analysis by qRT-PCR. Analysis of the Tra2-β transcripts by qRT-PCR
showed that the Tra2-β PMOs successfully mediated a 2.3-fold increase in the Tra2β1 transcript compared to Anti ISS-N1 and GTC (sham) PMO treated cells (Figure
3.15). This data indicates that the efficacy of the TRA2-β AOs in upregulating human
TRA2-β1 may be reflected in the mouse, allowing the TRA2-β AOs be evaluated in a
mouse model of SMA.

Figure 3.15 qRT-PCR analysis of the Tra2-β transcripts from H2K-mdx mouse myoblasts
following nucleofection with the TRA2-β acceptor PMO at 1 µM, normalised to housekeeping
genes, TBP and GAPDH, and represented as relative to the average of Anti ISS-N1 and GTC
(sham) PMO treated cells (baseline = 1), n=1.

3.3.2.4 In vivo Tra2-β PMO study
Since the human and mouse TRA2-β/Tra2-β coding sequences are identical, the Tra2β acceptor and motif 1 PMOs were evaluated in a severe transgenic SMA mouse model
(Smn

-/-

, SMN2

+/+

, SMNΔ7

+/+

). SMA mice were administered the lead TRA2-β

upregulation PMOs (acceptor and motif 1) as a single intracerebroventricular injection
of 25 µg on PND0. After administration of the PMOs, body weights were recorded
daily as an indication of overall health of the mice. Unfortunately, treatment with the
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TRA2-β PMOs in SMA mice did not extended survival beyond that of untreated SMA
mice (maximum survival 19 days) (Figure 3.16), which is a disappointing result
compared to the 112 day median survival of the Anti ISS-N1 PMO treated mice
recorded in Porensky et al. (Porensky, Mitrpant et al. 2012).

Figure 3.16 a) Graph showing body weight and survival of SMA mice following a single 25 µg
injection of Tra2-β acceptor and motif 1 PMOs compared to SMA untreated mice. Standard
error bars are shown for all treatment groups. b) A photograph showing the difference in size
between three motif 1 treated SMA mice and a heterozygous litter mate.
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3.4 Discussion
The rationale for this study was to determine if a combinatorial approach, in which
AOs targeting modifiers of SMN2 splicing are delivered together with the Anti ISS-N1
AO that targets SMN2 directly, could be a more effective option for treating SMA. A
dual therapy that targets both SMN2 and modifiers of SMN2 splicing is a promising
concept as it could lead to improvements in drug efficacy as well as a reduction in
dose. TRA2-β1, a positive splicing factor, promotes SMN2 exon 7 inclusion and was
therefore selected for antisense splice switching manipulation in an effort to improve
SMN2 splicing outcomes.

One form of control of intracellular TRA2-β1 levels is achieved via the alternative
splicing of TRA2-β exon 2. TRA2-β1 is directly involved in its own alternative
splicing, and hence regulation, as excessive levels facilitate its binding to four
enhancer motifs located across the TRA2-β exon 2 pre-mRNA and promote exon 2
inclusion. TRA2-β transcripts containing exon 2 are not translated and therefore
inclusion of exon 2 switches off the production of TRA2-β1 and reduces intracellular
TRA2-β1 levels. Thus, AO mediated interference in the TRA2-β1 autoregulation
mechanism could potentially be a means of upregulating TRA2-β1 in vivo to effect
downstream improvements in SMN2 splicing.

AOs were designed to target the suboptimal acceptor and donor splice sites and TRA2β1 enhancer binding motifs, on TRA2-β exon 2 pre-mRNA, in order to prevent TRA2β1 binding to exon 2 and the promotion of its inclusion into the mature transcript. AO
sequences synthesised in the 2´-O-methyl phosphorothioate chemistry are routinely
used in our laboratory for in vitro screening of antisense sequences as they are
106

inexpensive to manufacture and are easily transfected into cells. However, the PS
backbone of the 2´-O-methyl AO is of questionable suitability for in vivo application
as it is has shown unacceptable toxicity in clinical trials (Tandon, Yan et al. 2016).
Therefore, the most promising sequences were synthesised as PMOs, and used for
second phase in vitro studies as well as in vivo studies. Although PMOs are currently
expensive to manufacture, clinical trials for treatment of Duchenne muscular
dystrophy (DMD) showed they have an excellent safety profile and produce no known
adverse side effects (Mendell, Rodino-Klapac et al. 2013). The data presented in this
study shows that both 2´-O-methyl phosphorothioate AOs and PMOs targeting TRA2β exon 2 pre-mRNA mediated an increase in TRA2-β1 that consequently had a positive
effect on SMN2 splicing and lead to a significant increase in functional SMN protein
in cell culture.

The initial 2´-O-methyl screen confirmed our hypothesis that AOs targeting TRA2-β
motifs crucial to exon 2 definition lead to a disruption in TRA2-β1 autoregulation.
Treatment of SMA patient fibroblasts with AOs targeting the acceptor splice site and
motifs 1-4 of TRA2-β exon 2 pre-mRNA showed a reduction in TRA2-β transcripts
including exon 2 (TRA2-β2 and β4) and a concomitant increase in TRA2-β1 transcripts
by up to 4-fold. RT-PCR analysis of SMN2 transcripts from cells treated with the
TRA2-β AOs showed restoration of FL-SMN similar to levels induced by Anti ISS-N1
treatment. Unexpectedly, the TRA2-β AOs mediated a substantial increase in
functional SMN, surpassing that mediated by the Anti ISS-N1 AO, and elevated gem
levels similar to those found in normal cells. The reason for the dramatic increase in
functional SMN protein induced by the TRA2-β AOs compared to treatment with the
Anti ISS-N1 AO that induced more FL-SMN2 transcript is unclear. However, the
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substantial increase in SMN protein induced by TRA2-β AO treatment is exciting and
was worthy of further investigation. Unfortunately, due to the lack of a suitable
antibody, this study shows no protein analysis of TRA2-β1 levels following AO
transfection. Western blotting and immunocytochemistry were performed using two
different antibodies for detecting TRA2-β1 protein, however, neither antibody
successfully detected TRA2-β1.

All the 2´-O-methyl TRA2-β AO sequences that mediated an increase in TRA2-β1 were
also synthesised and tested as the morpholino chemistry. An initial screen of the
PMOs, nucleofected into SMA cells, identified the acceptor and motif 1 PMOs as the
best compounds for increasing both TRA2-β1 and functional SMN. The acceptor AO
sequence partially covers motif 1 as well as the 3´ splice site and thus it was
unsurprising that the AOs generated similar increases in their target genes.
As the remaining TRA2-β PMO sequences (motifs 2, 3 and 4) did not produce any
significant increases in SMN, it was speculated that perhaps a threshold exists for
increasing TRA2-β1 to levels that would have a substantial downstream impact on
SMN2 splicing. To test this theory, two suboptimal PMO sequences (motif 2 and 3)
that increased TRA2-β1 to levels below 2.5-fold, were nucleofected as a cocktail into
SMA cells. As a cocktail motif 2 and 3 PMOs induced a 2.5-fold increase in TRA2-β1,
which proved to have a dramatic impact on SMN2 and generated gems in 18% of
nuclei. The 2´-O-methyl phosphorothioate data did not adhere to the TRA2-β1
threshold theory as AOs that mediated less than a 2.5-fold change in TRA2-β1 also
increased gems significantly. However, 2´-O-methyl phosphorothioate AOs have a
shorter half-life compared to the more robust PMO chemistry, and thus it is likely that
incubating the 2´-O-methyl phosphorothioate AO transfection for 48 hours before the
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RNA was harvested and analysed showed just a snap-shot of transient TRA2-β1 levels
that could have already been declining as the AOs were degraded.

An increase in the number of gems per nucleus as well as a variation in gem size was
observed in the TRA2-β AO treated cells. The presence of abnormally large gems lead
to concerns that the SMN detected was not functional or not in fact located in gems.
Therefore, motif 1 PMO treated cells were stained with anti-gemin 6 in order to
confirm if the SMN found in these large gems co-localised with gemin 6, another
component of gems. Co-localisation of SMN and gemin 6 was seen for gems of all
sizes, suggesting the SMN stained in the large gems was located in functional SMNcomplexes.

Speculation surrounds these large gems and one theory suggests that multiple
individual gems become aggregated and fluoresce as one unit, thus appearing as a
single large gem. Therefore, further investigation into the structure and nuclear
distribution of the large gems, induced by motif 1 PMO treatment, was done using
transmission electron microscopy. Electron micrographs showed an increase in the
number of Cajal bodies per nucleus compared to untreated cells. SMN complexes
transiently associate with Cajal bodies during snRNP biogenesis and the increase in
Cajal bodies could be due to the increase in SMN. In addition, a nucleus in the motif
1 PMO treated sample showed a structure that appeared to be several rounded
structures associating together and supports the theory that the SMN complexes
accumulate and fluoresce as one large gem. However, due to the limited number of
nuclei that were available for this electron microscopy study (~25 cells) these data are
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by no means quantitative and future studies will include super-resolution fluorescent
microscopy to enable the labelling of SMN and other gemins.

A time course experiment in SMA cells treated with the PMO covering the TRA2-β
motif 1 showed that the gems increase in frequency per nucleus and in size over time.
The majority of gem-positive nuclei showed only one or two small gems at early time
points, and multiple gems per nucleus and large gems were evident at the later time
points. This data indicates that the TRA2-β PMO treatment mediates increases in SMN
that accumulates over time, leading to increases in the number of gems per nucleus as
well as the size of the gems.

Treatment with the motif 1 PMO lead to an unexpected alteration in SMN2 splicing,
producing mostly Δ7 SMN transcripts, even though it mediated a significant increase
in functional SMN protein. One theory is that SMN protein levels exceeded a
precautionary threshold and SMN concentrations were regulated by the alternative
splicing of SMN2 exon 7 to produce a non-functional protein.

The acceptor and motif 1 TRA2-β PMOs were determined to be the most promising
compounds as, at a dose of 1 µM, they mediated a 2.5-fold or more increase in TRA2β1 and elevated SMN protein to similar levels found in normal cells. Therefore, the
PMOs covering the acceptor site and motif 1 were tested in combination with the Anti
ISS-N1 PMO. An additive effect was observed in SMA fibroblasts treated with a
combination of TRA2-β acceptor or motif 1 PMOs and the Anti ISS-N1 PMO, whereby
SMN levels were increased even further than those reached in cells treated with
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individual TRA2-β or the Anti ISS-N1 PMOs only. These results suggest that a dual
approach to treating SMN could be a viable option in developing a therapy for SMA.

Since the most affected cell type in SMA patients are motor neurons, the TRA2-β
acceptor PMOs were evaluated in neuronal differentiated SH-SY5Y cells. SH-SH5Y
cells do not have the SMA genotype and therefore already have optimal amounts of
SMN. However, the TRA2-β1 transcript levels were increased 1.8-fold following SHSY5Y transfection with the acceptor TRA2-β PMO, indicating consistency in AO
efficacy between cell types.

Following on from the promising in vitro studies with the TRA2-β acceptor and motif
1 PMOs, preliminary in vivo studies were performed in a severe transgenic SMA
mouse model (Smn -/-, SMN2 +/+, SMNΔ7 +/+). The human and murine TRA2-β/ Tra2-β
coding sequences are 100% identical and therefore the Tra2-β acceptor and motif 1
PMOs were evaluated in newborn SMA mice. Disappointingly, the single 25 µg dose
extended the survival of the mice beyond that of the untreated SMA mice, with no
pups surviving beyond PND 19. This result is inconsistent with the in vitro data
generated in SMA patient fibroblasts and the discrepancy could be attributed to the
differences between human and rodent splicing regulatory elements, RNA-binding
proteins and alternative splicing patterns (Nurtdinov, Artamonova et al. 2003, Yeo,
Hoon et al. 2004, Pan, Bakowski et al. 2005). Perhaps a preferable disease model to
evaluate these PMOs is SMA patient motor neurons, differentiated from induced
pluripotent stem cells.
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Whilst the data presented in this study suggests that upregulating TRA2-β1 with PMOs
could be of therapeutic benefit, there are possible dangers in delivering a drug that
alters concentrations of a splicing factor, specifically the potential off-target effects on
global splicing. TRA2-β1 is involved in the splicing of many gene transcripts and is
dysregulated in several pathological conditions including obesity (Pihlajamaki, Lerin
et al. 2011), Alzheimer’s disease (Glatz, Rujescu et al. 2006, Liu, Li et al. 2015) and
macular degeneration (Karunakaran, Banday et al. 2013). Therefore, deep sequencing
analysis on TRA2-β AO-treated cells is required to identify any changes in global
splicing patterns and determine a therapeutic window of AO efficacy to enable as low
a dose as possible. Perhaps the potential side effects of TRA2-β1 upregulation will
have to be balanced against therapeutic benefits for SMA. Indeed, TRA2-β1 may be
transiently modified to bolster effects of other drugs that rescue SMN2 splicing e.g.
Anti ISS-N1.

There is potential therapeutic crossover between SMA and amyotrophic lateral
sclerosis (ALS), another motor neuron disease, since SMN is an important modifier of
ALS (reviewed in (Cauchi 2014). Nuclear SMN-complex (or gem) depletion is a key
feature of ALS, with the SMN protein levels substantially lowered, by approximately
50%, in spinal motor neurons of sporadic ALS patients (Veldink, Kalmijn et al. 2005).
Significantly, overexpression of SMN in transgenic mice with SOD1 mutations
preserved neuromuscular function and rescued motor neurons. However, the
mechanism for gem depletion in ALS is attributed to mislocalisation of SMN in the
nucleus, not defective SMN splicing, and increasing SMN levels in the SOD1 mutant
mice did not prolong survival (Turner, Alfazema et al. 2014). Nonetheless,
upregulating TRA2-β1 with AOs, and the downstream effect it has on SMN splicing
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and increasing nuclear gems, has potential to be part of a combination treatment for
ALS.
In conclusion, the results generated from this study provide promising preliminary data
worthy of further investigation. The AOs targeting the acceptor and motif 1 regions of
TRA2-β exon 2 pre-mRNA were shown to upregulate TRA2-β1 and as a consequence
SMN2 splicing was improved, leading to a dramatic increase in functional SMN as
detected by gems. A combination approach involving treatment with the TRA2-β and
Anti ISS-N1 PMOs is an attractive strategy for developing a treatment for SMA as it
could lead to improved drug efficacy and reduced dosage. Refinement of dose and
timing of the TRA2-β PMO treatment will need to be done to determine the window
of therapeutic response. The prospect of therapeutic crossover for other motor neuron
diseases, such as ALS, is also exciting and merits further investigation. However, the
effects of altering TRA2-β1 concentrations on global splicing would need to be
determined in order to evaluate the safety and therapeutic potential of the TRA2-β
PMOs.

113

114

CHAPTER 4
The Effects of hnRNP A1 and SAM68 AO-mediated
Downregulation on SMN Expression
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4.1. Introduction
Spinal muscular atrophy (SMA) is caused by loss of function mutations or the
homozygous deletion of the survival motor neuron 1 (SMN1) gene that encodes an
essential to life protein called SMN. Humans are the only species that have a nearly
identical copy of SMN1, also contained on chromosome 5, called SMN2. Although the
SMN1 and SMN2 sequences are almost interchangeable, a single synonymous base
substitution in exon 7 of SMN2 has catastrophic repercussions on the processing of the
gene transcript, leading to the production of an alternative non-functional transcript
missing exon 7 (Δ7-SMN).

A C6U transition in SMN2 exon 7 creates high affinity binding sites for RNA-binding
proteins, heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) and Src associated
in mitosis, of 68kDa (SAM68), both of which act as splicing repressors to promote
exon 7 exclusion from the mature SMN2 transcript (Kashima, Rao et al. 2007,
Kashima, Rao et al. 2007, Pedrotti, Bielli et al. 2010). The majority of the transcripts
produced from the SMN2 gene thus exclude exon 7 and are translated into a truncated,
non-functional protein.

However, SMN2 splicing is amenable to correction through the use of splice switching
antisense oligonucleotides (AOs) to restore full length SMN (FL-SMN) from the suboptimal SMN2 gene. In particular, the Anti ISS-N1 AO that covers ISS-N1, an intron 7
silencing complex harbouring binding sites for two hnRNP A1 molecules, has been
shown to restore FL-SMN from the SMN2 gene to normal levels (Singh, Singh et al.
2006, Osman, Washington et al. 2016). Thus, preventing the binding of splice

117

repressors, such as hnRNP A1, to SMN2 pre-mRNA has the potential to increase the
production of FL-SMN.

The C6U transition in exon 7 of SMN2 creates the binding motifs UAGA and UUUA
that sequester both hnRNP A1 and SAM68, respectively. Following binding to SMN2
exon 7, hnRNP A1 and SAM68 physically interact via their protein binding domains
to assemble a splice silencing complex that promotes the exclusion of exon 7 (Figure
4.1). However, studies with mutant SAM68 proteins lacking the C-terminal domain
that binds to hnRNP A1 show that preventing hnRNP A1 and SAM68 interaction
abrogates the effect of the exonic splice silencer (ESS) on SMN2 exon 7 exclusion
(Pedrotti, Bielli et al. 2010). Therefore, knockdown of hnRNP A1 and/or SAM68 is
likely to diminish the influence of the ESS on SMN2 splicing and thereby increase the
production of full length SMN (FL-SMN).

Figure 4.1 Schematic of SMN2 exon 7 showing hnRNP A1 and SAM68 proteins binding to the
ESS created by the C6U transition. Cis-elements and trans-acting factors promoting exon 7
inclusion (+) and those promoting exon 7 skipping (-). Adapted from Singh et al. 2013 (Singh,
Lawler et al. 2013).

HnRNP A1, is one of the most abundant and widespread members of the hnRNP
family of RNA-binding proteins that, in general, regulate alternative splicing by
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binding splice silencing regions on nascent transcripts to promote exon exclusion
(Dreyfuss, Matunis et al. 1993).
Alternative splicing of the hnRNP A1 pre-mRNA generates two transcripts, hnRNP
A1-A and the longer hnRNP A1-B variant that contains an extra coding region, exon
7b. The hnRNP A1-A variant encodes the predominant hnRNP A1 protein isoform that
is twenty times more abundant than the hnRNP A1-B isoform.
Structurally, both hnRNP A1 protein isoforms are composed of two RNA recognition
motifs (RRMs), a flexible glycine-rich region, a nuclear targeting sequence (M9) and
a glycine/arginine-rich RNA and protein binding domain (RGG box) (Figure 4.2) (He
and Smith 2009). HnRNP A1 specifically binds UAGA motifs located in exons or
introns of nascent transcripts and functions almost exclusively as a splice repressor
(Ishikawa, Matunis et al. 1993) (Burd and Dreyfuss 1994).

Whilst hnRNP A1 is involved in the alternative splicing of multiple genes, this study
focuses on the role of hnRNP A1 in SMN2 exon 7 splicing. Kashima et al. (2007),
performed UV-crosslinking experiments to show that hnRNP A1 has an approximately
five-fold higher binding affinity to SMN2 than to SMN1, which does not have the C6U
in exon 7. Furthermore, they demonstrated that hnRNP A1 interaction with SMN2 is
required for exon 7 exclusion and that conversely, hnRNP A1 depletion increases the
amount of FL-SMN produced from SMN2 minigenes (Kashima, Rao et al. 2007,
Kashima, Rao et al. 2007).

There are two distinct hnRNP A1 binding sites that promote SMN2 exon 7 exclusion,
namely the ESS created by the C6U transition in exon 7 and the ISS-N1 region located
in intron 7. This study explores the possibility of developing an antisense compound
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to knockdown hnRNP A1 and thereby reduce hnRNP A1/SMN2 interaction as a means
to redirect SMN2 splicing to increase functional expression.

SAM68 belongs to the signal transduction and activation of RNA metabolism (STAR)
family of RNA-binding proteins. STAR proteins are ubiquitously expressed and can
act as either splice enhancers or repressors to regulate the alternative splicing of
multiple genes, particularly those involved in neurogenesis (Lukong and Richard
2008, Chawla, Lin et al. 2009).

Alternatives splicing of SAM68 generates two functional transcripts, a full-length
variant that encodes the predominant SAM68 protein and a variant missing exon 3
(Δ3-SAM68) that is translated into a pro-apoptotic protein. The predominant SAM68
protein contains a central GRP33/SAM68/GLD-1 (GSG) RNA binding domain that
includes a KH box, which is the hallmark of STAR proteins, six proline-rich regions
for protein-protein interactions and a C-terminus tyrosine-rich region (Lukong and
Richard 2003).

Studies with SMN2 minigenes by Pedrotti et al. (2010), show that overexpressing
SAM68 increases exon 7 skipping by up to four-fold. They also show that SAM68
proteins with GSG domain mutations are unable to trigger SMN2 exon 7 skipping
(Pedrotti, Bielli et al. 2010). Therefore, this study investigates the efficacy of
simultaneous knockdown of hnRNP A1 and SAM68 in restoring functional SMN
production from the SMN2 gene.
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Reducing hnRNP A1 and/or SAM68 levels has potential as a combination therapy for
SMA. The main purpose of this study is to design AOs that will ultimately mediate
knockdown of hnRNP A1 protein and thereby increase FL-SMN production from the
sub-optimal SMN2 gene. In addition, since hnRNP A1 and SAM68 interact to
assemble on the ESS in SMN2 exon 7, this study also explores whether simultaneous
AO-mediated knockdown of both splicing factors has an additive or synergistic effect
in increasing the amount of functional SMN.
4.2. Specific Methods
4.2.1 AO design
All 2´-O-methyl phosphorothioate AOs were synthesised in-house and PMOs were
either purchased from Gene Tools LLC. (Philomath, OR, USA) or kindly supplied by
Sarepta Therapeutics (Cambridge, MA, USA). For all experiments, the Anti ISS-N1
AO sequence was used for comparison of FL-SMN induction and a scrambled AO
sequence, the Gene Tools control that does not bind SMN2 and is not known to bind
any other pre-mRNAs, was used as a sham-treatment control (commercially available
as a PMO from Gene Tools LLC. Philomath, OR, USA).

HnRNP A1 AOs
Removal of hnRNP A1 exon 4 will disrupt the reading frame and is predicted to lead
to nonsense mediated decay of the resulting transcript. Furthermore, exon 4 partially
encodes the RRM2 functional domain (Figure 4.2 a). Therefore, exon 4 was selected
as a target for exon skipping AOs to mediate a disruption in the hnRNP A1 reading
frame and produce a truncated non-functional hnRNP A1 transcript and/or protein.
More specifically, AO sequences were designed to anneal to the hnRNP A1 exon 4
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acceptor and donor splice sites and several ESEs, predicted by Human splice finder
3.0 (http://www.umd.be/HSF3/HSF.html), in order to induce exon 4 skipping (Figure
4.2 b and Table 4.1).

Figure 4.2 a) Schematic of the hnRNP A1-A reading frame showing exons, amino acids (aa)
and functional protein domains, including RNA binding domains (RRM1 and 2), an RNA and
protein binding domain (RGG box) and the nuclear targeting domain (M9). b) In silico analysis
of hnRNP A1 exon 4 reveals several ESEs (pink and red rectangles) with the relative ESE
complex

strength

indicated

by

the

gold

line

(image

taken

from

http://www.umd.be/HSF3/HSF.htm).
SAM68 AOs
The SAM68 AOs presented in this study were designed by Dr Loren Flynn
(unpublished data). AOs were designed to target frame-shifting exons 2 or 5 in order
to mediate exon skipping, disrupt the SAM68 reading frame and ultimately knockdown
SAM68 protein (Figure 4.3 and Table 4.1). In this study, SAM68 AOs were used in
combination with AOs targeting hnRNP A1 in an attempt to destabilise the ESS created
by the C6U transition in SMN2.
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Figure 4.3 a) Schematic of the SAM68 reading frame showing exons and amino acids (aa).
Also shown are functional protein domains, including the RNA binding or GSG domain,
comprised of the KH box, as well as the six proline-rich regions (P1-6) for protein-protein
interactions. b) In silico analysis of SAM68 exons i) 2 and ii) 5 reveal several ESEs (pink and
red rectangles) with the relative ESE complex strength indicated by the gold line (image taken
from http://www.umd.be/HSF3/HSF.htm).
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Table 4.1 Antisense oligonucleotides targeting exon 4 of hnRNP A1 (H) and exons 2 and 5 of
SAM68 (S).
AO Name

Coordinates

Sequence 5´-3´

H.AO 1

HnRNP A1 H4A(-13+12)

UCUUUGAGAAUCCUAAUAGGAGAAA

H.AO 2

HnRNP A1 H4A(+63+87)

UCUUAGGUGAUGUUCUUCAGUGUCU

H.AO 3

HnRNP A1 H4A(+131+155)

UUCUUGCCACUGCCUCGGUCAGUCA

H.AO 4

HnRNP A1 H4A(+176+200)

UCCACGGAGUCAUGGUCGUCAAAGG

H.AO 5

HnRNP A1 H4D(+15-10)

UGAUACUUACUGACAAUCUUAUCCA

S. AO 2

SAM68 H2A(+16+45)

CCUCAUCAUCCUUUUUUGAGUCUCCUUUCU

S. AO 5

SAM68 H5A(+19+43)

ACAGCUCUAGAAAUUGCUCCUGACA

Anti ISS-N1 AO

SMN2 H7D(−10-29)

AUUCACUUUCAUAAUGCUGG

GTC AO

CCTCTTACCTCAGTTACAATTTATA

4.3. Results
4.3.1 Identification of the lead AO sequences: Screening hnRNP A1 2´-O-methyl
phosphorothioate AOs in SMA patient cells
2´-O-methyl phosphorothioate AO sequences, targeting hnRNP A1 exon 4 pre-mRNA,
were transfected with Lipofectamine 3000 (Life Technologies) into SMA type I patient
fibroblasts (GM03813, Coriell Cell Repositories, Camden, NJ, USA) at 50 nM and 25
nM and incubated for 48 hours. Following incubation, cells were collected and RNA
was extracted for transcript analysis. RT-PCR of hnRNP A1, across exons 1 to 9,
showed no exon 4 skipping in either the hnRNP A1-A or –A1-B transcripts (Figure
4.4).

124

Figure 4.4 RT-PCR analysis of hnRNP A1 transcripts from SMA fibroblasts transfected with
hnRNP A1 2´-O-methyl phosphorothioate AOs at 50 nM and 25 nM and incubated for 48 hours.
The GTC scrambled sequence AO was included as a sham-treatment control. A no template
(water only) negative control was loaded in the final lane (-ve).
Screening cocktails of hnRNP A1 AOs
Since transfection with individual hnRNP A1 AOs did not mediate exon 4 skipping,
cocktails of two AOs targeting exon 4 were transfected simultaneously into SMA
fibroblasts at 50 nM and 25 nM each and incubated for 48 hours. Following incubation
RNA was harvested for transcript analysis. RT-PCR of the hnRNP A1 transcripts
showed cocktails of hnRNP A1 AOs 1+3, 1+4, 1+5, 2+3, 2+4 and 2+5 all mediated
varying levels of exon 4 skipping (Δ4) (Figure 4.5 a).
Bandstab PCR and Sanger sequencing (AGRF, Perth, Australia) of the skipped band
from H.AO 2+3 treated cells confirmed exon 4 skipping from the hnRNP A1-A
transcript.
RT-PCR of SMN2, across exons 4 to 8, showed a significant increase in FL-SMN in
all hnRNP A1 AO treated cells, comparable to the levels induced by Anti ISS-N1 AO
treatment (Figure 4.5 b).
All AO sequences that mediated hnRNP A1 exon 4 skipping were further optimised by
“micro-walking”, or shifting the AO annealing sites in increments of five bases at
either the 5´ or 3´ ends. Over sixty micro-walked, hnRNP A1 AOs were tested for exon
4 skipping (data not shown). However, the highest level of exon 4 skipping (48%) was
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mediated by a cocktail of the original AOs 2 and 3 (H.AO 2+3). AOs 2 and 3 were
thus considered the lead sequences and selected for further experiments.
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Figure 4.5 RT-PCR analysis of RNA from SMA cells treated with cocktails of hnRNP A1 2´-Omethyl phosphorothioate AOs at 50 nM and 25 nM and incubated for 24 hours, showing a)
hnRNP A1 transcripts, amplified from exons 1 to 9, with a sequencing chromatogram across
hnRNP A1 exons 3 to 5 confirming that exon 4 is missing from the mature transcript induced by
treatment with H.AO 2+3, and b) SMN2 transcripts amplified from exons 4 to 8. The GTC
scrambled sequence AO was included as a sham-treatment control. A no template (water only)
negative control was loaded in the final lane (-ve). The percentage of Δ4 hnRNP A1-A and FLSMN2 transcripts, as determined by densitometry, are shown below each lane.
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4.3.2 Transfecting SAM68 2´-O-methyl phosphorothioate AOs in SMA patient
cells
SAM68 2´-O-methyl phosphorothioate AOs, targeting exons 2 and 5, were transfected
into SMA Type I patient fibroblasts at 50 nM and incubated for 24 hours. Following
incubation, RNA was extracted for transcript analysis. RT-PCR of SAM68, across
exons 1 to 6, showed S.AO 2, which targets exon 2, mediated knockdown of SAM68
and a subsequent increase in FL-SMN (77%). Treatment with S.AO 5 mediated SAM68
exon 5 skipping and also increased the amount of FL-SMN (72%) (Figure 4.6).

Figure 4.6 RT-PCR analysis of a) SAM68 and b) SMN2 transcripts from SMA cells transfected
with SAM68 exon skipping 2´-O-methyl phosphorothioate AOs at 50 nM and incubated for 24
hours. The GTC scrambled sequence AO was included as a sham-treatment control. A no
template (water only) negative control was loaded in the final lane (-ve). The percentage of FLSMN2 transcripts, as determined by densitometry, are shown below each lane.

4.3.3 HnRNP A1 and SAM68 PMO studies
The lead hnRNP A1 and SAM68 AO sequences, described in sections 4.3.1 and 4.3.2,
were synthesised as PMOs and nucleofected at 1 µM into SMA type 1 fibroblasts.
Following the specified incubation periods, RNA was extracted for transcript analysis
and cells collected for protein analysis.
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4.3.3.1 A time course study: RT-PCR analysis of hnRNP A1, SAM68 and SMN2
transcripts from PMO treated and untreated SMA fibroblasts
SMA patient fibroblasts were nucleofected with the hnRNP A1 2+3 PMO cocktail, a
second hnRNP A1 2+3.5 PMO cocktail (AO 3.5 was selected from amongst the
“micro-walked” 2´-O-methyl phosphorothioate AOs), SAM68 2 and 5 PMOs and
transfection control PMOs (i.e. the Anti ISS-N1 and GTC sequences) for 4, 8, 12, 24,
48 and 72 hours.

RT-PCR transcript analysis of RNA from hnRNP A1 PMO transfected cells showed
increasing hnRNP A1 knockdown over time, with complete depletion in cells harvested
at 12 hours post nucleofection. However, splicing factors are tightly regulated and the
hnRNP A1 transcript reappeared with a faint Δ4 band in cells harvested at 48 and 72
hours post nucleofection. RT-PCR analysis of SMN2 transcripts from cells treated with
the hnRNP A1 PMOs showed only a modest increase in FL-SMN levels from 12 to 48
hours (Figure 4.7).

RT-PCR analysis of SAM68 transcripts showed SAM68 PMO 2 mediated exon 2
skipping, with an amplicon lacking exon 2 as well as the naturally spliced exon 3
visible at all time points. Furthermore, a knockdown of the full length SAM68
transcript was observed over time. SAM68 PMO 5 induced low levels of exon 5
skipping (Figure 4.7).
Unexpectedly, treatment with SAM68 PMO 2 induced significant SMN2 exon 7
skipping from 4 to 12 hours. However, the SMN2 splicing pattern returned to levels
similar to that observed in the GTC treated. and untreated fibroblasts by 72 hours after
transfection. SAM68 PMO 5 mediated a modest increase in FL-SMN levels from 12 to
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24 hours, but no change was observed in SMN2 transcript levels at the subsequent time
points when compared to GTC treated and untreated cells (Figure 4.7).

Figure 4.7 RT-PCR analysis of hnRNP A1, SAM68 and SMN2 transcripts from SMA cells
nucleofected with 1 µM of PMOs 1) S.AO 2; 2) S.AO 5; 3) H.AO 2+3; 4) H.AO 2+3b; 5) Anti
ISS-N1; 6) GTC scrambled PMO and 7) untreated, n=1. Cells were incubated for 4, 8, 12, 24,
48 and 72 hours prior to harvesting RNA. A no template (water only) negative control was loaded
in the final lane (-ve). Percentages of SMN2 transcripts as FL-SMN, as determined by
densitometry, are shown below each lane.
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4.3.3.2 Immunocytochemistry analysis of gems in PMO treated and untreated
SMA fibroblasts
SMA fibroblasts treated with the hnRNP A1 and SAM68 AOs were stained with
MANSMA-1 antibody for SMN detection. SMN co-localises with several gemin
proteins to form nuclear SMN-gemin complexes, or “gems” that are responsible for
the assembly of key components of the spliceosome (Feng, Gubitz et al. 2005).
Staining of SMN in the form of “gems” provides a measurement of functional SMN
levels.

Functional SMN protein was assessed in PMO treated and control treated cells by
counting the number of nuclei containing gems and expressing these as a percentage
of total nuclei (Figure 4.8 a and b). For each sample, at least two hundred nuclei were
examined for the presence of gems, with the number of gems per individual nucleus
also noted.
Cells treated with a cocktail of hnRNP A1 2+3 PMOs, at 1 µM each, induced nuclei
with gems to 16.8%, which is significantly higher than GTC (sham AO) treated and
untreated cell gem levels of 2.3% and 1.2%, respectively.
SAM68 exon 2 PMO treatment increased the percentage of nuclei with gems from
1.2% (untreated) to 22%, which is comparable to the gem numbers found in normal
fibroblasts. SAM68 exon 5 PMO treatment increased the percentage of nuclei with
gems to 8%, comparable to the levels induced by treatment with the Anti ISS-N1 PMO
(7.4%).
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Figure 4.8 a) Functional SMN, shown as percentage of nuclei with gems, in SMA fibroblasts
treated with the lead hnRNP A1, SAM68 and control PMOs. c) Representative images of
immunofluorescence staining of SMN (green, arrows) in nuclei stained with Hoechst 33342
(blue) in PMO treated, control treated and untreated SMA fibroblasts, as well as apparently
healthy untreated fibroblasts. Images captured at 40x magnification, scale bar = 20 µM.
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4.3.3.3 A combination approach: transfecting hnRNP A1 and SAM68 knockdown
PMOs in combination with the Anti ISS-N1 PMO
Reducing hnRNP A1 and SAM68 levels has potential as a combination therapy for
SMA. Therefore, in an effort to further increase production of FL-SMN from the suboptimal SMN2 gene, PMOs mediating knockdown of hnRNP A1 and/or SAM68 were
delivered in combination with the Anti ISS-N1 PMO into SMA type 1 fibroblasts.

Cells were nucleofected with cocktails of the hnRNP A1 2+3, SAM68 exon 2 and Anti
ISS-N1 PMOs at 1 µM each and incubated for 72 hours. Following this, RNA was
extracted for transcript analysis and cells collected for protein analysis by
immunocytochemistry and western blotting. For western blot analysis, (n=3) student’s
t test was performed, significance was determined if P£0.05.

RT-PCR of hnRNP A1 and SAM68 transcripts showed knockdown of both splicing
factors and SMN2 transcript analysis showed little to no increase in FL-SMN
production (Figure 4.9).

Western blot analysis of hnRNP A1, SAM68 and SMN protein levels, in cells
transfected with the hnRNP A1, SAM68 and Anti ISS-N1 targeting PMOs, either
individually or as cocktails at concentrations of 1 µM each, induced knockdown of
hnRNP A1 and/or SAM68 protein and mediated an increase in SMN protein levels
(Figure 4.10 a and b). Furthermore, treatment with combinations of hnRNP A1 or
SAM68 PMOs with the Anti ISS-N1 PMO had an additive effect in increasing SMN
protein levels. For instance, transfection of the SAM68 exon 2 and Anti ISS-N1 PMOs
together, increased SMN protein levels nearly 2.5-fold (P=0.008).
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In addition, functional SMN protein was assessed in PMO treated and control PMO
treated cells by counting the number of nuclei containing gems and expressing these
as a percentage of total nuclei. For each sample, at least six hundred nuclei were
examined for the presence of gems (Figure 4.10 c).

Combinations of hnRNP A1 or SAM68 and Anti ISS-N1 PMOs increased functional
SMN in an additive manner. The highest increase in SMN was induced by the SAM68
and Anti ISS-N1 PMO combination. Transfected individually, the SAM68 PMO
induced nuclei with gems to 17% and the Anti ISS-N1 PMO induced nuclei with gems
to 9%. However, a combination transfection of both SAM68 and Anti ISS-N1 bolstered
the number of nuclei with gems to 25% (P=0.007).
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Figure 4.9. RT-PCR analysis of hnRNP A1, SAM68 and SMN2 transcripts following
transfections with 1) SAM68 PMO, 2) hnRNP A1 PMO, 3) Anti ISS-N1 PMO, 4) SAM68 + hnRNP
A1 PMOs, 5) SAM68 + Anti ISS-N1 PMOs, 6) hnRNP A1 + Anti ISS-N1 PMOs, 7) GTC
Scrambled PMO, 8) Untreated Zap, 9) Untreated. PMOs were transfected at concentrations of
1 µM each and incubated for 24 and 48 hours. The GTC scrambled sequence PMO was used
as a transfection control. A no-template, water only PCR control sample was added (-ve). The
percentage FL-SMN2 as determined by densitometry is indicated below each well. FL = full
length.
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Figure 4.10 a) Representative image of western blot analysis of hnRNP A1, SAM68 and SMN2
proteins following transfection with 1) SAM68 PMO, 2) hnRNP A1 PMO, 3) Anti ISS-N1 PMO,
4) SAM68 + hnRNP A1 PMOs, 5) SAM68 + Anti ISS-N1 PMOs, 6) hnRNP A1 + Anti ISS-N1
PMOs, 7) GTC scrambled PMO (sham control), 8) Untreated Zap, 9) Untreated. PMOs were
transfected at concentrations of 1 µM each and incubated for 48 hours. b) Graphical
representation of western blot analysis as in (a), n=3. c) Functional SMN, shown as percentage
of nuclei with gems in cells transfected as in (a), n=3, >600 nuclei were examined for gems per
sample. d) Representative images of immunofluorescence staining of SMN (green, arrows) in
nuclei stained with Hoechst 33342 (blue) in combinations of hnRNP A1, SAM68 and Anti ISSN1 PMO treated, sham control treated and untreated SMA fibroblasts, transfected as in (a).
Images captured at 40x magnification, scale bar = 20 µM.

4.4. Discussion
HnRNP A1 is a splicing repressor responsible for promoting SMN2 exon 7 exclusion
from the mature gene transcript. Other studies have shown that reducing cellular
concentrations of hnRNP A1 can restore FL-SMN from the sub-optimal SMN2 gene
mRNA. Therefore, this study aimed to develop a therapeutic antisense compound to
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knockdown hnRNP A1 and potentially improve SMN2 splicing outcomes and increase
functional expression.

HnRNP A1 exon 4 was identified as frame-shifting and therefore selected as a target
for AO-mediated disruption of the hnRNP A1 reading frame. Removal of exon 4
induces a frame-shift that creates a stop codon in exon 5 and should lead to the
formation of a prematurely truncated non-functional protein and nonsense mediated
decay of the transcript should further reduce mRNA levels.

Initially, five 2´-O-methyl phosphorothioate hnRNP A1 AOs that annealed to exon 4
acceptor and donor splice sites or ESEs, were transfected into SMA fibroblasts.
Transcript analysis showed that none of the AO sequences mediated any detectable
hnRNP A1 exon 4 skipping.

Previous experiments in our laboratory have shown that application of a cocktail of
two or more AOs, to cover multiple motifs associated with splicing, can sometimes
mediate exon skipping in instances where individual AOs are ineffective (Adams,
Harding 2007, Mitrpant, Adams 2009). Therefore, hnRNP A1 AOs were retested as
cocktails, with several combinations effectively inducing hnRNP A1 exon 4 skipping
that subsequently led to significant increases in FL-SMN levels. The cocktail of hnRNP
A1 AOs 2+3 mediated the highest levels of exon 4 skipping at 48% and increased the
production of FL-SMN to 83% at the higher transfection concentration. Therefore,
hnRNP A1 AOs 2 and 3 were considered the lead hnRNP A1 knockdown AO sequences
and selected for synthesis as the clinically applicable PMO chemistry for further
testing.
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The C6U transition in exon 7 SMN2 creates a second binding site that sequesters
another RNA-binding protein, called SAM68. SAM68 binding to the ESS in SMN2
exon 7 promotes the production of Δ7-SMN, however, experimentally induced
mutations in SAM68 RNA binding (GSG) domain abrogated this effect (Pedrotti, Bielli
et al. 2010, Pagliarini, Pelosi et al. 2015). Therefore, knockdown of SAM68 has the
potential to increase FL-SMN production from SMN2. In addition, SAM68 physically
interacts with hnRNP A1 on the ESS in exon 7 SMN2. Mutations in the SAM68 Cterminal region, which interacts with hnRNP A1, abrogate the effect of the ESS on
SMN2 exon 7 skipping, inferring that hnRNP A1 and SAM68 protein-protein
interactions are necessary to stabilise the ESS complex. Therefore, this study also
explores the effect of simultaneous knockdown of SAM68 and hnRNP A1 on SMN2
splicing.

SAM68 AOs were designed by Dr Loren Flynn to target frame-shifting exons 2 and 5,
in order to disrupt the SAM68 reading frame and thereby knockdown SAM68 protein.
SAM68 2´-O-methyl phosphorothioate AOs targeting exons 2 and 5 were transfected
into SMA fibroblasts. The AO targeting SAM68 exon 2 induced no detectable exon 2
skipping as assessed using the current RT-PCR assay, however, SAM68 knockdown
of the full-length amplicon was observed and RT-PCR analysis of SMN2 transcripts
showed FL-SMN was increased to 77%. The SAM68 AO targeting exon 5 successfully
mediated exon 5 skipping and increased the production of FL-SMN to 72%.
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The lead hnRNP A1 and SAM68 AO sequences were synthesised as PMOs and
transfected into SMA patient fibroblasts so that the downstream effect of hnRNP A1
and/or SAM68 knockdown on functional SMN protein levels could be explored.
A time course study showed the cocktail of hnRNP A1 PMOs 2+3 mediated significant
knockdown of hnRNP A1 transcripts within the first 24 hours. However, the effect was
short-lived as hnRNP A1 transcript levels began to stabilise, with a modest amount of
exon 4 skipping evident by 48 to 72 hours after transfection. Splicing factors are tightly
regulated and reduction in splice factors transcript levels, and therefore protein
concentrations could potentially trigger regulatory feedback mechanisms that rapidly
and precisely restore levels to normal. To test this theory, perhaps another mechanism
for knocking down hnRNP A1, e.g. RNAseH, could be used to confirm that
concentrations of hnRNP A1 and SAM68 are finely regulated in the cell. Following
this systematic deletions of portions of the hnRNP A1 and SAM68 proteins could shed
light on which regions are important for feedback to regulatory molecules or for
autoregulation, as many splicing factors are autoregulated. Protein binding assays
could then be performed to show which proteins interact with those regions and are
important for regulating hnRNP A1 and SAM68.

SAM68 PMOs targeting exons 2 and 5, mediated both knockdown of the SAM68
transcripts and skipping of the target exons. The hypothesised outcome was that
knockdown of SAM68 would increase FL-SMN2 production. However, similar to the
outcome after application of TRA2-β1 up-regulation PMOs in Chapter 3, the SAM68
exon 2 skipping PMO, which mediated the highest SAM68 knockdown, induced high
levels of SMN2 exon 7 skipping. Furthermore, contrary to the SMN2 transcript
analysis, the SAM68 exon 2 skipping AO induced high levels of gems (22%). The
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reason for the discrepancy between SMN2 transcript levels and apparently functional
SMN, in the SAM68 PMO 2 treated cells, is unclear and it would appear that the
regulation of SMN is more complex than accounted for by the current body of
knowledge. It is possible that SAM68 is also a negative regulator of SMN translation
or nuclear transport and thus knockdown of SAM68 facilitates increased SMN levels
in the nucleus. This theory could account for the increase in SMN2 exon 7 skipping,
as the high levels of functional SMN could activate a negative feedback loop in an
attempt to downregulate SMN.

Immunocytochemistry to demonstrate functional SMN in gems revealed that PMOmediated knockdown of hnRNP A1 and SAM68 significantly increased the amount of
nuclei that contained gems, compared to controls. The AO sequence targeting SAM68
exon 2 was superior at increasing functional SMN and was therefore selected for
combination experiments with the hnRNP A1 2+3 and Anti ISS-N1 PMOs.

Protein expression, as detected by western blotting, showed knockdown of hnRNP A1
and SAM68 in cells transfected with the hnRNP A1 and SAM68 PMOs, respectively.
Furthermore, AO-mediated knockdown of hnRNP A1 and SAM68 induced modest
increases in SMN protein. However, a combination of SAM68 and Anti ISS- N1 PMOs
worked additively to mediate a 2.5-fold increase in SMN expression. Consistent with
the western blot analysis of SMN protein, the combination of SAM68 and Anti ISS- N1
PMOs mediated an increase in functional SMN protein to 27% nuclei with gems,
which is comparable to gems detected in normal control cells.
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HnRNP A1 and SAM68 interact to assemble the ESS in SMN2 exon 7, therefore
simultaneous knockdown of both splicing factors has potential to abrogate the effect
of the ESS on SMN2 splicing. Hence, a combination of hnRNP A1 2+3 PMOs and
SAM68 exon 2 PMO were nucleofected into SMA patient cells in an attempt to further
increase functional SMN protein production.

Whilst the data presented in here suggests that hnRNP A1 and/or SAM68
knockdown with PMOs could be of therapeutic benefit in treating SMA, possible
effects on global splicing need to be further investigated using RNA-seq. Both
hnRNP A1 and SAM68 are involved in the regulation of many genes and have
multiple roles in mRNA biogenesis, including alternative splicing, mRNA stability
and export and translation of certain viral and cellular proteins. Reviewed in (JeanPhilippe, Paz et al. 2013) and (Lukong and Richard 2003).

According to the National Centre for Biotechnology Information, hnRNP A1 and
SAM68 have been shown to interact with at least 637 and 237 other mRNAs and/or
proteins, respectively, suggesting knockdown of such widely utilised splicing factors
may not be a feasible therapeutic strategy (https://www.ncbi.nlm.nih.gov/gene/3178;
https://www.ncbi.nlm.nih.gov/gene/10657) (NCBI 2018a, NCBI 2018b). However,
short-term pulsing of the hnRNP A1 and/or SAM68 knockdown treatment in
combination with longer-term administration of Anti-ISS-N1 may mitigate off-target
effects and bolster the treatment efficacy. An assessment of side-effects vs benefit
may give insight into potential safety and regimens for this treatment approach.
Indeed, even long-term corticosteroid therapy, which is the current standard of care
for DMD patients, has adverse side-effects such as weak bones, stunted growth,
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weight gain, cataracts, abnormal behaviour, high blood pressure and more (Angelini
and Peterle 2012).

HnRNP A1 is essential for survival. Liu et al 2017, created Hnrnp a1 knockout mice
that showed embryonic lethality due to defective muscular development. They also
observed cardiac defects and dysregulation of alternative splicing patterns in genes
related to muscle development of heterozygous Hnrnp a1 mice that had only one
functional Hnrnp a1 allele, compared to wildtype mice (Liu, Chen 2017). Furthermore,
hnRNP A1 is downregulated in Alzheimer’s disease (AD) and a mouse model of AD
showed depletion of Hnrnp a1 exacerbated loss of cognitive function (Berson, Barbash
2012).

SAM68 deficiency is not embryonic lethal as the majority of Sam68 knockout mice
have a normal lifespan. However, female Sam68 knockout mice displayed several
defects in bone metabolism and both sexes showed defects and delays in the
development of sex organs (Richard, Vogel et al. 2008, Bianchi, Barbagallo et al.
2010).

Therefore, although knockdown of hnRNP A1 and/or SAM68 has potential to be
beneficial in the treatment of SMA, it is possible that catastrophic downstream effects
on the splicing of other genes could occur, and indeed would be expected.
Consequently, this therapeutic strategy could not be used alone but may synergistically
augment other interventions. Perhaps dosing studies and targeted deep sequencing
could determine a threshold for intermittent or partial suppression of hnRNP A1 and/or
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SAM68, consistent with clinical efficacy for SMA treatment with no adverse
disturbances in global splicing.

The creation of an hnRNP A1 binding site by a disease-causing mutation is not unique
to SMN2 and there is thus potential therapeutic crossover for hnRNP A1 suppression
in the treatment of other genetic diseases. A G6U mutation in exon 18 of the breast
cancer susceptibility-1 gene (BRCA1), reported in a cohort of breast and ovarian cancer
patients, creates a UAG motif that sequesters hnRNP A1 and causes exon 18 skipping
(Mazoyer, Puget et al. 1998, Liu, Cartegni et al. 2001, Kashima, Rao et al. 2007).
Similarly, a U26G transition in exon 51 of the fibrillin-1 gene (FBN1), reported in a
patient with Marfan syndrome, creates an hnRNP A1 binding site that promotes exon
51 skipping and induces nonsense mediated mRNA decay of the resulting transcript
(Caputi, Kendzior et al. 2002, Kashima, Rao et al. 2007). Therefore, a therapeutic that
partially knocks down hnRNP A1 has potential as a complementary treatment for
patients with other genetic disorders in which a disease-causing point mutation creates
an hnRNP A1 binding site.

In conclusion, the results generated from this study provide promising preliminary data
worthy of further investigation. PMOs targeting hnRNP A1 exon 4 were shown to
knockdown hnRNP A1 and thereby increase the amount of functional SMN protein
produced by the sub-optimal SMN2 gene. In addition, a PMO designed to disrupt the
SAM68 reading frame mediated a knockdown in SAM68 and induced a significant
increase in functional SMN in vitro. PMO cocktails that mediate simultaneous
knockdown of hnRNP A1 and SAM68 have potential as part of a combination
treatment with AOs that target SMN2 directly, such as Anti ISS-N1. However, in order
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to determine the safety of this approach, deep sequencing needs to be performed so
that the effects of hnRNP A1 and or SAM68 knockdown on global splicing can be
further investigated.
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CHAPTER 5
Antisense Oligomer Modulation of CNOT3 Expression
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5.1 Introduction
Thus far, the focus of this thesis has been to manipulate modifiers of SMN2 pre-mRNA
splicing as a means to increase functional SMN protein. However, this approach can
be extended to other diseases, potentially amenable to treatment by upregulation or
suppression of disease modifiers. Therefore, this chapter explores the therapeutic
potential of AO-mediated manipulation of CNOT3 expression, a transcriptional
regulator of the PRPF31 gene that is implicated in the onset of a rare autosomal
dominant genetic eye disease called retinitis pigmentosa 11 (RP11).

Retinitis pigmentosa (RP) is the most common hereditary form of retinal disease,
afflicting 1 in 3000 people worldwide. RP is characterised by progressive vision loss
caused by the death of photoreceptors and retinal pigment epithelia that ultimately
leads to complete blindness. Classically, RP patients first manifest with night
blindness, due to loss of rod photoreceptors, and subsequently with progressive
peripheral to central visual field loss, due to deterioration of cone photoreceptors and
retinal pigment epithelium. Reviewed in (Hamel 2006).

Figure 5.1 Retinal photograph from an RP patient showing bone spicule pigmentation. Image
taken from Ghazawy et al. 2007 (Ghazawy, Springell et al. 2007).

149

More than seventy genes are implicated in RP and inheritance can occur in an
autosomal dominant, autosomal recessive or X-linked manner. Autosomal dominant
RP (adRP) accounts for 30-40% of RP cases and can be linked to mutations in over
twenty-five genes involved in various aspects of photoreception. Seven of these genes
encode ubiquitously expressed splicing factors that are crucial to pre-mRNA
processing, including PAP-1 (RP9), PRPF31 (RP11), PRPF8 (RP13), PRPF3 (RP18),
PRPF4I (RP70), PRPF6 (RP60), and snRNP200 (RP33). Reviewed in (Rose and
Bhattacharya 2016).

Of particular interest to this study is RP11 that is caused by mutations in the pre-mRNA
processing factor 31 (PRPF31) gene that encodes an essential protein required for
correct spliceosome assembly. Over one hundred PRPF31 mutations have been
identified to date, accounting for 5% of all adRP cases (Sullivan, Bowne et al. 2013,
Rose and Bhattacharya 2016). In brief, the PRPF31 protein tethers the U4/U6 and U5
small nuclear ribonucleoproteins (snRNPs) to form the U4/U6.U5 tri-snRNP complex
that combines with pre-mRNA and other snRNPs to assemble a functional spliceosome
(Figure 5.2) (reviewed in (Utz, Beight et al. 2013, Rose and Bhattacharya 2016)).
Makrova et al. (2002) demonstrated that PRPF31 depletion prevents spliceosome
maturation and significantly reduces splicing activity (Makarova, Makarov et al.
2002). Furthermore, Tanackovic et al. (2011) reported that RP11 patients have reduced
PRPF31 protein levels as well as reduced pre-mRNA processing capabilities
(Tanackovic, Ransijn et al. 2011).
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Figure 5.2 PRPF31 has a crucial role in spliceosome assembly as it tethers the U4/U6 and U5
small ribonucleoproteins (snRNPs) to form the U4/U6.U5 tri-snRNP (image taken from Utz et
al. 2013).

Although PRPF31 is ubiquitously expressed, mutations in the PRPF31 gene lead to
retina-specific pathophysiology. Whilst the amount of PRPF31 protein expressed by
the normal PRPF31 allele in RP11 patients is sufficient to meet the splicing demands
of most tissues, it is generally insufficient for the higher splicing activity of
photoreceptors. Studies show that photoreceptors have a higher metabolic rate than
most cells and as such require high levels of mRNA production and alternative splicing
for optimal function. Indeed, the retina expresses seven times more major spliceosomal
small nuclear RNAs (snRNAs) relative to other tissues (Cao, Wu et al. 2011,
Tanackovic, Ransijn et al. 2011).

RP11 is suggested to occur due to haploinsufficiency, whereby the amount of protein
produced from the normal PRPF31 allele is insufficient to compensate for the lack of
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protein expression from the mutated allele (Vithana, Abu-Safieh et al. 2003, AbuSafieh, Vithana et al. 2006, Rivolta, McGee et al. 2006, Wilkie, Morris et al. 2006, Rio
Frio, Wade et al. 2008, Rose and Bhattacharya 2016). However, studies of families
with RP11 show incomplete penetrance of the disease (Figure 5.3) when a higherexpressivity PRPF31 allele is co-inherited with the mutant allele. This is because the
amount of PRPF31 protein produced from the high-expressivity allele is sufficient to
compensate for the lack of protein expression from the mutated allele and thus prevents
or delays the onset of RP11 (Rivolta, McGee et al. 2006, Wilkie, Morris et al. 2006,
Rose and Bhattacharya 2016, Rose, Shah et al. 2016). Therefore, a treatment that
increases PRPF31 protein production, to levels that sustain the retinal splicing demand,
has potential to prevent the death of photoreceptors in RP11 patients.
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Figure 5.3 Pedigree of a Western Australian Indigenous family with RP11 (M1: PRPF31 c.1205
C>A, Ser402*) showing incomplete penetrance. Shaded and black boxes represent affected
individuals (+/M1). Individual II:4 is unaffected despite being a carrier of the mutation. Retinal
photographs from the unaffected individual (II:4), showing a healthy retina, and select affected
individuals (II:5, III:3 and III:5) showing hyperpigmentation are represented below the pedigree.
Pedigree and images provided by Professor Fred Chen from the Lions Eye Institute, Perth,
Western Australia.
PRPF31 expression is repressed by CNOT3, a subunit of a global regulator of gene
expression called the CCR4 (carbon catabolite repressor 4)-NOT transcription
complex. Reviewed in (Collart 2016). Structurally, the C-terminal domain of CNOT3
contains a NOT1 anchor region, a connector sequence and a NOT box and the Nterminus contains a coiled-coil domain (Xu, Bai et al. 2014). The C-terminal region of
CNOT3 is important for interaction with CNOT1 and CNOT2, before assembly with
other components to form the CCR4-NOT complex (Suzuki, Kikuguchi et al. 2015).
CNOT3 is thought to be a direct repressor of PRPF31 as it binds to the PRPF31
promoter. A study by Venturini et al. showed siRNA-mediated knockdown of CNOT3
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increased PRPF31 expression. Furthermore, they reported that CNOT3 was produced
at low levels in asymptomatic RP11 patients, allowing increased expression from the
normal PRPF31 allele (Venturini, Rose et al. 2012). Therefore, targeted knockdown
of CNOT3 is a logical and attractive approach to treating RP11.
The purpose of this proof of concept study is to explore the potential for an RP11
treatment that induces partial knockdown of CNOT3 using splice switching antisense
oligomers (AOs) to indirectly increase PRPF31 expression.

5.2 Specific Methods
5.2.1 AO design
For this study, all 2´-O-methyl phosphorothioate AOs were synthesised in-house and
PMOs and PPMOs were kindly supplied by Sarepta Therapeutics (Cambridge, MA,
USA). For all experiments the Anti ISS-N1 AO sequence that targets SMN pre-mRNA,
and the Gene Tools control AO (GTC), a scrambled sequence that does not anneal to
CNOT3 or any other pre-mRNAs known, were used as sham-treatment controls.

CNOT3 AOs
Exon skipping AOs were designed to anneal to target exon splice sites and ESEs,
predicted by Human splice finder 3.0 (www.umd.be/HSF3/). Frame-shifting exons 3,
8 and 9 were selected as initial exon skipping targets to mediate a disruption of the
CNOT3 reading frame and thereby induce nonsense-mediated decay of the resulting
transcripts.
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In addition, since exons 16 and 17 encode the functional NOT box domain that
facilitates CNOT3 interaction with other members of the CCR4-NOT complex, these
exons were also targeted with exon skipping AOs.

Figure 5.4 Schematic of the CNOT3 reading frame showing exons, amino acids (aa) at the
exon junctions and functional protein domains, including an N-terminal coiled coil region and
the C-terminal NOT1 anchor domain (NAR) and NOT box that facilitates heterodimerisation with
CNOT2 molecules.
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Table 5.1 Antisense oligonucleotides targeting CNOT3 frame-shifting exons 3, 8, and 9, as well
as exons 16 and 17 that encode the functional NOT box domain.
AO Name

Coordinates

Sequence 5'-3'

AO 3.1

CNOT3_H3A(+9+33)

CGG ACA CCU UCU UGA GGC AGC GAU C

AO 3.2

CNOT3_H3A(+39+63)

GCC AAA UAU CUU CAA ACU GCU CCA C

AO 8.1

CNOT3_H8A(-10+15)

CCG CUU CAA GCC CUC CUG CUG GCG A

AO 8.2

CNOT3_H8A(+18+41)

GUG GUA GCG GUG CUU CUC GAU GUG

AO 8.3

CNOT3_H8A(+34+58)

UGG UCU CUA GCA UGC GCA CGU GGU A

AO 8.4

CNOT3_H8A(+75+99)

GGC GUC AAC GAG GAU GGA GUC AUU G

AO 8.5

CNOT3_H8A(+141+165)

CUC CUC GAA GUC GGG GUC CUG GGA U

AO 9.1

CNOT3_H9A(+29+52)

CUC AUC CUC CAU GUG GCU GUG GCU G

AO 9.2

CNOT3_H9A(+56+80)

GGG CGU GCU GCU GGA CUG GUU GAA G

AO 9.3

CNOT3_H9A(+98+122)

GGC UGG GCU GGG CGG GAU GGG AGA G

AO 16.1

CNOT3_H16A(-11+14)

GGG GGA GGU ACU GCC UGU GAG AGC A

AO 16.2

CNOT3_H16A(+36+58)

GGU GGC AUC UGG UGG UGG UAG G

AO 16.3

CNOT3_H16A(+109+133) CUC CAG AUA GUA GAA GAU GAA GAA G

AO 17.1

CNOT3_H17A(+28+52)

GCC AUG ACU GCU UCU UUA GGG CCU U

AO 17.2

CNOT3_H17A(+57+81)

GAA CCA CAU CAU GUA CUU GGU GUG G

AO 17.3

CNOT3_H17A(+83+107)

AUG GUC UUG GGC UCC UCG UGC CUC U

AO 17.4

CNOT3_H17D(+15-10)

GGG CCC UCA CCU GCU CAA ACU CGU C
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5.2.2 PCR primers
CNOT3 RT-PCR
Three different primer sets were used to assess CNOT3 transcripts in total RNA
extracted from cells transfected with the CNOT3 exon skipping AOs (Table 5.2):
1. For AOs targeting exon 3, a forward primer annealing to exon 2 was paired
with a reverse primer in exon 6.
2.

For AOs targeting exons 8 and 9, a forward primer in exon 7 was paired with
an exon 11 reverse primer.

3. For AOs targeting exons 16 and 17, a forward primer in exon 15 was paired
with a reverse primer in exon 18.

PRPF31 qRT-PCR
Since we hypothesise that AO-mediated knockdown of CNOT3 will increase PRPF31
expression, qRT-PCR was used to quantitate PRPF31 transcript levels after
transfection with the CNOT3 exon skipping AOs. A forward primer across the
PRPF31 exon 2 and 3 junction was paired with a reverse primer across the exon 3 and
4 junction (Table 5.2). Results for all CNOT3 AO treated cells were normalised to the
expression of two housekeeping genes, TBP and GAPDH, and compared to Anti ISSN1 and GTC (sham) AO treated cells in order to calculate fold-changes in PRPF31
transcripts.
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Table 5.2 Amplification primers for RT-PCR and qRT-PCR of CNOT3, PRPF31 and
housekeeping genes, TBP and GAPDH.
Gene

Primer name

Primer sequence 5´-3´

Conc.

Analysis

CNOT3

Exon 2 Forward

GAA GAT GGC GGA CAA GCG CAA

50 nM

RT-PCR

CNOT3

Exon 6 Reverse

CTG GCC AAC CTC TTC CTT CTC

50 nM

RT-PCR

CNOT3

Exon 7 Forward

CTG TCA GTG CAG ACA CGC AA

50 nM

RT-PCR

CNOT3

Exon 11 Reverse

GGA CAG GCT GGA GCC GTT T

50 nM

RT-PCR

CNOT3

Exon 15 Forward

CAT CCT GAG CAG TAC ATC AGC

50 nM

RT-PCR

CNOT3

Exon 18 Reverse

CTC CAG GTA GCG GTA CTC AA

50 nM

RT-PCR

PRPF31

Exon 2/3Forward

GGG ATA GTA AGA TGT TTG CTG AG

250 nM

qRT-PCR

PRPF31

Exon 3/4 Reverse

GTC CCA TCA CTT CTG AAG CTT TGG

250 nM

qRT-PCR

TBP

F

TCA GGC GTT CGG TGG ATC GAG T

500 nM

qRT-PCR

TBP

R

AGT GAT GCT GGG CAC TGC GGA GAA

500 nM

qRT-PCR

GAPDH

F

ACA GTC AGC CGC ATC TTC TT

250 nM

qRT-PCR

GAPDH

R

AGG GGT CTA CAT GGC AAC TG

250 nM

qRT-PCR

5.3 Results
5.3.1 CNOT3 2´-O-methyl phosphorothioate AO screening in normal fibroblasts
2´-O-methyl phosphorothioate AO sequences, targeting CNOT3 exons 3, 8, 9, 16 and
17 were transfected into normal fibroblasts at 50 nM and 25 nM, using Lipofectamine
3000 (Life Technologies), and incubated for 48 hours. Following incubation, cells
were collected and RNA was extracted for transcript analysis.

RT-PCR of CNOT3, across the targeted exons, showed that AOs 3.1, 8.5, 9.2 and 17.3
mediated skipping of exons 3, 8, 9 and 17, respectively. None of the AOs targeting
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exon 16 appeared to induce the expected shortened transcript, however AO 16.2
induced significant knockdown of the FL-CNOT3 transcript (Figure 5.5a).
Bandstab PCR and Sanger sequencing (AGRF, Perth, Australia) of the shortened
products induced by AOs 3.1, 8.5 and 17.3 transfected cells confirmed exon 3, 8 and
17 skipping from the CNOT3 transcript, respectively. Sequencing of the induced PCR
product from AO 9.2 transfected cells confirmed exon 9 skipping and revealed
inclusion of 33 nucleotides from intron 9 (Figure 5.5 b).
AOs 3.1, 8.5, 9.2, 16.2 and 17.3 mediated the highest levels of skipping or knockdown
of target exons and were therefore selected for further testing.
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Figure 5.5 a) RT-PCR analysis of CNOT3 transcripts from normal fibroblasts transfected with
CNOT3- targeting 2´-O-methyl phosphorothioate AOs at 50 nM and 25 nM and incubated for 48
hours. A scrambled AO was included as a sham-treatment control. A no-template (water only)
negative control was loaded in the final lane (-ve). b) Sequencing chromatograms, across the
relevant CNOT3 exons, confirming i) exon 3 exclusion (Δ3) from the mature transcript induced
by AO 3.1 treatment, ii) exon 8 exclusion (Δ8) from the mature transcript induced by AO 8.5
treatment, iii) exon 9 exclusion (Δ9) from the AO 9.2 treated cells, with an insertion of 33
nucleotides from intron 9, and iv) exon 17 exclusion (Δ17) from the mature transcript induced
by AO 17.3 treatment.
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5.3.2 Evaluation of Lead CNOT3 2´-O-methyl phosphorothioate AOs in RP11
patient fibroblasts
The lead CNOT3 2´-O-methyl phosphorothioate AO sequences, identified above, were
transfected into RP11 PRPF31 c.1205 C>A patient fibroblasts (provided by Professor
Fred Chen, Lions Eye Institute, Perth, Australia, with informed patient consent) at 50
nM and 25 nM and incubated for 48 hours. Following incubation, cells were collected
and RNA was extracted for transcript analysis.

RT-PCR of CNOT3, across the targeted exons, showed that AOs 3.1, 8.5, 9.2 and 17.3
mediated skipping of exons 3, 8, 9 and 17 respectively (Figure 5.6). AO 16.2 treatment
mediated knockdown of the FL-CNOT3 transcript.

QRT-PCR analysis of PRPF31 transcripts, from RNA extracted from RP11 cells
treated with CNOT3 targeting AOs 3.1 and 8.5, showed no significant increases in
PRPF31. However, AO 9.2 mediated a 1.5-fold increase in PRPF31 at the 50 nM
transfection concentration and AO 16.2 mediated a 2.3 and 1.4 fold increase in
PRPF31 at both transfection concentrations, respectively, compared to sham treated
cells. In addition, AO 17.3 mediated a 1.6-fold increase in PRPF31, at the high
transfection concentration, compared to sham treated cells.
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Figure 5.6 Analysis of CNOT3 and PRPF31 transcripts from RP11 patient fibroblasts, 48 hrs
after transfection with 2’-O-Methyl phosphorothioate AOs at concentrations of 50 nM and 25 nM
a) RT-PCR of CNOT3 transcripts and b) qRT-PCR analysis of PRPF31 transcripts, showing fold
changes in PRPF31 expression compared to sham and untreated cells.

5.3.3 Lead CNOT3 PMO studies
2´-O-methyl phosphorothioate CNOT3 AOs 3.1 and 8.5, as described in section 5.2,
mediated exon skipping of the targeted CNOT3 exons, however these AOs were unable
to induce a subsequent increase in PRPF31 expression. Therefore, in an attempt to
enhance the level of exon skipping, CNOT3 AO sequences 3.1 and 8.5 were
synthesised as PMOs and transfected into RP11 patient fibroblasts. Following the
appropriate incubation period, RNA was extracted for transcript analysis.

162

5.3.3.1 PMO nucleofection
PMOs targeting CNOT3 exons 3 and 8 were nucleofected, at 1 µM, into RP11 patient
fibroblasts for 72 hours, following which, RNA was extracted for transcript analysis.
RT-PCR, across exons 2 to 6, showed knockdown of FL-CNOT3, with only modest
exon 3 skipping (Δ3) evident in PMO 3.1 treated cells. RT-PCR, across exon 7 to 11,
showed only a minor amplicon missing exon 8 (Δ8) in RNA from PMO 8.2 treated
cells.

Similar to the 2´-O-methyl phosphorothioate AO results, qRT-PCR analysis of
PRPF31 transcripts showed no significant increases in PRPF31 in either the PMO 3.1
or 8.5 treated patient cells compared to control PMO treated cells.

Figure 5.7 a) RT-PCR of CNOT3 transcripts and b) qRT-PCR analysis of PRPF31 transcripts
from RNA from RP11 patient fibroblasts nucleofected with PMOs 3.1 and 8.5 at 1 µM and
incubated for 72 hours. A scrambled PMO was included as a sham treatment control. A notemplate (water only) negative control was loaded in the final lane (-ve).
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5.3.3.2 CNOT3 Peptide tagged PMO (PPMO) transfection
In order to enhance the intra-cellular delivery of the CNOT3 PMOs, AO sequences 3.1
and 8.5, 9.2, 16.2 and 17.3 were synthesised as PMOs conjugated to an arginine-rich
cell-penetrating peptide tag (manufactured by Sarepta Therapeutics). Several studies
have shown PPMOs to be more effective at mediating inclusion or skipping of target
exons, compared to unmodified PMOs (Jearawiriyapaisarn, Moulton et al. 2008,
Jearawiriyapaisarn, Moulton et al. 2010).

PPMOs targeting CNOT3 exons 3, 8 were transfected, uncomplexed, into RP11 patient
fibroblasts at 2.5 µM, 1 µM, 800 nM, 400 nM and 200 nM and incubated for 72 hours
prior to RNA extraction and transcript analysis (Figure 5.8).
RT-PCR of CNOT3 transcripts, across exons 2 to 6, from PPMO 3.1 transfected cells,
showed 100% exon 3 skipping at all concentrations except 200 nM. qRT-PCR analysis
of the PRPF31 transcript showed a 1.4-fold increase, at the 800 nM concentration,
compared to sham-treatment control cells.
RT-PCR of CNOT3 transcripts, across exons 7 to 11, from PPMO 8.5 transfected cells
showed significant knockdown of the FL-CNOT3 transcript and induced skipping of
exon 8 at the higher transfection concentrations. qRT-PCR of PRPF31 showed a 1.7fold increase, at the 2.5 µM transfection concentration, compared to sham treated cells.
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Figure 5.8 a) RT-PCR analysis of CNOT3 transcripts and b) qRT-PCR analysis of PRPF31
transcripts from RNA harvested from RP11 patient fibroblasts transfected with PPMOs 3.1 and
8.5 at 2.5 µM, 1 µM, 800 nM, 400 nM and 200 nM and incubated for 72 hours. A PMO that
targets SMN and a scrambled PPMO were included as sham treatment controls. A no-template
(water only) negative control reaction product was loaded in the final lane (-ve), n=1.
PPMOs targeting CNOT3 exons 9, 16 and 17 were transfected into RP11 fibroblasts
at 10 µM and 5 µM and incubated for 4 days prior to RNA extraction and transcript
analysis (Figure 5.9).
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RT-PCR of CNOT3 transcripts, across exons 7 to 11, from PPMO 9.2 transfected cells
showed knockdown of the FL-CNOT3 transcript and induced 100% skipping of exon
9 at the 10 µM. qRT-PCR of PRPF31 showed a 1.3-fold increase, at the 10 µM
transfection concentration, compared to sham treated cells.

RT-PCR of CNOT3 transcripts, across exons 15 to 18, from PPMO 16.2 transfected
cells showed no knockdown of the FL-CNOT3 transcript. However, PPMO 17.3
induced knockdown of FL-CNOT3 and skipping of exon 17 in a dose-dependent
manner. qRT-PCR of PRPF31 showed a 1.34-fold and 1.28-fold increase, at the 10
µM and 5 µM transfection concentration, respectively, compared to sham treated
cells.
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Figure 5.9 a) RT-PCR analysis of CNOT3 transcripts and b) qRT-PCR analysis of PRPF31
transcripts from RNA harvested from RP11 patient fibroblasts transfected with PPMOs 9.2, 16.2
and 17.3 at 10 µM, 5 µM and 2.5 µM and incubated for 96 hours. The GTC control PPMO was
included as a sham treatment control. A no-template (water only) negative control reaction
product was loaded in the final lane (-ve), n=1.

5.3.4 Retinal organoid and retinal pigment epithelia study
All reprogramming of RP11 patient fibroblasts into induced pluripotent stem cells
(iPSCs), differentiation of iPSCs into retinal organoids and retinal pigment epithelia
and CNOT3 PPMO 3.1 transfections into these retinal cells were performed by Mrs
Dana Zhang at the Lions Eye Institute in Perth, Western Australia. Experimental
design and transcript analysis of the transfected retinal organoids and retinal pigment
epithelia were performed by the author of this thesis.
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Retinal organoids are three dimensional (3D) structures containing retinal cells,
including photoreceptors and retinal pigment epithelium, that can be differentiated
from patient iPSCs and used for retinal disease modelling and drug screening
(Volkner, Zschatzsch et al. 2016, Wahlin, Maruotti et al. 2017) (Figure 5.10).

Although an RP11 mouse model exists, since the murine and human CNOT3 and
PRPF31 sequences are not 100% conserved there is no suitable mouse model for
testing the CNOT3 PPMOs in vivo. Therefore, in this study, 3D retinal organoids were
differentiated from normal and RP11 patient iPSCs (PRPF31 mutation c.1205 C>A)
according to the protocol described in Kuwahara et al., by collaborators at the Lions
Eye Institute (Perth, Australia) and used as a functional photoreceptor model for
evaluating CNOT3 PPMO 3.1 as a potential therapeutic for RP11 (Kuwahara, Ozone
et al. 2015).
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Figure 5.10 Photoreceptor outer segments express visual pigments in 160-day old retina cups
from IMR90.4 iPSCs. (a) An RC with a dense patch of RPE and POS-like structures (arrow).
Low (b) and high (inset) magnification images of RC whole mounts with broad expression of
rhodopsin in cells lining the edge of the RC. Cones (c; arrows) and rods (d) with discrete nonoverlapping expression (e) patterns are confirmed by whole mount IHC using antibodies against
rhodopsin and R/G cone opsin respectively. (f–h) Clusters of pigmented RPE grow as spheroid
clumps within the culture dish. At high magnification (h) these appear as thin sheets of cuboidal
shaped cells (arrows). POS = photoreceptor outer segment; RC = retina cup, RPE = retinal
pigment epithelium. Scale bars (b)=35 µm, (e)=50 µm, (f)=500 µm, (g)=200 µm, (h)=50 µm.
Image and annotations taken from Wahlin et al. 2017 (Wahlin, Maruotti et al. 2017)
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Evaluating CNOT3 PPMO 3.1 in three dimensional retinal organoids
CNOT3 PPMO 3.1 and a positive transfection control PPMO targeting SMN exon 7
were transfected uncomplexed into 120-day differentiated retinal organoids at a
concentration of 2.5 µM and incubated for 72 hours. Following this, RNA was
extracted for CNOT3, SMN and PRPF31 transcript analysis (Figure 5.11).

RT-PCR of CNOT3 transcripts across exons 2 to 6 showed 41% and 32% exon 3
skipping in PPMO 3.1 transfected normal and patient retinal organoids, respectively,
compared to SMN (positive control) PPMO-treated and untreated organoids (Figure
5.11a). Furthermore, PRPF31 expression, in both normal and RP11 patient retinal
organoids, treated with PPMO 3.1 was increased by ~1.2 and ~1.25-fold, respectively,
relative to SMN (positive control) PPMO treated organoids (Figure 5.11b).
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Figure 5.11 CNOT3, SMN and PRPF31 transcript analysis of RNA extracted from retinal
organoids, differentiated from normal and RP11 patient iPSCs, following transfection with
PPMOs targeting CNOT3 exon 3 and SMN exon 7 at 2.5 µM for 72 hours. a) RT-PCRs of i)
CNOT3 transcripts showing exon 3 skipping (∆3) and ii) SMN transcripts showing exon 7
skipping (∆7). A no-template (water only) negative control reaction product was loaded in the
final lane (-ve). b) qRT-PCR of PRPF31 transcript expression in CNOT3 PPMO treated cells
relative to SMN exon 7 skipping PPMO treated cells, normalised to housekeeping gene TBP.
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Evaluating CNOT3 PPMO 3.1 in retinal pigment epithelium
There is some evidence to suggest that the death of retinal pigment epithelia precedes
the death of photoreceptors in RP11 pathophysiology (Buskin 2017), therefore, in this
experiment retinal pigment epithelial cells were collected from day 60 of retinal
organoid differentiation and cultured for two weeks as a monolayer, until confluent
and expressing pigment. CNOT3 PPMO 3.1 and a positive transfection control PPMO
targeting SMN exon 7 were then transfected uncomplexed, at a concentration of 2.5
µM, into the retinal pigment epithelial cells and incubated for 72 hours before RNA
was extracted for transcript analysis (Figure 5.12).

RT-PCR analysis of the CNOT3 transcripts across exons 2 to 6 showed 65% exon 3
skipping in PPMO 3.1 transfected cells, as determined by densitometry. (Figure
5.12a). Furthermore, qRT-PCR analysis of PRPF31 transcripts showed a 1.37-fold
increase in PRPF31 expression compared to control PPMO (SMN) treated cells
(Figure 5.12b).

*At the time of submission of this work for thesis examination, the remaining PPMOs
(8.5, 9.2, 16.2 and 17.3) had not yet been evaluated in retinal pigment epithelia or
retinal organoids.
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Figure 5.12 CNOT3, SMN and PRPF31 transcript analysis of RNA extracted from retinal
pigment epithelial cells, differentiated from normal iPSCs, following transfection with PPMOs
targeting CNOT3 exon 3 and SMN exon 7 at 2.5 µM for 72 hours. a) RT-PCRs of i) CNOT3
transcripts showing exon 3 skipping (∆3) and ii) SMN transcripts showing exon 7 skipping (∆7).
A no-template (water only) negative control reaction product was loaded in the final lane (-ve).
b) qRT-PCR of PRPF31 transcript expression in CNOT3 PPMO 3.1 treated cells relative to SMN
exon 7 skipping PPMO treated cells.
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5.4 Discussion
Modifiers of gene expression have great potential as novel therapeutic targets. For
instance, the severity of the SMA phenotype can be reduced by manipulating
concentrations of certain splicing factors involved in the processing of SMN2. Previous
chapters in this thesis have shown AO-mediated upregulation of positive splicing
factor TRA2-β1 and knockdown of negative splicing factors, hnRNP A1 and SAM68,
increased the amount of functional SMN produced from the sub-optimal SMN2 gene.
There is scope for this approach to be extended to other amenable diseases, in which a
modifier can be targeted to improve the processing and expression of a disease-causing
gene.

RP11 is caused by mutations in the PRPF31 gene that encodes a ubiquitously
expressed splicing factor, crucial to correct assembly and maturation of the
spliceosome (Makarova, Makarov et al. 2002). However, RP11 shows instances of
incomplete penetrance whereby certain patients with PRPF31 mutations are
asymptomatic. Asymptomatic patients possess a high expressivity PRPF31 normal
allele that is thought to provide sufficient levels of PRPF31 protein to prevent the onset
of RP11. This suggests that a treatment that enhances PRPF31 production from an
RP11 patient’s normal allele has potential to prevent retinal pigment epithelium and
photoreceptor death.

CNOT3 is a subunit of the CCR4-NOT complex that functions as a global regulator of
gene expression. More specifically, CNOT3 is a negative regulator of PRPF31 and a
study by Venturini et al. (2012) showed siRNA-mediated knockdown of CNOT3
increased PRPF31 expression (Venturini, Rose et al. 2012).
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There are several similarities between the SMA and RP11 aetiologies that make RP11
a suitable candidate for this preliminary study that targets a disease modifier to
increase functional protein levels. Like SMN, PRPF31 is a ubiquitously expressed
splicing factor and in both cases, protein insufficiency results in the death of specific
cell types i.e. α-motor neurons in the spinal cord (SMA) and photoreceptors (RP11).
In addition, increases in functional protein levels, either through increased gene copy
numbers (SMN2) or a high expressivity allele (PRPF31), rescues the disease
phenotype. The expression of both SMN2 and PRPF31 is influenced by modifiers
suitable for targeted knockdown in order to indirectly increase expression of their
respective target genes. Therefore, RP11 was selected for this proof of concept study
that targets a disease modifier to increase production of functional protein and thereby
improve the disease phenotype.

In this approach to knockdown CNOT3, AOs were designed to target splice sites
and/or ESEs of several CNOT3 frame-shifting exons to disrupt the CNOT3 reading
frame, disrupting normal expression and inducing nonsense mediated decay of the
resultant transcripts. In addition, exons 16 and 17 that encode the functional NOT box
domain, were also targeted with exon skipping AOs.

To identify the lead sequences for further testing, AOs were synthesised as 2´-Omethyl modified bases on a PS backbone and transfected into normal fibroblasts. RTPCR analysis of CNOT3 transcripts, in total RNA harvested from cells transfected with
the CNOT3 2´-O-methyl phosphorothioate AOs, showed that AOs 3.1, 8.5, 9.2 and
17.3 mediated the highest levels of exclusion of their target exons. Furthermore, AO
16.2 induced significant knockdown of the FL-CNOT3 transcript, although skipping
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of exon 16 was not apparent. Whilst the precise mechanism responsible for transcript
reduction has not been elucidated, it is likely that AO 16.2 induced retention of an
entire intron or use of a cryptic splice site, yielding a transcript too large for
amplification in this assay, or nonsense mediated decay, respectively.
CNOT3 AOs 3.1, 8.5, 9.2, 16.2 and 17.3 were selected for testing in RP11 patient
fibroblasts that carry a PRPF31 c.1205 C>A mutation, with subsequent quantitation
of PRPF31 transcript levels by qRT-PCR.

The lead CNOT3 2´-O-methyl phosphorothioate AOs, described above, were
transfected in RP11 patient fibroblasts and RT-PCR of the CNOT3 transcripts, from
treated cells, showed exon skipping efficiency identical to that induced in normal
fibroblasts. qRT-PCR analysis of PRPF31 transcript in RNA from patient cells treated
with the CNOT3 AOs, showed that AOs 9.2, 16.2 and 17.3 successfully induced a 1.5,
2.3 and 1.6-fold increase in PRPF31, respectively, compared to sham-AO treated cells.
Although the remaining AOs mediated exon skipping of their target exons and
knockdown in FL-CNOT3, they did not significantly increase PRPF31 transcript
levels.

Promisingly, several AO sequences successfully mediated FL-CNOT3 knockdown and
induced a subsequent increase in PRPF31 transcript levels. Venturini et al (Venturini,
Rose et al. 2012) showed the difference in PRPF31 transcript levels between an
asymptomatic and a symptomatic RP11 patient was only 0.5 fold, which suggests
modest increases in PRPF31 expression are likely to be of clinical benefit. However,
an in-depth study of CNOT3 and PRPF31 levels in RP11 patients and non-penetrant
family members is needed to provide a clearer understanding of the range of PRPF31
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levels that might be needed to rescue retinal function and prevent blindness in
penetrant RP11 patients.

Previous studies, in our laboratory and others, have generally shown the PMO
chemistry to have superior efficacy when compared to the same sequence synthesised
as a 2´-O-methyl oligomer on a phosphorothioate backbone (Adams, Harding et al.
2007, Mitrpant, Porensky et al. 2013). Therefore, AO sequences 3.1 and 8.5 previously
synthesised as PMOs, were nucleofected into RP11 patient fibroblasts. Due to the time
constraints imposed on this thesis and the timeline of PMO and PPMO synthesis, AO
sequences 9.2, 16.2 and 17.3 have not yet been available as the PMO chemistry and
will be evaluated in a future research project. Surprisingly in this instance, CNOT3
PMOs 3.1 and 8.5 were less effective at inducing exon skipping of target exons than
their 2´-O-methyl phosphorothioate counterparts. PMOs are neutral molecules and as
such are inefficiently delivered to cells in vitro. The discrepancy between the efficacy
of the exon skipping capabilities of CNOT3 PMOs 3.1 and 8.5 and their 2´-O-methyl
phosphorothioate counterparts is suggestive of low PMO delivery efficiency into cells.

Intracellular PMO delivery can be enhanced by the addition of cell-penetrating
peptides that enable the PMO molecule to penetrate cell membranes efficiently
(Moulton, Wu et al. 2009, Hammond, Hazell et al. 2016). Therefore, CNOT3 AOs 3.1,
8.5, 9.2, 16.2 and 17.3 were also synthesised as PPMOs and transfected, uncomplexed,
into RP11 patient fibroblasts. RT-PCR of the CNOT3 transcripts, from RNA harvested
from the PPMO 3.1 and 9.2 transfected cells, showed knockdown of the FL-CNOT3
transcript and 100% of the target exon skipping, at the highest concentrations. PPMO
8.5 and 17.3 also mediated robust knockdown of the FL-CNOT3 transcript and induced
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exon 8 and 17 skipping at the high transfection concentrations. However, PPMO 16.2
did not induce knockdown of FL-CNOT3 as seen in the 2´-O-methyl phosphorothioate
AO 16.2 transfection. PRPF31 transcript analysis using qRT-PCR showed that
treatment with CNOT3 PPMOs 3.1, 8.5, 9.2 and 17.3 at their high transfection
concentrations successfully mediated increases in PRPF31 expression of 1.4, 1.7, 1.3
and 1.3-fold, respectively.

Following on from the promising data from the PPMO transfections in RP11 patient
fibroblasts, PPMO 3.1 was transfected uncomplexed at 2.5 µM into normal and RP11
patient (PRPF31 mutation c.1205 C>A) retinal organoids differentiated from iPSCs.
Retinal organoids are 3D spherical structures that mimic the retina and contain
functional retinal cells, including photoreceptors and retinal pigment epithelium, and
are thus a good model for testing the lead CNOT3 PPMO sequences (Wahlin, Maruotti
et al. 2017). PPMO 3.1 induced skipping of exon 3 from 41% and 32% of the CNOT3
transcripts prepared from normal and RP11 patient retinal organoids, respectively.
Furthermore, qRT-PCR analysis of PRPF31 expression showed an ~1.2-fold increase
in both normal and RP11 patient retinal cells treated with PPMO 3.1, relative to the
SMN (positive transfection control) PPMO treated cells.
Although the CNOT3 3.1 PPMO induced lower levels of exon 3 skipping in the retinal
organoids than in fibroblasts, it is likely that due to the 3D structure of the organoid,
the PPMO was delivered into cells on the outer layers of the organoids (i.e.
photoreceptors) but did not reach the retinal cells at the core of the organoid, whereas
the monolayer nature of fibroblasts in cell culture permits more access for transfection.
A mixture of RNA extracted from transfected and untransfected cells in the organoids
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would skew the RT-PCR data, reflecting the PPMO to be a less effective treatment in
this model.

The primarily affected cell type in RP11 may be the retinal pigment epithelium that
nourishes and supports photoreceptors (Buskin, Zhu et al. 2017, preprint). Therefore,
iPSC-differentiated retinal pigment epithelial cells from a normal patient were grown
as a monolayer and transfected with PPMO 3.1 and a control PPMO targeting SMN
exon 7. Promisingly, PPMO 3.1 induced CNOT3 exon 3 skipping of 65% and showed
a 1.37-fold increase in PRPF31 expression relative to the SMN PPMO transfected
cells.

This proof of concept study shows that AO-mediated CNOT3 knockdown increases
PRPF31 transcript levels and thus has potential as a strategy for treating RP11.
However, there are several potential limitations to this approach that will need to be
thoroughly investigated prior to the commencement of pre-clinical development and
subsequent translation of this research. One significant concern is that CNOT3 is a
highly conserved and essential transcription factor, and changes in CNOT3 levels
could lead to global transcriptional errors. Indeed, Cnot3 knockout mice show
embryonic lethality (Neely, Kuba et al. 2010) and thus knockdown of CNOT3 could
potentially have adverse off-target consequences.

Since CNOT3 is essential, we recommend mediating only partial reduction of CNOT3
rather than complete depletion. Furthermore, since RP11 has retinal specific symptoms
and the eyeball is a contained system, a drug that mediates partial CNOT3 depletion,
and its consequent effects, would be contained.
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In conclusion, this small study has demonstrated AO-mediated knockdown of CNOT3
induces a modest increase in PRPF31 expression. However, RNA-seq must be
performed in order to identify any potential off-target effects of depleting CNOT3 on
the transcriptome of the retina and adjacent tissues. Furthermore, this study alludes to
the therapeutic applicability of targeting disease modifiers as a means to treat genetic
diseases with splicing defects, such as SMA and RP11.
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CHAPTER 6
Final Discussion
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6. Discussion
RNA-binding proteins have key roles in post transcriptional processing of nascent
mRNAs and as such are amongst the most abundantly expressed proteins in the human
body (Anantharaman, Koonin et al. 2002, Gerstberger, Hafner et al. 2014). Modulating
the expression and hence availability of RNA-binding proteins involved in pre-mRNA
splicing is an under-explored approach to treating amenable genetic diseases.

Spinal muscular atrophy (SMA) is a devastating monogenic disease with a wellstudied disease aetiology, showing regulation of functional survival motor neuron
(SMN) protein production by several known RNA-binding proteins that indirectly
influence the severity of the SMA phenotype (Helmken and Wirth 2000, Hofmann,
Lorson et al. 2000, Young, DiDonato et al. 2002, Kashima, Rao et al. 2007, Bose,
Wang et al. 2008, Pedrotti, Bielli et al. 2010, Singh, Seo et al. 2011).

At the commencement of this study, no SMN-restoring treatment option was available
to SMA patients. Therefore, the aim of this project was to design and evaluate
antisense oligonucleotides (AOs) that modify the expression of selected RNA-binding
proteins involved in SMN2 exon 7 pre-mRNA splicing as a means to increase the
production of functional SMN protein. The rationale for this approach was to use these
RBP-targeting antisense compounds in combination with drugs that target SMN2
directly, i.e. Anti ISS-N1, in a synergistic or additive regimen in order to further
enhance SMN protein production.

In December 2016, the U.S FDA approved the use of Spinraza, the Anti ISS-N1 MOE
AO as a treatment for SMA patients (for review see (Aartsma-Rus 2017, Singh,
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Howell et al. 2017)). However, due to known deleterious effects of the backbone
chemistry and concerns regarding the safety of long-term administration of
phosphorothioate AOs, opportunities remain in the SMA drug development space for
a back-up therapy or combinatorial approach to restoring functional SMN protein.

In addition to the SMA study, we also explored the therapeutic potential of AOmediated knockdown of CNOT3, a negative regulator of PRPF31, the causative gene
in retinitis pigmentosa 11- an incurable autosomal dominant blinding disease that has
some similarities in disease aetiology to SMA.

6.1 Modifiers of spinal muscular atrophy
6.1.1 TRA2-β1 upregulation study
TRA2-β1 is a positive splicing factor that promotes the production of full length SMN
(FL-SMN) and hence functional SMN protein production from the sub-optimal SMN2
gene (Hofmann, Lorson et al. 2000). In this study, AOs were designed to target the
autoregulation mechanism for TRA2-β1 protein expression in an effort to upregulate
and hence increase the availability of TRA2-β1 for SMN2 pre-mRNA splicing.

2´-O-methyl phosphorothioate AOs designed to cover TRA2-β exon 2 enhancer motifs,
described in Stoilov et al., (Stoilov, Daoud et al. 2004) and induce exon 2 skipping
were shown to successfully downregulate TRA2-β2 and –β4 transcripts and
concomitantly upregulate TRA2-β1 transcript expression in SMA type 1 patient
fibroblasts. This AO-mediated upregulation in TRA2-β1 increased the amount of FLSMN2 transcript and functional SMN protein produced by the sub-optimal SMN2 gene.
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Promisingly, TRA2-β AO-treated SMA cells showed functional SMN protein levels
comparable to those found in normal, untreated cells.

The TRA2-β AO sequences were then synthesised as the more stable and clinically
applicable PMO chemistry and screened in SMA patient fibroblasts. Of the six TRA2β PMOs evaluated, the sequences targeting the TRA2-β exon 2 acceptor site and motif
1 were the only PMOs shown to upregulate TRA2-β1 to the extent that a downstream
effect on SMN protein was observed. Indeed, both the acceptor and motif 1 PMOs
increased functional SMN protein. Nuclear gems are absent from SMA (SMN
deficient) cells, however 16-50% of TRA2-β acceptor and motif 1 PMO treated cells
showed gems in nuclei. Although the level of SMN increase varied between
experiments, overall the TRA2-β acceptor and motif 1 PMOs increased SMN protein
expression to levels approximating those detected in normal cells.

In addition to increasing the number of nuclei that contained gems, both the acceptor
and motif 1 PMOs increased the number of gems per nucleus, which may or may not
be of clinical significance. Furthermore, the motif 1 PMO induced large sized gems
that have not been observed to occur naturally, in normal cells. The mechanism
responsible for the generation of large gems is unclear.

Transmission electron microscopy was used to inspect motif 1 PMO-treated nuclei in
SMA cells. An increase in the number of Cajal bodies was observed in the motif 1
PMO treated nuclei, compared to those in untreated cells. The increase in SMN
induced by the TRA2-β PMOs could be facilitating an overall increase in pre-mRNA
splicing and hence increase cellular requirements for snRNPs. As SMN-complexes
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transiently associate with Cajal bodies during snRNP biogenesis, the increase in
functional SMN induced by the TRA2-β PMOs could lead to an increase in the number
of Cajal bodies required for snRNP biogenesis. In addition, one motif 1 PMO-treated
nucleus showed an unusual grouping of several rounded structures, suggesting that
several gems pooled together, supporting the theory that immunofluorescence SMN
staining showed an aggregation of several SMN-complexes, fluorescing as a single
large gem. However, the transmission electron microscopy data is by no means
definitive and further investigation using super resolution fluorescence microscopy
that enables the labelling of SMN and associated proteins (i.e. gemins 2-8) is necessary
to investigate the distribution and nature of the large gems induced by the TRA2-ß
motif 1 PMO.

In contradiction to the functional SMN protein assay, SMN2 transcripts in motif 1
PMO treated cells showed an increase in exon 7 skipping. This was surprising, as
treatment with the motif 1 sequence synthesised as the 2´-O-methyl phosphorothioate
AO rather showed an increase in FL-SMN2. The reason for the motif 1 PMO inducing
SMN2 exon 7 skipping is unclear, as the AO does not anneal to SMN2 directly and is
more likely to occur as a result of other factors involved in regulating SMN2 premRNA splicing or functional protein levels. One theory is that the motif 1 PMO
induces SMN protein levels to a point that exceeds a maximum threshold concentration
and SMN is therefore downregulated by the induction of SMN2 exon 7 skipping.
However, there is no peer-reviewed evidence to support this and further experiments
are required to explore this theory.
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As recently as December 2016, the FDA approved the use of the Anti ISS-N1 MOE
antisense oligonucleotide, developed by Ionis Pharmaceuticals in partnership with
Biogen, Inc., for the treatment of SMA patients. Since the rationale for the research
presented here was to develop a combinatorial therapy for SMA, the lead TRA2-β
PMOs were evaluated together with the Anti ISS-N1 PMO that targets SMN directly,
in an effort to achieve a synergistic or additive effect in increasing SMN protein.
Promisingly, an additive effect on functional SMN protein was observed when the
TRA2-β PMOs were transfected in combination with the Anti ISS-N1 PMO. There is
potential to use low doses of the TRA2-β PMOs to transiently bolster the effects of the
Anti ISS-N1 AO, which could reduce the required dosage and therefore cost of the
drug.

The TRA2-β AOs were initially screened in SMA type 1 patient fibroblasts obtained
from a 3-year old male patient. These particular SMA fibroblasts are available for
purchase through the Coriell Biorepository and are routinely used and cited in peerreviewed SMA research. However, since SMA leads to the loss of spinal motor
neurons, it was necessary to evaluate the lead TRA2-β PMOs in neuronal cells.
Therefore, in order to confirm the efficacy of the TRA2-β PMOs in neurons,
differentiated SH-SY5Y cells that express neuronal markers and are considered to be
neuron-like, were transfected with the TRA2-β PMOs. Promisingly, the acceptor and
motif 1 TRA2-β PMOs successfully mediated TRA2-β1 upregulation in neuron-like
SH-SY5Y cells.

Human and murine TRA2-β/Tra2-β coding sequences are identical, making the TRA2β PMOs amenable for testing in an SMA mouse model. Prior to in vivo mouse studies,
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a cocktail of the TRA2-β motif 2 +3 PMOs were transfected into mouse myoblasts and
were shown to successfully mediate upregulation of TRA2-β1 transcripts.

Following on from the promising in vitro studies, the TRA2-β acceptor and motif 1
PMOs were then evaluated in a severe mouse model of SMA. A low dose of both the
TRA2-β PMOs were administered to transgenic SMA mice via intracerebroventricular
injection on PND 0. Disappointingly, treatment with the TRA2-β PMOs did not
increase body weight or extend survival of the SMA mice. Although the TRA2-β/Tra2β coding regions are identical, human and rodents have different intronic splicing
regulatory elements, RNA-binding proteins and alternative splicing patterns
(Nurtdinov, Artamonova et al. 2003, Yeo, Hoon et al. 2004, Pan, Bakowski et al. 2005)
and this may account for the lack of efficacy of the Tra2-β exon 2 acceptor and motif
1 PMO treatment in the SMA mice. SMA patient iPSCs that have been differentiated
into motor neurons are perhaps a preferable disease model for evaluating AOs that
affect pre-mRNA splicing, as they would more accurately reflect the effects of AO
treatment, with human splicing machinery in the predominantly affected cell type.
However, this approach to testing the TRA2-β PMOs is also limited, as patient iPSC
differentiated motor neurons are still an in vitro model and will not provide an
indication of survival or the overall health of the patient. Perhaps there is no ideal
disease model for evaluating AOs that directly target human splicing factors.

There is potential therapeutic cross over between drugs that treat SMA and ALS, as a
subtype of ALS patients have a depletion of nuclear SMN-complexes or gems
(Veldink, Kalmijn et al. 2005). Furthermore, Turner et al. 2014 showed that increasing
nuclear gems in an ALS mouse model improved motor function (Turner, Alfazema et
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al. 2014). Since the TRA2-β upregulation AOs increased the number of nuclear gems,
there is potential therapeutic applicability for TRA2-β1 upregulation in these ALS
patients.

This preliminary study shows that AO-mediated upregulation of TRA2-β1 may be
useful in the development of a combinatorial therapy with Anti ISS-N1 for SMA.
However, modifying the concentrations of splicing factors has the potential to affect
the expression of many other genes and as such may exert deleterious off-target effects.
Therefore, RNA-seq studies would need to be performed in order to determine any
potential off-target effects of upregulating TRA2-β1 on general pre-mRNA splicing in
an appropriate model/cell type.

6.1.2 HnRNP A1 and SAM68 knockdown study
HnRNP A1 and SAM68 are both negative splicing factor proteins that bind to exonic
splice silencing motifs created by the C6U transition in SMN2 exon 7 and promote
exon 7 exclusion from the mature SMN2 transcript (Kashima, Rao et al. 2007, Pedrotti,
Bielli et al. 2010). SMN2 transcripts lacking exon 7 encode a truncated, non-functional
SMN protein that is rapidly degraded. Therefore, AOs were designed to knockdown
expression of hnRNP A1 and SAM68 in an effort to limit their availability for SMN2
pre-mRNA splicing and thereby facilitate an increase in the amount of FL-SMN and
functional protein produced from the SMN2 gene.

Promisingly, cocktails of hnRNP A1 2´-O-methyl phosphorothioate AOs targeting
exon 4, a frame-shifting exon in hnRNP A1, successfully mediated knockdown of
hnRNP A1 that resulted in a downstream increase in FL-SMN2 transcripts and
189

functional SMN protein in SMA cells. Similarly, 2´-O-methyl phosphorothioate AOs
targeting frame-shifting exons 2 and 5 in SAM68 lead to an increase in FL-SMN2 and
functional SMN protein.

The lead hnRNP A1 and SAM68 exon skipping AO sequences were then synthesised
as the PMO chemistry and evaluated in SMA cells. Interestingly, the hnRNP A1 PMO
mediated hnRNP A1 transcript knockdown and only modest exon 4 skipping rather
than the >50% exon 4 skipping mediated by the same sequence as a 2´-O-methyl
phosphorothioate AO. HnRNP A1 knockdown with the hnRNP A1 PMO cocktail did
not increase FL-SMN2 in SMA patient fibroblasts, however, western blot analysis
showed SMN protein levels were increased.

The lead SAM68 PMOs showed an increase in functional SMN protein, however
similar to the TRA2-ß motif 1 PMO in Chapter 3, the SMN2 transcripts were
predominantly lacking exon 7. Again, the reason for the discrepancy between the SMN
transcript and protein levels is unclear and is possibly due to an unknown SMN
regulatory mechanism.

The hnRNP A1 and SAM68 proteins have been shown to interact on the SMN2 exon
7 ESS, strengthening the silencing capabilities of the ESS complex. Therefore, the lead
hnRNP A1 and SAM68 knockdown PMOs were evaluated in combination in SMA
fibroblasts to explore whether knockdown of both proteins improved the amount of
SMN protein production from the SMN2 gene. Significantly, PMOs that knocked
down both hnRNP A1 and SAM68 in combination induced a greater increase in
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functional SMN protein than treatment with the hnRNP A1 and SAM68 PMOs
individually.
In addition, the hnRNP A1 and SAM68 knockdown PMOs were transfected in
combination with the Anti ISS-N1 PMO that targets SMN2 directly. Transfected
individually, the hnRNP A1 and SAM68 PMOs mediated a modest increase in SMN
protein, however, when transfected in combination with Anti ISS-N1 an additive
increase in SMN proteins levels was observed. For example, functional SMN analysis
showed that individually the SAM68 and Anti ISS-N1 PMOs induced 17% and 9%
nuclei with gems respectively, however, when transfected together, the SAM68 and
Anti ISS-N1 PMOs induced 27% nuclei with gems.

There is potential for AO-mediated hnRNP A1 knockdown to be of therapeutic value
in other genetic disorders in which a disease-causing point mutation creates an hnRNP
A1 binding site that pathologically alters splicing. For example, a patient with Marfan
syndrome was reported to have a single base exchange in exon 51 of the fibrillin-1
gene that created an hnRNP A1 binding site, inducing exon 51 skipping and nonsense
mediated decay of the resulting transcript (Caputi, Kendzior et al. 2002). In such a
case, reducing hnRNP A1 expression may improve splicing outcomes and the
ameliorate the disease phenotype. However, a therapeutic window will have to be
explored to determine the limits of lowering hnRNP A1 expression before impacting
negatively on global cellular functioning.

Once again, there are potential limitations to altering expression levels of splicing
factors and it may not be a safe therapeutic approach to knockdown hnRNP A1 and/or
SAM68 since both are involved in the processing of many other gene transcripts.
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RNA-seq would have to be performed in order to determine the impact of hnRNP A1
and/or SAM68 knockdown on global gene expression. Furthermore, since splicing
factor concentrations are tightly regulated by the cell, AO-mediated suppression of
widely utilised proteins, such as hnRNP A1 and SAM68, may exert only a short-lived
effect, or the effect could be compensated for in some other way.

6.2 Modifiers of retinitis pigmentosa 11
Retinitis pigmentosa 11 is an autosomal dominant retinal disease caused by loss of
function mutations in the pre-mRNA processing factor 31 (PRPF31) gene that leads
to the specific death of photoreceptors, and the underlying retinal pigment epithelium
that support them, ultimately causing blindness. Interestingly, incomplete penetrance
of RP11 is thought to occur when the mutant PRPF31 allele is co-inherited with a high
expressivity PRPF31 allele and/or if patients have a naturally low expression of
CNOT3 protein.

RP11 and SMA have certain similarities in disease aetiology and therefore RP11 was
selected for a preliminary study to explore whether the approach of targeting disease
modifiers with splice switching AOs could be extended to other amenable diseases.
Like SMN, PRPF31 is a ubiquitously expressed splicing factor and in both cases,
protein depletion results in the death of a specific cell type i.e. α-motor neurons in the
spinal cord (SMA) and photoreceptors (RP11). In addition, increases in functional
protein levels, either through increased gene copy numbers (SMN2) or a high
expressivity allele (PRPF31), rescues the disease phenotype. The expression of both
SMN2 and PRPF31 is influenced by modifiers suitable for targeted knockdown in
order to indirectly increase expression of their respective proteins.
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6.2.1 Preliminary CNOT3 knockdown study
CNOT3 is a subunit of a global transcriptional regulator called the CCR4-NOT
complex and is thought to negatively regulate PRPF31 expression by binding to the
PRPF31 promotor site and blocking PFPR31 transcription. Therefore, AOs were
designed to remove selected frame-shifting and functional domain-encoding exons in
CNOT3 pre-mRNA in order to suppress the production of CNOT3 protein and thereby
indirectly increase PRPF31 expression- mimicking what is thought to naturally occur
in asymptomatic RP11 patients.

An initial evaluation of exon skipping 2´-O-methyl phosphorothioate AOs designed to
target frame-shifting exons 3, 8 and 9, and in-frame exons 16 and 17 that encode
functional domains, was performed in RP11 patient fibroblasts (PRPF31 mutation
c.1205 C>A). Several AO sequences were shown to successfully mediate skipping of
the relevant CNOT3 exon and induce a subsequent increase in PRPF31 expression.
Although the AO-mediated increase in PRPF31 expression was modest, Venturini et
al (Venturini, Rose et al. 2012) showed that the difference in PRPF31 transcript levels
between an asymptomatic and a symptomatic RP11 patient was only a 0.5 fold increase
suggesting a small increase in PRPF31 expression is likely to have clinical relevance.

Two of the lead AO sequences, one targeting exon 3 and the other exon 8, were
synthesised as the PMO chemistry and transfected via several standard in vitro delivery
methods into RP11 patient fibroblasts, however they were inefficient at inducing exon
skipping of the targeted CNOT3 exons. A limitation in AO delivery into the cells was
suspected, therefore the lead sequences were re-synthesised as PMOs with a peptide
tag (PPMOs) to enhance cellular uptake and transfected into RP11 patient cells,
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showing effective skipping of the targeted CNOT3 exons and a subsequent increase in
PRPF31 expression in RP11 patient fibroblasts.

Whilst there are Prpf31 knockout mouse models of RP11 available (Graziotto, Farkas
et al. 2011), unfortunately, as the human and murine CNOT3/Cnot3 sequences are not
identical these mice are not suitable for in vivo evaluation of the lead human CNOT3
exon skipping AOs, described in this thesis. Furthermore, in contrast to humans, mice
have a retinal specific Prpf31 spliceoform (Tanackovic and Rivolta 2009) and due to
the differences in human and murine gene regulation, mouse retinal Prpf31 expression
may not be regulated by Cnot3 in the same manner as human PRPF31. Therefore, in
vitro RP11 retinal organoids, that closely resemble a functional human retina, were
considered a better model for a preliminary evaluation of the lead CNOT3 PPMO.

The most affected cells types in RP11 are photoreceptors and retinal pigment
epithelium, therefore, patient iPSCs, reprogrammed from fibroblasts obtained from
dermal biopsies, were differentiated into retinal organoids and retinal pigment
epithelium and transfected with CNOT3 PPMO 3.1. Promisingly, treatment with the
CNOT3 PPMO 3.1 in both retinal organoids and retinal pigment epithelial cells,
induced CNOT3 exon 3 skipping and a subsequent increase in PRPF31 expression.
These preliminary results are encouraging and will serve as the basis of a future project
into the development of an antisense therapeutic for RP11 patients.

Although the Prfp31 knockout mouse model of RP11 may not be suitable for testing
the lead human CNOT3 AOs, a future study will investigate the transferability of this
approach from human to mouse. In an effort to evaluate photoreceptor function and
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survival, mouse Cnot3 specific AO sequences targeting exons in similar regions on the
Cnot3 gene transcript to the human AOs studied in this thesis, will be designed and
evaluated in Prpf31 knockout mice. The Wilton/Fletcher laboratory has previously
utilised a similar approach to evaluating AO efficacy and delivery, tissue health and
overall health and survival in a dystrophin-deficient mouse model (mdx) of Duchenne
muscular dystrophy where exon 23 was targeted as a surrogate to the exon 51 AO in
humans (Fletcher, Honeyman et al. 2007).

CNOT3 is an essential transcription factor and RNA-seq will need to be performed to
identify potential global off-target effects of CNOT3 depletion on the retina and
surrounding tissues. Delivery of CNOT3 knockdown AOs for treatment of RP11 will
be contained to the eyeball and therefore, AO-mediated knockdown of CNOT3 is
unlikely to have an impact on other systems in the body. We aim to find a therapeutic
window of partial CNOT3 knockdown that will increase PRPF31 expression, without
inducing detrimental side-effects on global transcription.

6.4 Final remarks and conclusions
Although targeting modifiers of gene expression is an attractive approach to treating
amenable genetic diseases, a significant point of concern is that altering concentrations
of RNA-binding proteins that have wide-spread intracellular functions will have global
off-target effects. RNA-seq will therefore need to be performed in order to investigate
the effects of AO-mediated upregulation of TRA2-β1 and suppression of hnRNP A1,
SAM68 and CNOT3 on global gene expression in a variety of cell types. Furthermore,
since RNA-binding protein concentrations are tightly regulated, AO-mediated
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suppression of widely used proteins, such as hnRNP A1 and SAM68, may be shortlived or compensated for in some other way.

The SMA treatment Spinraza, while reported to improve the outcomes for some SMA
infants, has by no means rescued the patient phenotype. It remains to be seen if Anti
ISS-N1 treatment of pre-symptomatic SMA type 1 infants could induce sufficient FLSMN from the one or two copies of SMN2 to rescue motor neuron function and
dramatically increase or normalize life expectancy. The longer-term outcomes from
Spinraza treatment in SMA and additional studies on RNA-binding proteins may
justify further exploring the validity of combinatorial Anti ISS-N1 and RNA-binding
protein-modulating antisense strategies to enhance FL-SMN expression in the lowSMN2 copy number patients.

A further point for consideration in developing a treatment for both SMA and RP11 is
that therapeutic intervention has to occur prior to the loss of the affected cell types,
since neural cells once lost are unable to be regenerated. Determination of the optimal
window of opportunity for administration of the therapeutic may prove difficult as
once SMA and RP11 patients become symptomatic, significant loss of motor neurons
and photoreceptors, respectively, has already occurred. New-born screening for SMA
and family history information in RP11 would prove useful in identifying patients so
that they may receive treatment prior to catastrophic loss of the affected cell type.
Although AO treatment is unlikely to provide a cure for SMA or RP11, disease
progression may be delayed and/or the severity of the phenotype may be significantly
reduced.

196

Although several potential limitations and hurdles that may cast doubt on the
feasibility of targeting RNA-binding proteins for genetic diseases have been
highlighted above, the in vitro results of this thesis are promising and the lead AOs,
for both SMA and RP11 treatment, warrant further investigation and development.
Since RNA-binding proteins and splicing machinery are not necessarily conserved
across species, animal models of SMA and RP11 may not be appropriate for evaluating
specific AOs designed to target modifiers of gene expression in humans, however, they
could be useful in exploring the mechanisms involved. Future studies will further
evaluate the lead AOs, designed in this thesis, in appropriate in vitro models of the
disease, i.e. patient motor neurons (SMA) and retinal organoids and pigment
epithelium (RP11) differentiated from iPSCs, using relevant functional assays and
RNA-seq as a gauge of AO efficacy and safety.

The approach explored in this thesis, is applicable for any disease that may be
improved by targeting gene modifiers to modulate expression of the disease-causing
gene. Furthermore, novel AO chemistries are on the horizon to improve in vivo
delivery and efficacy of AO treatment (Jearawiriyapaisarn, Moulton et al. 2008,
Jearawiriyapaisarn, Moulton et al. 2010, Chen, Le et al. 2016, Lipi, Chen et al. 2016,
Le, Adams et al. 2017). Of particular interest are the next generation of PMO
chemistries, PPMO, PMOplusâ and PMO-Xâ, manufactured by Sarepta
Therapeutics (https://www.sarepta.com/technology/technology-platform) (Sarepta
2018) and the cell penetrating peptides manufactured by Phylogica (Phylogica,
Western Australia) to improve intracellular delivery of AOs
(https://phylogica.com/technologies/intracellular-delivery) (Phylogica 2018).
Improved AO delivery to target cells is important as AO treatment is currently
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extremely expensive. Indeed, the Exondys51 regimen for DMD costs up to $300,000
US per patient per annum and Spinraza for the treatment of SMA costs $750,000 US
per patient per annum. AO treatment can thus, only be afforded through government
subsidies such as the Australian pharmaceutical benefits scheme
(https://www.sbs.com.au/news/spinal-muscular-atrophy-drug-price-slashed) (SBS
2018) or through medical insurance
(https://www.nytimes.com/2017/06/22/health/duchenne-muscular-dystrophy-drugexondys-51.html) (NYTimes 2018). The astronomical cost of these treatments
provides an ethical dilemma as providing patients access to these drugs could
financially cripple the medical insurance industry. Therefore, efforts need to be made
to reduce the cost of manufacturing AOs and improving delivery so that dosage and
cost may be reduced. As additional AO-treatments are approved for clinical use in
genetic diseases and demand is validated, production of AOs will increase
accordingly, enabling large-scale production of AOs and hopefully reduced costs to
patients.
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