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Duchenne }\duécula: Dystrophy (DMD), and the mﬂc}i:r allelic Becker muscular
dystrophy (BMD), are X-linked recessive muscle wasting disorders characterised by
mutations in the dystrophin gene. DMD occurs at a frequency of appréximntely lin
3500 male newborns and life expectaney is typically less than 30 years. Due to
pingressive muscle wasting, affected hoys are restricted to a wheelchair by the age of 12
years. The most commoan cause of desth is pnewmonia, compounded by cardiac
involvement.

Mutations that disrupt the dystrophin reading frame, or prevent the synthesis of
either terminus, prectude the synthesis of a fully functional dystrophin. The subsequent
loss of membrane integrity results in a severe DMD phenotype, as these weakened but
still functional muscle fibres are subject to continuous cycles of damage ond
regeneration. Conversely, BMID mutations are generally found to be in-frame deletions
where a shorter but semi-finctional protein with intact amino and carboxy] termini has
been synthesised, BMD has an incidence almost ten times less than DMD. While the
distribution of myopathy parallels DMD, the onset and progression of BMD is variable
and generally less severe and some affected individuals are virtually asymptomatic.

" From clinical studies on many patients with BMD, there is no doubt that some
dystrophin, even if of reduced quantity andfor quality, can be of significant b'i'c.ilogical
~and functional advantage. Rare, naturally occurring dystrophin-positive, ‘revertant’
fibres have been found in over 50% of DMD patients, These revertant fibres are thought
to result from the production of altematively spliced dystrophin transcripts that bypass
particular exons in the defective mRNA iranscript to maintain the reading frame and
produce a shorter, semi-functional protein. The presence of these fibres has led to the
possibility of a new genetic therapy for LMD utilising small single-stranded fragments
of nucleic acid called antisense oligonucleotides (2'OMeAOs), These 20MeAOs can
be applied to the dystrophin gene to either restore the reading frame in the case of
frame-shifting deletions, by skipping one or thore flanking exons, or to target the
disease-causing exons for removal from the final message. In this manner, the induced
transcript could be translated into a shorter, but presumably semi-functional, dystrophin,
Thus, the DMD phenotype would be potentially converted to a milder BMD-like
phenotype. '
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At the commencement of this project, previous smdies had targeted 2'0MeAQs
to either of the consensus acceptor or donor splice sites or to a less well defined exon
splicing enhancer sequence (ESE). However, none had compared these regions within
the same exon or across species. The principal aim of this study, therefore, was to
identify the target(s) within the dystrophin pre-mRNA most amenable to specific and
efficient 2'OMesAC-Induced exon skipping, An additional aim was to then apply the
knowledge gaited to mimic a naturally occurring revertant transcript, by inducing the
removil of multiple exons. .

Motifs involved in pre-mRNA splicing of mouse or buman dystrophin exons 19
to 25 and 46 were tasgeted by 20MeAOs complexed with one of several transfection
reagents, Cultured H-2K normal and mdx mouse, gnd normal and dystrophic human
myotubes were transfected with 2'0MeAOs, either individually or in combinations.
R_'I"-PCR studies were undertaken to ascertain the extent of the 2'0OMeAQ-induced exon
sk'ippiug and to determine if there might be a preferred motif at which to direct future
2'0MeAOs, We repbn varying efficlency of 2'0OMeAQ-induced removal of each exon
of the dystrophin gene assessed by targeting a variety of splicing motifs, Furthermore,
no alterations in other regions of the final dystrophin transcript were detected as a

 consequence of these 2'0MeAQ treatments,

The results presented in this thesis suggest that the sensitivity of acceptor, donor
or ESE splicing metifs to modulation by 20OMeAQOs is unique to the exon selected for
removal and less dependent on the targeted sites, Therefore, thers does not appear 1o be
one specific splicing motif that can be umiversally ta:gcted.. Each mutation may have to
be treated individuaily, assessing the best motifs on an exon to exon basis.
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Chaptee | - Introduﬁion and Literature Review
~ Chapter 1 - Introduction

" 1.1 Duchenne and Becker muscular dystrophy

Duchenne muscular dystrophy (DMD), and the milder allelic Becker muscular
dysirophy {BMD), are X-linked recessive muscle wasting disorders caused by
mutations in the dystrophin gene (Hoffman, Brown & Kunkel, 1987; Koenig et al,,
1983). DMD occurs at a frequency of approximately 1 in 3500 male newborns (Koenig
et al, 1987) and life expectancy is typically less than 30 years (Emery, 2002).

The main clinical feature of DMD, muscle weakneass, becomes evident eaily in
childhood, Initially, affected boys heve difficulty running and climbing stairs, and most
require & wheelchair by the age of 12 years. Mental impairment is also a common ~
clinical feature, with approximately 20% of affected boys having 1Qs under 70 (Emery,
2002). The most common cause of death is pneumonia, compounded by cardiac
invelvement, Without assisted ventilation, few of those affected live beyond their thind
decade (Emery, 2002).
~ BMD has an incidence slmost ten times less than DMD (Heald, Anderson,
 Bushby & Shaw, 1994), with a broad spectrum of phenotypes. Although the distribution
of ﬁyopathy parallels DMD, the onset and progression of BMD is variable and
generally less severe (Emery, 2002), and some affected individuals are virtually
asymptomatic (England et al., 1990},

Genomic deletions in the human dystrophin gene account for approximately
60% of the DMD mutations (Koeaig et al., 1989), while the remaining cases arise from
genemic duplications and nonsense, splicing and missense mutations, Although genetic
counselling can reduce the incidence of DMD, an estimated one third of all reported -
cases arise from de nove mutations in the dystrophin gene (Werion, 1992), emphasisiﬁg
the urgent need for an effective treatment for this disorder. '

1.2 The dystrophin gene and protein
The dystrophin gene, currently the Jargest known human gene, consists of 79

exons spanning approximately 2.4 megahases (Hoffman et al., 1987; Robezts, Bobow
& Bentley, 1992b) and undergoes extensive pre-mRNA processing to produce anumber
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of isoforms (Feener, Koenig & Kunkel, 1989; Sadoulet-Puccio & Kunkel, 1996), The
major muscle specific wranseript of 14kb {(Anderson & Kunkel, 1992) represents only
0.02 to 0.12% of the mRNA in either human or mouse cardiac or skeletal muscle
(Chelly, Kaplan, Maire, Gautron & Kahn, 1938), It has been estimated that this
transcript requires approximately 16 hours for complete synthesis and is
ce-transcriptionally spliced, with the 5' end of the wanscript spliced before transcription
of the 3' end is complete (Tennyson, Klamut & Worton, 1995), Tennysen et al, (1995)
suggested that this mechantsm may have developed in response to the need to restrict
the number of splice sites available by the end of wanscription, a5 8 means to maiatain
splicing fidelity. This is of particutar significance considering that the length of the
introns, accounting for 99.4% of the sequence in total (Ahn & Kunkel, 1993), requires
the precise and orderly splicing of the 79 exons to take place across large physical
distances ('l‘eﬁnyson et al,, 1995}

The tissue-specific expression of dystrophin isoforms is based on transctipticnal
control by seven to eight different promoters (Sadoulet-Puccio & Kunkel, 1996;
Culligan, Mackey, Finn, Maguire & Ohlendieck, 1998). Three full-length (427kDin)
dystrophin isaforms have been confinned, each controlted by a tissue-specific promoter.
" The brain dystrophin isoform has been localised in neurons of the cerebral and
cerebellar cortices, while the Purkinje-cell isoform is the predominate type found in the
cerebellum (Ahn & Kunkel, 1993; Gorecki et al., 1992). The muscle isoform, expressed
in skeletal, smooth and cardiac muscle (Bies et al., 1992), has been found to be
localised to the muscle plasma membrane and t-tubules, tightly bound to the
glycoprotein complex (Hoffman et al,, 1987; Zubrzycka-Gaarn et al., 1988). This
protein consists of fol.lllfl distinct structural domains - the N-terminal (actin-binding)
domain, which connects dystrophin to the subsarcolemmal cytoskeleton, the central
rod, which gives the protein elasticity, the cysteine-rich domain, which anchors
dystrophin fo the extracellular matrix, and the C-terminal domain, which binds to
dystrophin-associated proteins (Hoffman et al,, 1987; Koenig, Monaco & Kunksl,
1988).

It i5 thought that one of the primary roles of this isoform is in contributing to
muscle fibre stability through mechanical reinforcement and protection of the
sarcolemma from membrane stresses during muscle contraction (Petrof, Shrager,
Stedman, Kelly- & Sweeney, 1993; Vilquin et al., 1998; Zubrzycka-Gaarn, Huiter,
Karpati, Klamut & Bulman, 1991). Supporting this hypothesis is the fact that muscles

..2
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- 'lacking dystrophin are susceptible to mechanical injury and undergo repeated cycles of

necrosis and regeneration, leading to a gradual replacement of muscle by fatty fibrous
tissue (Anderson & Kunkel, 1992; Harper et ak., 2002). Dystrophin performs this critical
role despite amounting to only 0.002% of total muscle protein (Radojevic, Lin &
Burgunder, 2000). The localisation of dystrophin to neural and vascular tissues also
suggests that there may be vasculogenic or neurogenic components involved in the
progressive skeletal muscle pathology chserved in PMD (Hoffnan et al,, 1988).

13 Dystrophin mutations and disease severity

The reading frame hypothesis proposed by Monaco, Bertelson, Liechti-Gallati,

‘Moser and Xunkel (1988) suggested that the different phenotypes expressed in DMD

and BMD depended on the break-point of the mutation and its effect on the translation
of downstream codons. For example, if the sum of the nucleotides within an deleted
region was not a multiple of three, the reading frame would not be maintained and the
resulting frame-shift would lead to the generation of a premature stop codon. These
frameshift mutations (typically resulting in DMD) lead to the premature tecmination of
protein synthesis during translation. Mutations which prevent the synthesis of the
carboxyl terminal of dystrophin have been shown to result in a severe phenotype (Prior
et 2], 1993; Roberts, Coffey, Bobrow & Bentley, 1992a), as both the actin binding and
carboxyl termini are required to form functional dystrophin (Buiman, Muphy,
Zurzycka-Gaarn, Worton & Ray, 1991).

In contrast, BMD mutations are generally found to be in-frame deletions which
maintain the reading frame and termini, resulting in the production of a shorter but
semi-functional protein (Monaco et a!., 1988; Koenig et al,, 1989). It appears that
deletions of large portions of the central rod region can be associated with mild BMD
phenctypes (England et al., 1990}, although there appears to be a threshold effect
whereby central in-frame deletions of more than 36 exons result in DMD phenotypes
(Fanin et al., 1996).

Depending upon the position and nature of the mutation, BMD patlenls typically
have less severe sympioms with later onset and/or variable progression of muscle
degradation (Emery, 2002). From clinical studies on meny patients with BMD, theré is
no doubt that some dystrophin, even if of reduced quantity and quality, can I;c of

significant biologicat and functional advantage {(Anderson & Kambkel, 1992). Examples

3
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- include a patient with a deletion of exons 3 to 9 who played competitive badminton and
went undiagnosed until his mid 60s (Heald et al., 1994). Another patient had 46% of the
dystrophin coding sequence missing and still remained ambulant until 61 years of age
(England et al., 1990).

A study by Koenig et al. (1989) reported that the reading frame hypothesis
'predictcd the correct clinical phenotype in approximately 92% of cases. Altemative
splicing events which would overcome the effect of the original mutation by restoring
the reading frame (Chelly et al., 1988), and very rare missense mutations where crucial
binding domains have been cormupted (Prior et al,, 1993), could account for the
remaining 8% of patienis not characterised by Monaco's hypothesis.

1.4 Revertant fibres

The discovery of rare, naturally-occurring dystrophin-positive fibers in DMD
patients has led to the possibility of a new genetic therapy for DMD, These revertant
_ fibres cecur singly or in clusters and may represent up to 10% of the 1otal muscle fibre
pepulation (Sherratt, Vulliamy, Dubowitz, Sewry & Strong, 1993; Uchino et al., 1995). -
Immunchistochemical staining has identified revertant fibres in the skeletal muscle of
up to 50% of DMD patients (Klein et al., 1992; Uchino et al,, 1995), as well a5 the .dug
{GRMD) and mouse {mdx) models of DMD (Hoffman, Morgan, Watkins & Parirldge,
1990; Schatzberg et al,, 1998; Sherrait et al.,, 1993). The frequency of revertant fibres
has been shown to increase with age and X-irradiation treatment in mdx mice (Heffman

_ etal, 1990).

The natural mechanism by which the original rutation is overcome, resulting in  *
restoration of the reading-frame, remains unclear, Mechanisms proposed to account for
the presence of dystrophin in these revertant fibres include secondary somatic genomic
mutations and alternative mRNA splicing (Hoffman et al,, 1990; Klein et al,, 1992; Lu
et al,, 2000; Wilton, Dye, Blechynden & Laing, 1997). The low frequency and apparent
clonal development of revertant fibres seem o support secondary somatic genetic
events rather than altemnative splicing (Hoffman et al., 1990). It has been reporied that
such an event, either by deletion or through a mutation affecting a splice site, can
remove exons from the dystrophin gene such that the reading frame is restored (Klein et
al., 1992; Thanh, Man, Helliwell & Morris, 1995; Wianard, Meodell, Prior, Florence &
Burghes, 1995). However, in situ hybridisation studies in mdx mice using a genomic
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probe spanning exon 23 demonstrated that the majority of revertant fibres had not .
undergone any gross genomic deletions to remove exon 23, supporting some alternative
mRNA splicing mechanism (Lu et al,, 2000). As thers is evidence for both, it is possible
that these two main theories explaining the presence of revertant fibres are not inutually
exclusive (Dickson, Hill & Graham, 2002; Wilton, Dye & Laing, 1997).

} ' Research using exon-specific antibodies has suggested that revertant fibres skip
mt;llﬁple ‘exons, up to 30 at one time, in order to restore the reading frame (Lu et al,,
2000). Although revertant transcripts appear to be translated into at least partially
functional ‘Becker-like’ dystrophin proteins (Lu et al., 2000), there have been
conflicting reports as to whether there is a relationship between the presence of
revertant fibres and the severity of the DMD phenotype. A study by Nicholson (1993)
reported a relationship between the abundance of dystrophin-positive fibres and the age
at which independent ambulation was no longer possible, However, a later study failed
to find a correlation between the presence of revertant fibres and the clinical course of .
the dissase, citing inter- and intra-individual variability as the probable cause of this
discrepancy (Fanin et al., 1995). The authors suggested that the low levels of fibres
produced would be likely to limit their functional significance. Nevertheless, the very
existence of these fibres represents a rationale for a possible therapeutic approach to
reduce the clinical severity of DMD, provided that the frequency of revertants could be
raised to:'biologically significant levels (Sherratt et al., 1993; Wilion, Dye, Blechynden
& Laing, 1997).

In addition, the natural ocourrence of revertant fibres suggests that an approach
which increases the frequency of these fibres may avoid the possibility of triggering an
immune response, such as that reported to occur following the introduction of full
length dystrophin by gene transfer juto dystrophic muscles (Ohtsuka, Udaka,
Yamashiro, Yagita & Okumura, 1958). Many of these individuals will not have been
exposed to dystrophin previously, except in the form of revertant fibm': and may

perceive the introduced protein as a neoantigen (Ferrer, Wells & Wells, 2000,
However, targeted exon skipping based on the exons commonly removed in revertant
fibre transcripts may result in & less immunogenic product (Lu et al., 2000).
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15 Pre-mRNA splicing

Pre-mRNA splicing involves the precise excision of introns from the primary
gene transcript and the joining of exons to form the mature RNA, This intricate process
is catalysed within the spliceosome, a large ribonucleaprotein complex consisting of
five small nuclear ribonucteoprotein particles (szRNF), U1, U2, U4, US and U6, as well
as approximately 80 - 100 non-snRNP proteins {Adams, Rudner & Rio, 1996; Kole &
Sazant, 2001).

To ensure that inron cleavage and exon ligation is exact, the consensus splice
sites are distinguished by the almost invariant dinucteotides GU at ibc 5" acceptor site
and AG at the 3' donor site of the intron (Shapiro & Senapathy, 1987). In addition, the
% splice site is associated with an upstream polypyrimidine tract and degenerate branch
point motif (Tanaka, Watakabe & Shimura, 1994). The components that initially
recognise the splice sites are the UlsnRNP, which pairs with the 5' splice site, and the
protein factor U2AF, which binds to the polypyrimidine tract within the 3’ splice site
sequence (Black, 19595). These factors trigger the formation of the spliccosome,

Cleavage at the ¥' splice site, with ligation of the intron 5 end to an adenosine residue at -

the branch point, is followed by cleavage at the 3 splice site and ligation of the two
cxons {Black, 1995). It is thought that the splicing of pre-mRNA transcripts generally
occurs in & 5 to ¥ direction, although there is evidence to suggest that the splicing of
introns may also occur in a non-linear progression (Kessler, Jiang & Chasin, 1993).

Large genes, such as the dystrophin gene contain a high number of exons and
very long introns, which presents a challenge to efficient and precise transcription and
splicing processes. In some regions, the 5 and 3' splice sites must be correctiy paired
across Jarge physical distances (200kb or more) while avoiding the inappropriate
exclusion of exons (Berget, 1995; Black, 1995; Horowitz & Krainer, 1994). '

Positive elements for pre-mRNA splicing include the strength of the §' and 3
splice sites (determined by how well they conform to the consensus sequences) and the
branch point sequence (Chabot, 1995; Dominski & Kole, 1994). However, mRNA
contains many “cryptic” sequences which closely resemble the splice site consensus
sequences of true spiice sites (Black, 1995), Thus, individual splice site strength alone
may not be sufficient to account for the high specificity observed in splice site selection,
indicating the presence of sdditional clements involved in exon recognition (Reed,
1996; Watakabe, Tanaka & Shimura, 1993).
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Several factors have been suggested to affect the selection of splice sites and
'#ubsequent spliceosome assembly, including the spacing of each splicing element
(Berget, 1995; Reed, 1996), the length of the exon (Dominski & Kole, 1994) and the
erder of intron removal, through a change in secondary stru}cmre or approximation of
protein binding sites (Kessler et al., 1993). These factors may help to explain why
cryptic splice sites are not well recognised.

In addition, there is growing evidence that intemal exon sequences can
efficiently stimulate inclusion of an exon, presumably thraugh recognition by the
splicing machinery. These exon splicing enhancers (ESEs) may act by co-operating
with, or compensating for, functionally weak splice sites, allowing more efficient
recognition of the target exon (Dominski & Kole, 1996; Lam & Hertel, 2002). The
terms ERS and ESE have been used interchangeably in the literature, but ESE is now
considered a general term for any sequence that promotes exon inclusion during
splicing (Xu, Teng & Cooper, 1993), whereas an ERS is defined as a purine-rich ESE
(Tanaka et al., 1994). It is important 1o note, however, that not every purine-rich exon
Sequence functions as an ERS. For example, it has been reported that purine-rich
sequences from three exons of the dystrophin gene (exons 43, 46 and 53) showed
varying degrees of spliciﬁg enhancer activity ranging from very little (exon 46) to
powerful (exon 43), suggesting that each exon in the dystrophin transcript may be
subject to the influence of different splicing elements (Ito, Takeshima, Sakamato,
Nakamura & Matsuo, 2001).

The mechanisms by which ESEs enhance exon inclusion remain unclear (Io et
al., 2001). It has been suggested that ESEs form an RNA secondary structure which
" gither directly influences exon selection or improves the accessibility of splicing factors
to the binding sites (Watskabe et al., 1993; van Deutekom & van Ommen, 2003). In
" addition, exonic splicing enhancers serve as binding sites for serine/arginine rich (SR)
proteins (Lam & Hertel, 2002; Lin, Zhang & Krainer, 1998), which are thought to
_ interact with the §' splice site, the UL snRNF, and the U2AF proiein, providing a bridge
 between the splice sites during splicing (Black, 1995). It is thought that the activity of

these bound SR proteins, sequence context and the distance between the ESE and the
intron, determines the strength of an ESE (Graveley, Hertel & Maniatis, 1998), although
the optimal distance may be protein specific and thus varisble between exons (Liu,
Chew, Cartegni, Zhang & Krainer, 2000, B
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~ In addition to sequences which enhance the .inclnsion of exons, less well
characterised sequences which inhibit splicing, known as exonic or intronic splicing
silencers, also exist (Blencowe, 2000; Fairbrother & Chasin, 2000). It is thought that
these sequences, which can be either puring or pyrimidine rich, bind a diverse amay of
preteins and may have a role in suppressing the use of cryptic splice sites, thereby
favouring the selection of true splice sites (Fairbrother & Chasin, 20006),

1.6 Animal models of DMD

Animal models, including dystrophin-deficient dogs, mice and cats, play an
important role in DMD research by providing genetic and/or biochemical homologues
of their human counterparts (Cooper, 1993). Gelden Retriever dogs with muscular
dystrophy (GRMD) exhibit a similar but more severe phenotype to that seen in DMD
(Howell et al., 1998; Valentine et al., 1992). This disorder arises from a point mutation
in the acceptor splice site of intron 6 of the GRMD dystrophin gene, resulting in the
" exclusion of exon 7 from the mRNA (Sharp et al., 1992), Affected dogs have raised
serum creatine kinase levels, display progressive muscle atrophy with fatty infiliration
(although to a lesser degree than observed in DMD), develop cardiomyopathy, and have
a shortened life span, secondary to cardiac and respiratory failure (Nonaka, 1998;
Valentine et al., 1992).

The mdx mouse commonly serves gs an animal model for DMD aa it also
exhibits an absence of dystrophin in its muscle tissue (Sicinski et al., 1989). The
skeletal musele of mdx mice demonstrates dystrophic changes such as muscle fibre
necrosis and regeneration, with the diaphragm most severely affected (Nonaka, 1998},
In the mdx mouse the absence of dystrophin is caused by a nonsense mutation at
position 3185 in exon 23 of the dystrophin gene, leading to premature termination of
dystrophin synthesis (Sicinski et al., 1989), As a model for DMD, the mdx mouse is
convenient and economical, but it is limited in its elinical similarity to the human
disease. By comparison, the GRMD dog mare accusately reflects the human DMD
phenotype, but is more difficult and expensive to maintain as a colony (Cooper, 1989).
In consideration of these different models, the mdx mouse appears most appropriate for
DMD laboratory experiments, whereas the GRMD dog may be an essential model for
prectinical studies before human wrials,
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1.7 Therapies for DMD

The objective of most therapeutic approaches to the treatment of DMD is 1o
raise the quantity of functional dystrophin in all dystrophic tissues to clinically
significant levels,

Many gene replacement or modification strategies are being tested; however
there are numerous technical problems that must be overcome before any of these
- therapies can be used safely and effectively, as briefly considered below.

171 Cell-medinted treatment

One approach 1o the treatment of genetic disorders involving muscle is myoblast
transplantation, where mononucleated precussor cells isolated from normal donor
tissues are propagated in cell culture before injection into diseased muscle (Coovert &
Burghes, 1994; Smythe, Hodgetts & Grounds, 2000). However, transplanted myoblasis
have a tendency to remain localised near the injection site, rather than migrating to
distant damaged sites (Blau & Springer, 1995). Additionally, implanted myoblasts were
shown to have poor survival rates, typically less than 1% (Mendell et al., 1995), with
the majority of donor cells failing to survive for more than one hour after injection
{Stmythe et al,, 2000). This poor survival is thought to be caused by immune rejection of
the implanted my oblasts (Hodgeits, Spencer & Grounds, 2003).

In another cell-mediated approach, injection of genetically marked bone marrow
into damaged muscles of immunodeficient mice revealed that the bone marrow cells are
able to undergo myogenic differentiation and contribute to regeneration of the damaged
muscle fibres (Ferzari et al., 1998). In another study, it was reported that intravenous
injection of either haematopoetic stem cells or muscle-derived stem cells into iradiated
mdx mice resulted in dystrophin expression in up to 10% of the muscle fibres within an
" individual mouse. Of the dystophin-positive fibres, 10 - 30% contained donor nuclei
(Gussoni et al., 1999). More recently, stem cells derived from blood vessels
(mesoangioblasts) have been demonstrated to reconstitute dystrophin expression
following intravenous injection in dystrophic mice (Sampaolesi et al., 2003). This
spproach may be a promising development in the treatment of DMD, particularly as
systemic delivery appears possible, 8t least within the mouse.
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172 Gene replacement

Gene replacement aims to introduce normal or semi-functional genes into cells
which lack the product of that gene (Karpati & Acsadi, 1993). In treating DMD, the
main aim has been to supply dystrophin minigenes, consisting of partial or full-length
dystrophin ¢DNAs driven by a suitable promoter, to muscle cells (Acsadi et al., 1991;
Ragot et al., 1993), Further develapment of novel plasmid and viral vectors has allowed
greater delivery of cDNAs to skeletal myocytes (reviewed by Fletcher, Wilton &
Howell, 2000; Macshall & Leiden, 1998).

Unfortunately, even if gene replacement therapies were developed successfully
in skeletal muscle, the absence of the two other major full fength dystrophin products
found in the brain and heart would still remain a problem (Karpati & Acsadi, 1993). For
this teason, and to avoid multiple injections into the muscle to achieve transgene
delivery, n systemic delivery system would be advantageous (Hartigan-O'Connor &
Chamberlain, 2000). Furthermore, it is possible that not all of the symptoms of DMD
can be alleviated by replacement of only the full length dystrophin isoform (Culligan et
al., 1958).

1.,7.2.1 Nen-viral veciors

Non-viral delivery systems, such as cationic liposomes, DNA protein complexes
and direct injection of naked plasmid have the advantage's of being non-infectious and
potentially less immunotoxic when used in vivo (reviewed by Fletcher et k., 2000). By
comparison with virus-based systems, non-viral vectors are easier to manufacture, allow
the delivery of larger inserts and may be particularly suitable for the delivery of
oligonucleotides to mammalian cells (reviewed by Romano, Michel, Pacilio &
Giordano, 2000}, Unfortunately, non-viral vectors have demonstrated low transfection
efficiencies (Marshall & Leiden, 1998) and lack target specificity (Romano et al.,
2000). Liposome-mediated delivery of plasmid DNA also increases host immune
responses compared {0 naked plasmid DNA (Romano et al., 2000).

~ The use of plasmid RNA and DNA injected directly into mouse skeletal muscle
tovl"rwdify gene expression was first demonstrated by Welff and colleagues (Wolff et al.,
199ﬁ). Subsequent studies in dystrophic muscle used expression plasmids containing 12
kb human dystrophin cDNA or 2 6.3 kb BMD-like cDNA, These were directly injected

10
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into mdx muscle and gave rise to approximately 1% dystrophin-positive fibres (Acsadi
etal., .1991). A similar trial in GRMD dogs yielded dystrophin expression of up to 2.5%
" of fibres in skeletal muscles injected with plasmid containing a full .length dystrophin
gene of & dystrophin minigene (Howell et al., 1998), The authors concluded that for
gene therapy to be useful as a treatment for DMD, more efficlent expression will need
to be achieved.

More recent rescarch has aimed to improve efficiency by using an Epstein-Barr
virus based plasmid ‘minichromosome' injected into mdx muscle tissue (Tsukamoto et
al., 1999). Over a ten-week period, this resulted in a statistically significant increase in
the number of muscle fibres expressing dystrophin, compared with a conventional
vector. In addition, the effects of direct intra-muscular injection of a plasmid expressing
full-length dystrophin have been assessed in DMD and BMD patients (Romero et al.,
2002).

Besides the standard DNA delivery methods discussed, several other innovative
‘physical' approaches to enhance gene transfer inte muscle have been trialled with
varied success. These include muscle electroposation which hyper-penmneabilises
the myocytes (Vilquin et ab,, 2001), hyperosmotic pressure (Duchler et al., 2001),
high velocity tissue bombardment ('gene-gun’) (Zelenin et al, 1997) and
ultrasound-mediated microbubble destruction (Frenkel, Chen, Thai, Shohet &
Grayburn, 2002). However, a less invasive method of delivery will need to be
developed for routine clinical use of plasmid vectors (van Dentekom & van Ommen,
2003). i

1722 Viral vectors

Retroviral, lentiviral, adenoviral and adenc-associated vical vectors have been

" employed to increase the efficiency and delivery of DNA transfer, but have been

hindered by immunotoxicity and other factors (reviewed by Coovert & Burghes, 1994;
Fletcher et al., 2000; Morgan, 1994). )

Retroviruses are single-stranded RNA viruses which can effictently integrate

into the host genome, camying gene products such as the dystrophin minigene, and

transduce the host cell by reverse-transctibing their viral RNA (with insert) into DNA

(Morgan, 1994), However, gs viral insertion is random, the cell genome may be

n
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disrupted, possibly leading to the inactivation of tumour suppressor genes or even
induction of the expression of cellular oncogenes (Romane et al,, 2000).

Additionsl limitations include a relatively small payload, as only an insert of
approximately 8 kb can be carried, and the fact that most retrovinises require the
presence of mitotically active host cells for transfer of the viral load and therefore do
not jnfect mewure myofibrils (Coovert & Burghes, 1994; Morgan, 1994), Leativiruses,
while able to transfect both dividing and non-dividing cells, have the disadvantage of
being HIV-1 based, and so carry the potential danger of serum conversion to HIV-1 in
the patient (Romano et al., 2000).

Adenoviruses are double-stranded DNA viruses which can be rendered
replication-defective (Ragot «f al,, 1993; Romano et al., 2000). These altered viral |
particles enter the target cell through endocytosis and reside as autonomously
teplicating episomal units in the nucleus, but are not integrated into the host genome
(Coovert & Burghes, 1994). The advantages of adenoviruses are that they can infect
non-dividing cells and be prepared in large quantities, Unfortunately, they also have an
insert.size limit of approximately 8 kb and, as they do not integrate into the host
genome, can only provide transient gene expression (Hauser, Amalfitano, Kumar-
Singh, Hauschka & Chamberlain, 1997; Mountain, 2000). Furthermore, they may
trigger potent immune and inflammatery responses (Mountain, 2000).

A further development in adenoviral vecters has sought to overcome these
limitations by removing all viral coding sequences, producing 'gutless’ adenoviruses,
This manipulation allowed the accommodation of up to 30 kb of foreign DNA
{Kochanek et al., 1996). In addition, the expression of viral proteins is eliminated as all
protein coding sequences are removed, The authors proposed that this would reduce the |
cellular immune response and allow longer-term expression of the transferced gene. A
more recent study has reported restoration of functional dystrophin production fo mdx
muscle following single injections of gutted adenoviral vectors carrying full-length
dysuophin cassettes (DelloRusso et al., 2002). Only a slight immune response to the
injected material was observed. '

Adeno-associated viruses (AAV) are single-stranded DNA viruses which can
stably integrate into host DNA. One limitation is that they can carry only a small
gene load of approximately 4 kb (Romano et al,, 2000). Injection of AAV carrying
micro-dystrophin gene constructs into dystrophic muscles of mdx mice have been
reported to reverse the histopathological features of this disease (Fabb, Wells, Serpente

12
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& Dickson, 2002; Harper et al., 2002; Sekamoto et al., 2002). However, substantial
immune responses to AAV-delivered transgene products have been observed in
dystrophic mice, causing destruction of transduced myofibres (Yuasa et gl, 2002). In
addition, it has been suggested that despite itg apparent ability to prevent ongoing
muscle damage, this approach may not be able to fully restore muscle strength (Harper
et al,, 2002; van Dentekom & van Oimmen, 2003),

Sevetal approaches have been atienpted in order to yield higher transduction
efficiencies with vital vectors. A study by van Deutekom et al. (1998) demonstrated that
the use of cardiou;xin to generate a specific myofibre degeneration resulted in markedly
higher levels of retroviral, herpes simplex viral, and adenovira! fransduction of mature
muscle compared to non-regenerating muscle. In addition, streptokinase treatrent of
myofibres was shown to increase the permeability of the extracellular matrix, resulting
in highet levels of herpes simplex viral transduction.

1.7.3 Utrophiln upregulation

The uttophin gene, encoding 74 exons spanning over 1Mb of gﬁnomic DNA, is
widely expressed in many fetal and adult tissues (Pearce et al,, 1993) and may be a
developmental precursor of dysirophin (Lin & Burgunder, 2000). Studies on utrophin
upregulation have been based on the hypothesis that utrophin, a protein which shares
over 80% homology with dystrophin (Love, Byth, Tinsley, Blake & Davies, 1993}, may
offer protection against damage and necrosis in dystrophic muscle (Wilson, Cooper,
Dux, Dubowitz & Sewry, 1994), Utrophin is expressed at the membrane surface of
immature myotubes and becomes restricted to the nsuromuscular junction in mature
muscle (Davies, 1997). Utrophin constitutes part of the complex of proteins and
glycoproteins which link the basal lamina to the cytoskeleton, providing muscle fibre
membrane stability (Radojevic et al., 2000). Utrophin has been detected as sarcolemma
staining of muscle cells obtained from DMD patients and mdx mice (Davies, 1997}, and
appears to increase in response to muscle degenerafion and regenetation, particularly in
DMD muscle (Pearce et al., 1993). _

A truncated utrophin transgene, driven by the human skeletal o-actin promoter,
was used to generate high level utrophin expression in mdx skeletal muscle and
diaphragm. preventing development of dystrophic pathology (Tinsley et al,, 1996). In
addition, adenoviral delivery of mini-utrophin has been demonstrated {0 restore the
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: dysuophin-glycoprotein complex and prevent the dyswophic phenotype in animal
models of DMD (Cerletti et al., 2003; Wakefield et al,, 2000). A higher level of
function was achieved, as demonstrated by muscle strength, following the expression of
full-length utrophin mRNA in mdx mice (Gillis, 2002). In a different approach,
overexpression of utrophin in mdx diaphragm muscle was stimulated by treatment with .
nitric oxide donors (Chaubourt et al,, 2002), Utrophin uptegulation may avoid the
potential immune response associated with the delivery of dystrophin to previously
dystraphin-deficient tissues (Hartigan-0'Connor & Chamberlain, 2000; van Deutekom
& van Ommen, 2003; Wakefield et al, 2000). In addition, no toxic effects were
observed following non-specific overexpression of full-length utrophin in a broad range
of tissues in the mdx mouse (Fisher et al., 2001). Thus this approach remains a
promising potential therapy for DMD once suitable compounds to upregulste this gene
can be identified.

174 Genetic therapies

1.7.4.1 Shor fragment homologous 1ecombination

The introduction of short fragments (400 - 800 bp) of wild type DNA to the
* puclei of mutant cells is thought to result in homologous replacement of the endogencus
allele with the wild type counterpart, thraugﬁ utilisation of recombination gene
repair (Gonez et al., 2001). In a study by Kapsa et al. (2001) a 603 bp wild-type PCR
product was applied to mdv muscle cells, with 15 - 20% exhibiting conversion of max to
wild-type teanscripts. Despite the high level of gene repair reported, none of the
comected cells were shown to express dystrophin, In vive, only 0.0005% to 0.1% of
treated muscle cells exhibited gene repsir, again with no expression of dystrophin, The
authots attributed the lack of dystrophin expression to the observed drop in celf
numbers after transfection, possibly due in pact to the transfection agents used (Kapsa et
al,, 2001). However, it now appears likely that the high levels of correction were an
artefact of the assay used for correction (A. Saxens, unpublished observations).
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1.74.2 Chimeri oligonucleotides

Chimeric oligonucleotides (COs), also known as chimeraplasts, consist of self-
wnﬁple_mentary DNA and RNA nucleotides arranged in a double-hairpin configuration
(Gampe.r.et al., 2000). It is thought that COs with the appropriate sequence can antieal
to the target region containing a point mutation. The COs could then act es a template,
exploiting the cell's own mismatch repair mechanism, and induce the comection of the
mutation (Rendo, Disatnik & Zhou, 2000). COs have been shown to correct
. substitution, deletion and insertion mutations in yeast cells {Lin, Rice & Kmiec, 2001).
However, as COs correet only single base mismatches, this approach would not be
suitable for the §0% of patients with DMD who have large deletions in the dystrophin
gene (Rando et al,, 2000).

In a study by Rando et al, (2000), single doses of chimeric RNA/DNA
oligonucleotides targeting the point mutation in exon 23 were injected into muscles of
mdx mice. CO-mediated repaic was low, with only 1% - 2% of the muscle fibres in the
total muscle staining positive for dystrophin. These fibres were located directly around
the needle track and injection site but they represented 10% - 20% of fibres staining
positive for CO uptake and subsequent gene cormection. It hes been suggested that the
muscle fibre coreection rate must exceed 10 « 20% before this method could become a
potential treatment for DMD (Fletcher et al., 2000). Rando and colleagues (2000)
suggested that the efficiency of the procedure could have been enhanced by performing
multiple injections, increasing the concentration of CO, use of a delivery vector er
possibly IV injection, In a later study, the sume group demonstsated CO-mediated
gene repair in mdx muscle precursor cells, indicating that improved persistence of
CO-mediated effects may be possible (Bertoni & Rando, 2002). While this approach
remains inefficient, the potential for cumulative, more permanent gene correction
warrants further optimisation (van Deutekom & van Omrmen, 2003).

- 1,743  Antisense ofigonucleqtides

Of the genetic therapies, antisense oligonucleotides (AOs) represent an attractive
approach to the regulation of specific gene expression. AOs are single-stranded
fragments of nucleic acid approximately 10 - 40 bases in length and are composed of
micleotide sequences complementary to the mRNA or pre-mRNA sense strand
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(Lavrovsky, Chen & Roy, 1997). The mechanism by which AOs exert their effect is
through Watson-Crick base-pair hybridisation to the target sequence (Agrawal, 1996),

AOQs were originally nsed to inhibit the replication of the Rous sarcoma virus by
causing targeted downregulation of the viral mRNA in cell culwre (Stephenson &
Zamecnik, 1978). Many subsequent studies have investigated AOs as agents for specific
downregulation of gene expression in the treatment of viral infections, cancers and
inﬂﬁmmatory disorders (Agrawal, 1999; Lebedeva & Stein, 2001; Mercatante, Bostuer,
Cidlowski & Kole, 2001), This has resulted in the commencement of clinical trials and
the spproval of the first oligonucleotide drug, Vitravene™, for the treatment of an
acquired disease, cylomegalovirus retinitis (O, 2001),

The first antisense agents used were unmodified oligodeoxynucleotides (ODNs),
which were hampered by rapid degradation in the cellular environment caused by
nuclease-mediated hydralisation of the phosphodiester (PO) bond (Secherger &
Caruthers, 1998). Efforis to alleviate these effects by modifying the ODN backbone
resulted in the production of the first gencration oligomucleotides. Of these, the AOs .
studied most extensively are the phosphorothioates (PS), where one of the non-bridging
oxygen atoms of the PO moiety has been replaced by sulphur (Dias & Stein, 2002;
Seeberger & Caruthers, 1998). Compared to the natural PO backbone, this modified
linkage greatly enhances resistance to nucleases (Altmann, Cuenoud & Von Matt, 1998;
Dias & Stein, 2002), although binding affinity is reduced (Guga, Koziolkiewicz,
Okriszek & Stek, 1998).

The mechanisrus of action through which ADs modulate pene expression can be
divided into iwo main categories: in the first, duplexes formed by a PS AQ and its
complementary RNA act as substrates for RNaseH, an ubiquitous enzyme that
specifically cleaves the RNA strand of the duplex (Altmann et al., 1998), In the second
category, the AO can sterieally interfere with pre-mRNA splicing or the translation of
protein (Dias & Stein, 2002). However, PS AQs have a disadvantage in biological
systems, as they tend toward non-specific protein binding, which may result in
significant non-antisense side effects (Alunann et al, 1998; Crooke & Bennett, 1996).

Further aticrapts to ameliorate these side effects and enhance both binding
affinity and nuclease resistance led to the development of AOs with 2 wide variety of
ribose’ modifications, one of which includes the sddition of a methyl group at the 2-0
position (Seeberger & Caruthers, 1998), Modifications at this position of the sugar
molecule produces an oligomucleotide that resembles RNA more than DNA. This
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increnses the stability of the AD and allows the 2'-O-methyl antisense oligonucleotide
(2'0MeAO) to hybridise to its complementary RNA target sequence without inciting
RNaseH degradation of the resulting duplex (Lavrovsky et al., 1997).

1.7.4.3.1 Antisense ocligonuckotides as modulators of splicing

In addition to downregulating gene expfcssian. 2'0OMeAQs have been shown to
have potential in restoring the expression of genes inactivated by aberrant splicing
mutations (Dominski & Kole, 1993; Sierakowska, Sambade, Agrawal & Kole, 1996),
The requirements of 2’0MeAQs for splicing modification differ from those which aim
to downregulate gene expression, in that the acﬁvaﬁon of RNaseH should be avoided
(Sazani & Kole, 2003). In addition, the AOs must be able to effectively displace the
splicing factors required for the normal processing of the pre-mRNA within the cell
nucleus (Sazani & Kole, 2003). Possible pre-mRNA targets for 2'0MeAO hybridisation
include the consensus splice sites, branch point sequence and internal exon sequences
(Dunckley, Manchoran, Villiet, Eperon & Dickson, 1998; Mann et al., 2001; van
Deutckom & van Ommen, 2003).

Modification of pre-mRNA splicing by 2'0MeAOs was initially demonstrated
by Kole and colleagues in the B-globin gene, mutations of which result in B-thalassemin
{Dominski & Kole, 1993), 20MeAQs were targeted to cryptic splice sites activated
by intronic mutations, forcing the utilisation of the correct splice sites and restoring
B-globin expression, Several other targets, including the CFTR gene and the Tau
gene (reviewed in Sazani & Kole, 2003) have been found to be amenable to
2'0MeAQ-mediated modification, Additionally, 2'0MeAOs have been applied to
dystrophic cell lines carrying frame-shifting mutations (Aartsma-Rus et al., 2003;
Dunckley et al. 1998; Mann et al., 2001; Pramono et al. 1996; van Deutekom et al.,
2001; Wilton et al, 1999),

1.74.3.2 Antisense oligonucleotides and DMD

In 1990, Matsuo and colleagues described a patient with an intra-exon deletion
of 52bp in exon 19 of the dystrophin gene which resulted in an cut-of-frame mutation
with a subsequent DMD phenotype (Matsuo et al., 1990). This mutation, despite the
retention of the consensus splice sites, prevented correct exon 19 definition so that the
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entire exon was excluded during processing, leading these researchers to believe that the

deleted sequence of exon 19 contained a cis-acting element (i.c. an ESE) essential for

. accurate splicing of the flanking introns (Matsuo et al., 1991). Subsequently, a 31-mer
2'0MeAO complementary to the 5' region of the deleted sequence in dystmphiﬁ Kobe
exon 19 was demonstrated to inhibit pre-mRNA splicing in a mini-gene in a dose- and
time-dependent manner. It was noted that splicing efficiency was proportional to the
number of polypurine stretches in exon 19, supporting the netion that these stretches are
important for exon recegnition (T akeshima, Nishio, Sakamoto, Nakamura and Matsuo,
1995). Additional studies by the same group induced highly efficient and specific
skipping of dystrophin Kobe exon 19 in normal human lymphoblastoid cells by
directing a 31-mer antisense oligedeoxynucleotide to the ESE of exon 19 (Pramono et
al., 1996),

It has been suggested that targeting the DMD gene transcript to remove an exon
containing a disease-causing nonsense mutation, or removing one of more exons
flanking a deletion to restore the reading frame, should minimise the consequences of

the dystrophin mutation. In this manner, the DMD gene is processed to produce an
in-frame BMD-like mRNA with subsequent reading frame restoration {Matsuo, 1996;.
Wilton et al., 1999). This principle was demonstrated in srdx mice, with consistent and
efficient 2'0MeAQ-induced skipping of exon 23 by targeting the 5' splics site of intron
23 (Wilton et al., 1999, This re-directed processing of the pre-mRNA, such that the
nonsense mutation in exon 23 was removed. Skipping of exen 23 did not disrupt the
reading frame and near full length dystrophin was detected in 2'OMeAO-treated mdx
cells and muscle (Mann et al,, 2001). However, it was observed that these 2’OMeAQOs
also induced the sporadic removal of an adjacent exon, suggesting a potential lack of
specificity or that the splicing of exons 22 and 23 are intimately linked (Mann et al,,
2001; Wilton et al, 1999), A more recent study by the same group reported
improvements to the design of the 2'0MeAOs, resuking in increased efficiency of exon
skipping. 2'OMeAOs targeted to the 5' splice site, extending further into intron 23,
induced greater levels of protein synthesis than previously reporied (Mann, Honeyman,
McClorey, Fletcher & Wilton, 2002). It was demonsirated that refining the region
targeted by 2'OMeAOs could lead to detection of 20MeAD-induced mRNA transcripts
in cell culture at transfection doses as low as SnM.

In 2001, van Deutekom and colleagues applied 2'OMeAOs to a polypurine-rich
sequence in dystrophin exon 46 and induced the precise excision of that exon from
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~ dystrophin pre-mRNA in normal human cells. These AOs were then successfully
applied to myotubes derived from & DMD patient with an exon 45 deletion, to restore
the reading frame in that particular defective dysteophin transcript. The authors
proposed that the specific skipping of exon 46 after targeting the ESE indicated that
these motifs may be more efficient targets than the splice sites for precise exon skippiog
{van Deutekom et al., 2001). Subsequent studies by this group demonstrased the broad
therapentic potential of 2'0OMeAOs. The individual skipping of an additional 11
dystrophin ¢xons were induced by 2’0MeAOs in cultured normal human muscle cells
(Aartsma-Rus et al., 2002). The authors suggested that the targeted skipping of one
particular exon could be applied to a series of different mutations in erder to restore the
reading frame, This approach was then demonstrated in cultured muscle cells from
DMD patients exhibiting a variety of mutations {Aansma-Rus et al., 2003). In each
case, the skipping of the exon required to restore the reading frame was induced, .
restoring dystrophin symthesis in over 75% of cells.

A limitation in these studies was the transtent nature of dystrophin expression,
which woukl necessitate periodic administration of the 2'OMeAQ. An alternative
approach to 20MeAO delivery was to achieve a more permanent bypass of a mutation
in the dystrophin gene (De Angelis et al,, 2002). Antisense sequences, targeting both the
5' and 3' splice sites of exon 51, were cloned into small nuclear RNAs (snRNAs) and
" delivered into human muscle cells by a recombinant virus. It is thought that these
snRNPs would stably and efficiently produce the antisense sequences, leading to a more
permanent antisense effect and reducing the need for repeated delivery. As the human
cells were from a patient with an exon 48 to 50 deletion, the rcading frame was
effectively restored, resulting in dystrophin synthesis as demonstrated by Western
blotting (De Angelis et al., 2002).

Although considerable advances in this field have been mede, several
parameters, including choice of target sequence, antisense drug design and safe and
efficient delivery require further eptimisation, with the ultimate ajm of restoring
dystrophin synthesis to therapeutic levels in all affected tissues (van Dentekom & van
Ommen, 2003).
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2.1 Cell lines

2.1.1 Mouse cells

Two conditionally immertal mouse cell lines were used in this project, H-2K
normal and H-2K mdyx. Both celt lines were derived from H-2K*-tsASR transgenic mice
carrying a therrnolabile T antigen (Jat et al, 1991; Morgan et al,, 1994). These mice
harbour a temperature sensitive (1sAS8) strain of the immeortalising simian virus 40
(SV40) large tumour antigen (Tag) under the control of a mouse major
histocompatebility complex H-2K* class T promoter. This prometer is active in a broad -
range of tissues and acts to control the expression of the transgene. H-2K cells remain in
a proliferative phase while exposed to high serum concentrations and the cytokine
interferon-gamma and incubation at a constant 33°C. Increasing the cell culture
temperature to 37°C inactivates the tsA58 Tag gene product, thus removing its
immortalising function. Furthermore, exposure to low serum media stimulates terminal
cell differentiation (Jat et al. 1991; Morgan et al,, 1994). '

2.1.2 Human cells

2.1.2.1 Primary human cells

Quadriceps muscle biopsies wete obtained after informed consent from patients
undergoing screening for susceptibility to general anaesthesia-induced malignant
hyperthermia, The procedure was performed at Royal Perth Hospital, Western Australia
from where the biopsy remnants were transported in ice to the laboratory and
immediately subjected to enzymatic disassociation, All initial cultnring of the primary
hutman myoblasts was performed by Dr Sue Fletcher (Experimental Molecular
Medicine Group) accerding to the protocol of Rando and Blau {1994).
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2.1.2.2 Immortalized HDMD cells

The immortalised human DMD (HDMD) cell line was generously provided by
Professor Jacques Tremblay (Université Laval, Qﬁehcc. Canada}. These cells were
initially oMained from a DMD patient with & deletion of dystrophin exons 46 to 51
inclusive. Immortalisation of the HDMD cells required subsequent transfection with
two retroviruses. To delay senescence in these cells, they were first transfected with
a retrovirus containing the SV40 large T antigen (Tag). After approximately
25 doublings, DMD-Tag, a clone of the transiormed celis, was then infected with
the human telomerase reverse transcription (hTERT) subunit retrovirus to

activate telomerase, allowing the DMD-Tag cells to escape crisis and form the

DMD-Tag-hTERT cell line (Seigneurin-Venin, Bernard & Tremblay, 2000},

2.2 Reagents and Suppliers

Reagent

Supplier

2-0- methylated antisense oligonucleotides
40% acrylamide/Bis solution 19:1 (2.6% C)

Geneworks and CNND
Bio-Rad Laboratories

40% acrylamide/Bis solutien 37.5:1 (2.6% C) Bio-Rad Laboratories
Acetic acid, glacial (CH,COOH) BDH Laboratery Supplies
Acrylamide/Bis solution (40%, 37.5:1) BioRad
Agarose (molecular biology grade) Scientifix
Agarose, low melting point {L.LMP) Promega
Ammonium persulphate (APS) Sigma
Amphotericin B Sigma
Baxter sterile water Baxter Healthcare
Big Dye Terminator Sequencing Mix (Version 3.1) ABI
Bovine fetal growth factor (BFGF) Roche
" Sigma

Bromophenel Blue/Xylene Cyanol dye solution
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 Reagent

Lipofectamine 2000

Supplier

C. therm. Polymerase One-step RT-PCR system Roche
Calcium chloride BDH
Chick embryo extract (CEE) Invitrogen
Chloroform Sigma
Collagenase {grade II) Invitrogen
Dimethyl sulphoxide (DMSO} Sigma
Di-potassium hydrogen phosphate Sigma
Di-sodium hydrogen orthophosphate dihydrate BDH
Di-sodivm hydrogen phosphate Sigma
dNTPs qf;.\ Promega
DOTAP Biontex
Dnlbécco's modified Eagle's Medium (DMEM) Invitrogen
Ethanol Merck -I
Ethidium bromide Sigma
Ethylenediamine teira acetic acid (EDTA) Sigma
ExGen 500 (PEI) . MBI Fermentas
Fetal Calf Serum (FCS), heat inactivated Invitrogen
Formamide “ Sigma
Fungizone Sigma
Glycerol Sigma
Glycine Sigma
HAMS's F10 Invitrogen
Horse Serum {HS), heat iﬁactivaled ) Iﬁvitrogen _
Hydrochloric acid BDH Laboratory Supplies
Interferon-gamema (IFN-) _Roche Molecular Biochemicals
Isopropanol ' Sigma

- Invitrogen
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Reagent Supplier
Lipofectin Invitrogen
Matriget Becton Dickinson
Methanol Selby Scientific
Mineral oit ! Sigma
Molecular weight marker (100bp ladder) _ Geneworks
Opti-MEM (Reduced Serum Media) Invitrogen
PCR primers {sequencing grade) Gereworks
Penicillin / Streptavidin solution Sigma
Poly-D-Lysine, hydrobromide Sigma. -
Potassium chloride (KCI) S:gma _ _
Potassium dihydrogen phosphate (KH;PO,) ' A]mt C_hemica]s : .
QIAquick PCR Purification Columns . . Qisgen
RNA-Bec (RNazol B) Tel-Test
INTPs Promega k
Sodium acetate, anhydrous (CH;COONa) BDH
Sodium bicarbonate (NaHCO,) Sigma_
Sodium chloride (N2CI) . Sigma
Sodium hydroxide (NaOH) APS Finechemicals
Sodium phosphate (Na,PO,) Sigma
Streptomyein Sigma
SyBr Gold BioScientific Pty Ltd,
TEMED {N.N.N' N'-letrmemylethylenedlamme) Sigma
Titan One Tube RT-PCR System . Roche Molecular Bjochetnicals
Trypan blue Sigma
Trypsin (lyophilised) _ Invitrogen
Trypsin-EDTA solution (0.5% trypsin, 5.3mM EDTA) Invitrogen

Fisher Biotech

- Tth Plus DNA polymerase
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Reagent

Urea (CHN,0)

Versene

Xylene

" Life Technologies,

' Rowe Scientific .
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3.1 Cell culture

3.1.1 Resurrection of cells

Stocks of cells were stored frozen as 1mL aliquots in liquid nitrogen until
required. Each stock vial contained ~5 x 10* cells. Resurection of a vial of cells was
performed as quickly as possible to limit the amount of time the cells are exposed to
DMSO0, the cryopreservation agent. When DMSO reaches temperatures above 0°C, it
exerts a toxic effect on the cells. Under sterile conditions in a laminar flow biological
cabinet, the vial of cells was rapidly thawed by the drapwise addition of pre-warmed
10% HS, DMEM or 10% HS HAM's F10 accerding to the cell type (Table 3.1). As the
cells thawed they were removed from the vial and placed into 9mL of the warm medium
and then pelleted by centrifugation at ~3 000 x g for 5 minutes in a MSE Minor
centrifuge. The supematant was then removed and discarded and the pellet resuspended
in 10mL of the relevant proliferative medium (Table 3.1) containing antibacterial
and fungicidal agents. The final cell suspension was then transferred into a TScm? flask
pre-coated with 100p1g/mL Matrige] solution. Incubation conditions for preliferation
were dependant on the particular cell type, Both the primary human and HDMD cell
lines were proliferated at 37°C and Séb CQ, / 95% air atmosphere in a Sanyo MCO 17A
model incubator. Proliferation of the H2ZK cell lines required the addition of 20pL (20
units/mL} interferon gamma (IFNY) to the 10mL celi suspension and then incubation at
33°C and 10% CO, air atmosphere in a Sanyo MCO 17A model incubator. All cultures
were checked daily and the media changed every second day. ’
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Table 3.1 Culture medinm for mouse and human cells,

Cell type I Resurmection Prollferation 1 DifTerentiation |Cryoptuerulion|
DMEM DMEM DMEM DMEM
10% HS 20% FCS SRHS | lomHs
H2K normal and s 10% HS  phtt T
_Mrmm ' 0.5% CEE '

DMEM [ waMsFI0

HAM's FIO .
10% HS S%HS | . 10%HS -

| Primary aod DMD pisa'f pet ‘_'l.‘"f

. ok

cells only}

" Key  DMEM - Dulbecco’s Modified Eagle’s Medium (Invitragen)

HAM: F10 - {Invitrogen)

FCS - Fetal Calf Secum (Invitrogen)

CEE - Chick Embryo Extract (Invitrogen)

HS - Horse Serum (lovitrogen)

TFN-y - Intexts (Roche Moleculer Biochemicals)

BFGF - Bovine fetal growth factor (Roche Malecular Biochemicals)

eI - antibactetial sgents Peaicillin and Streptavidin incombinetion (Sgma)
- fungicidal agent, Fungizone(Sigma)

3.1.2 Seeding cells onto plates and dishes

When the protiferating cells reached ~70% confluency in the flask (typicaily 3-4
days), they were deemed ready for splitting and seeding into plates or dishes. This
ptocess was identical in all respects regardless of the cell type. All medium was warmed
to ~37°C prior to use to protect the cells from any temperature differential.

Firstly, the proliferation medium was removed and the cells were washed twice
with sterile PBS to remove the serum proteins and antiproteases which inhibit the
wrypsin. Then 4mL of trypsin was added to the flask and a gentle 2.3 minutes of

- agitation applied to augment detachment of the cells, which was verified
microscopically, from the matrigel basement. The reaction was halted by the addition of
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6 mL of 10% HS DMEM at which time the 10mL cell suspension was transferred to a
15mL Falcon tube and pelleted by centrifugation at ~3 000 x g for 5 minutes in a MSE
Minor centrifuge. The supernatant was removed and discarded and the pellet thoroughly
resuspended by pipetting in 1mL of 5% HS DMEM (differentiation) media containing
antibacterial and fungicidal agents (Table 3.1).

From the cell suspension, 10uL was removed and mixed with trypan blue. The
size of the cell pellet determined the volume of trypan blue used. Typically, 40-70uL
would be sufficient to afford a satisfactory dilution and ensure an accurate
representation of the total cell number. Ten microlitres of the trypan blue-cell mixture
was then applied to a Neubauer haemocytometer and a cell count determined
microscopically. Dead or injured cells, which take up the blue dye, were deemed not
viable and therefore not included in the final total. The count was obtained by averaging
the number of cells observed in four squares of the counting chamber. The

concentration of cells/mL was derived using the formula:

F1: Number of viable cells in four squares x dilution factor x 1x 10* = cells/mL
4

The multiplication constant 1x10* is derived from the volume of each square, 0.1 mm deep and 1 x 1 mm

in area, equating to 0.1mm® (10“mL).

All vessels were seeded at a final cell density of 2 x 10* cells/1.88mm?* which
equates to the growth area of a single well in a 24 well plate. The number of cells/mL
obtained from F1 was then divided by the total number of cells required to seed the

vessel chosen as seen in F2, an example for a 24 well plate:

F2: cells / mL = mL of cells removed and added to 12mL medium
24 wells x 2x 10% cells / well

The 12mL of differentiation medium (Table 3.1) is calculated by the number of wells (24) multiplied by
500uL, the standard growth volume for a single well.

Prior to seeding, 50ug/mL poly-D-lysine was applied to the growth area of the
plate and allowed to remain at room temperature for 1 hour before its removal and
replacement with 100pg/mL Matrigel solution. This coating was incubated for ~1 hour

at 37°C and the surplus removed immediately prior to seeding the trypsinised cells.
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Ty.picglly.'nll rémining immortalised cells were retumed to the flask for further
proliferation and cultures were discarded after 3-4 passages to ensure the low level of
non-myogenic éell types was kept to a8 minimum, Primary human cells that remained
after the first trypsinisation were generally only passaged a second time before they
were discarded. '

3.1.3 Cryopreserving cells

To maintain cell stocks, low passage culures were proliferated in a flask to
~70% confluency and then trypsinised as described in Section 3.1.2. After
centrifugation, the medium was removed and the cells were diluted to a concentration of
~50 x 10" cells/mL in cold 10% HS DMEM or 10% HS HAM's F10 (Table 3.1). The
apent DMSO was then added to a final concentration of 10% and the cell solution
mixed thoroughly. Finally, 1mL of cell solution was quickly added to each stetile screw
cap cryogenic tube. The tubes were placed into a pre-chilled (-20°C) controlled cooling
chamber which was adjusted to -80°C for ~24 hours, after which time they were placed
into liquid nitrogen for long term storage. .

3.2 Transfection of cells

3.2.1 Transfection reagent comparison - nuclear fluorescence study

Transfection reagents are used to augment the transportation of the 2'0MeAQOs
into the cell nucleus, as this is where post-transcriptional processing occurs, Becatise
several different cell lines wete to be used in the transfection studies, it was necessary to
determing the most soitable transfection reagent for each cell line,

Initially, a transfection reagent was tested in each cell line using
M23D{+12-08)-FITC, a 5’ flucrescein isothiocyanate (FITC)-labelled 2'0MeAO.
M23D(+12-08)-FITC was based on a previously reported 2'OMeAQ (without FITC)
which was shown to induce skipping of exon 23 in the dystrophin gene in cultured
C2C12 and primary mouse mdx myoblasts (Wilton et al., 1999), The addition of the
fluorescein tag provided the opportunity to assess the ability of the transfection reagent
to cary the 2OMeAQ into the cell cytoplasm and facilitate its nuclear uptake.
Additionally, comparisons could be made to previously reported studies utilising
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fluorescently labelled 220MeACs in both mouse and human muscle cells (Dunckley et
al., 1998; van Deutekom et al., 2001).

Each transfected well received lpg (~266nM) of M23D{(+12-08)-FITC
complexed with one of the three wransfection resgents assessed in this swdy, according
to the profocols described below, The optimal ratios of camier to M23D{(+12-08)-FITC
were determined by litrating the volume of transfection reagent against the standard
jug of M23D(+12-08)-FITC. Nuclear fluorescence was evaluated at three or 24 hours
post-transfection. The three hour time point was chosen, as this was when all
iransfecting complexes would typically be removed from the cells and replaced by
differentiative medium, This would provide information about the efficiency of the
reagent to complex with the M23D(+12-08)-FITC and then infittrate the cell membrane
within the three hour transfection period. The 24 hour time point was assessed as total

RNA would be extracted from the cells in order to assay for any mRNA modification 24 .

hours following transfection. It was at this point that further tocalisation and persistence
inside the nuclens of M23D{+12.08)-FITC could be evaluated.

3.2.1.t Cell fixation

Cell fixation at both time points was identicat. Three hours post-wansfection, the
medium in wells to be viewed 24 hours post-transfection was replaced with the relevant
differentiative medium. Jn contrast, the short term wells were rinsed twice with PBS
which was then removed before the addition of ice cold methanol. This was remaved 60
seconds later and the cells allowed to air dry for 60 seconds before S00pL of PBS was
added. Cells were visvalised with an Olympus IX70 inverted micrescope equipped with

a U-RFL-T fluorescent burner. M23D{+12-08}-FITC was excited with a WB cube and

the digital images were captured by an Olympus DP11 camera, The images were
processed using the Adobe Photoshop 6.0 (for Macintosh) software.

Based on the results from each transfection, the optimal carrier and hence ratio
of carrier to 20MeAO was cstablished and adhered to throughout the project. For H-2K
mouse cells and primary human cells, Lipofectin provided the maximum transfection
with the minimal degree of cell loss. ExGen 500 however, was trialled late in the project
as a potential 270MeAO carrier into the primary human cells to reproduce conditions
reported by van Deutekom et al. (2001). This transfection agent was subsequently found
to be less effective. Lipofectamine 2000 was found to be the best 20MeAO-delivery
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“agent for the transformed human DMD cell line. The protocel for transfection with each
reagent, detailed below, is designed for duplicate well transfection in 8 24 well plate.

3.2.2 Transfection reagents

3221 Lipofectin

The optimal ratio was determined 10 be 2:1 (w:w) of Lipofectin to 2'0MeAQ,
within the range suggested by the manufacturer. Transfection was performed 72 hours
after seeding to allow the myoblaéts sufficient time to differentiste and form
multinucleate myotubes,

Lipofectint and 2'0MeAOQ were diluted as two separate solutions each in 100uL
of Opti-MEM. Lipofectin was incubated at room temperature for 45 minutes before
being gently mixed with the 2'0OMeAQ and then incubated for a further 15 minutes at
room temperature to allow the complexes to form and equilibrate. The final 1mL
volume was made up by the addition of 800pL of Opti-MEM. The transfection medinm .
was then gently mixed 1o ensure homogenicity before S00uL was added to each well.
The cells were incubated at 37°C and 5% CO, / 95% air atmosphere for three hours,
after which the transfection medium was replaced with 5% HS DMEM differentiative

medium.

3.22.2 ExGen 500

ExGen 500 is the registered name for PEI (poiyethyleneimine) and it was
selected due to its reportedly low toxic effect and high efficiency of DNA delivery in
human cells. Differentiation of the primary human mycblasts appeared to be slower
than the mouse cells and so transfection of multinucleate myotubes was performed four
days and 12 days following seeding in the exon 19 and exon 46 studies respectively.
According to the nuclear accumulation of finorescence in the preliminary study, 3.5
equivalents was observed to be optimal and was comparable to other reports (Dunckley
et al., 1998; van Deutekom et al., 2001). .

Transfection medium was prepared by diluting the 2'OMeAO in 150mM NaCl
to a final volume of 100uL.. PEI was then added to the mixture and immediately
vortexed for 5 seconds, briefly centrifuged to gather the solution, and incubated at room
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.. temperatare for 15 minutes. The final 1mL volume was made up by the addition of

900uL of Opti-MEM, which was mixed by pipetting up and down before S00pL was

added to each well. The cells were incubated at 37°C and 5% CO, / 95% air atmosphere

for three hours after which the transfection medium was mplméd with 5% HS DMEM
differentiative medium.

3223 Lipofectamine 2000

The optimal ratio was determined to be 3:1 {w:w) of Lipofectamine 2000 to
2'0MeAO which is within the range of 1:1 to 5:1 suggested by the manufactucer.
Lipofectamine 2000 caused significant cell death when delivered to the
. mouse myotubes at ratios greater than 1:1 and with no greater nuclear uptake of the
FITC-2'OMeAQ complex. No toxic effect was observed in the case of the HDMD cells
at the 3:1 ratio. However, presumably due to the immortalising process, these cells
appear to be arrested in a mitotic state and most cells did not differentlate into mature
~ myotubes, Therefore myoblast transfection was performed 72 hours post-trypsinisation.

Lipofectamine 2000 and 2'0MeAO were diluted as two separate selutions each
in 100uL of Opti-MEM. Lipofectamine 2000 was incubated at room temperature for 15 ]
minutes before being gently mixed with the 20MeAO and then incubated for a further
20 minutes at roam temperature to allow the complexes to form and equilibrate, The
final lmL volume was made up by the sddition of BOORL of Opti-MEM, The
transfection medium was then gently mixed to ehsure homogenicity before S00uL was
added to both wells. The cells were incubated at 37°C and 5% CO, / 95% air
atmosphere for 3 hours, after which the transfection medium was replaced with 5% HS
DMEM differentiation medium.
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3.3 Antisense Oligonucleotides

3.3.1 Nomenclature

During the course of this project, a nomenclature system was proposed by our
laboratory as a means to identify the specific target to which a particular AO bearing
that name was directed (Mann et al., 2002). This nomenclature provides information
about the species in which the testing is undertaken, the exon at which the 2’'0OMeAO is
directed and the exact annealing position (and hence length) relative to the acceptor or
donor splice sites (Figure 3.1).

An addition to the published nomenclature is the prefix ‘d’ which was adopted
only in this project. This prefix served to distinguish between PCR-grade DNA
oligonucleotides (deoxy-AQO) and the 2'-O-methylated RNA-like oligonucleotides with
a full phosphorothioate backbone (2'0OMeAQs) that were both directed at the same

sequence.
3' (A)cceptor or
5' (D)onor splice site
Species: coordinates:
Hpz ;iié sapiens H A x = first 5' base
M = Mus musiulus |23l @ l(i-xx tyy) ]_ y = final 3' base
, Ca s C + = exonic position
C = Canis familiaris \ _ = intronic position

exon number

Figure 3.1 Schematic representation of 2'OMeAO nomenclature. Detailed is the systematic way in which
all 2’'0OMeAOs were classified in this project. Note also that regions between species that bear 100%
sequence homology are also acknowledged in the 2'OMeAO names’ prefix ie. HM19A(+46+65) is
directed at a wholly exonic sequence within both human and mouse exon 19. Figure taken with

permission from Mann et al., 2002.
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3,3.2 Antisense oligonucleotide design

In this study, all 20MeAOs designed to re-direct dystrophin pre-mRNA splicing
in mouse or human cells incorporated the phosphorothioate backbone and a methyl
group at the 2' hydroxyl position of the ribose moiety. The modified chemistry of the
POMeAQ affords grester resistance to nuclease degradation within the cellular
environment (Altmann et al,, 1998), as weil as preventing the recognition of the
20OMeAO:RNA duplex by RNAscH as a target for destruction (Lavrovsky et al., 1957).

Initial experiments in the study were based on the 31mer 20MeAQ reported by
Takeshima et al. (1995), which would be described as HMI19A(+35+65) under this

nomenclature system. HM1OA(+35465) was directed at a putative exon splicing

enhancer (ESE) and was able to induce the specific and effective removal of exon 19
from the mature transeript. Early 20MeAOs simed to refine the 31 base region targeted
by HMI9A(+35465). Furthermore, as the acceptor and donor splice sites play a vital
tole in the splicing process (and hence definition of exon boundaries), these exon 19
splice sites were also examined as potential targets for Z0MeAO-induced exon
removal.

Targeting and comparing each of these three sites formed a significant portion of
the project, with the ultimate goal to determine the optimal target for 2'0MeAQ-induced
exon skipping. Consequently 2’0MeAO design was somewhat empirical in nature,
necessilating a trial and error approach to determine the most effective motifs 1o which
2'0MeAOs should be directed.

Typically, directing 2'0MeAQCs of varying lengths within the general confines of

the splice sites was sufficient to induce the removal of the targeted exons. Howsver,

when this failed, a computational method, RESCUE-ESE (Relative Enhancer and
Silencer Classification by Unanimous Enrichment, hitp:#/genes.mit.cdwburgelab/rescue-
ese/) was employed to predict the likely positions of ESEs within the given sequences
(Faisbrother, Yeh, Sharp & Burge, 2002).
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333 Quality assay for 2'0MeAOs

The quality of all 2'OMeAQs used in this study was assessed by gel
electrophoresis to confirm a satisfactory standard of synthesis. All exon 19 directed
2OMcAOs save one, MI9D(+02-18), were synthesised by Geneworks, Adelside, South
Australia, The remaining 2'0MeAOs including M1SD({+(2-18) and those directed at
exons 20 to 25 and exon 46 were synthesised ‘in-house’ on an Expedite 8909 Nucleic
Acid Synthesiser (Applied Biosystems) using a Ijumo] thioate synthesis protocol.

The quality of ench 20MeAO was confinned by first diluting approximately
200ng of 2'OMeAO with SuL of formamide loading buffer, heating to 94°C for 2min
and then snap-chilling on ice. The 2'OMcAQs were then toaded onto a denaturing 20%
polyacrylamide (acryl:bis ratio 19:1) TBE gel containing 7M urea and electrophoresed
for up to 2 hours at 300V. In addition to the trityl outputs during synthesis, this assay
satisfacterily validated the integrity of each 20OMeAO and further verified the high
standard of manufacture of the in-house synthesised 2'0MeAQs as compared to the
commiercially available molecules. Consequently, all 2'0OMeADs were generally
deemed to be of a sufficiently high standard 1o proceed to cell transfections.
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Table 3.2 Sequences of 2'OMeAOs used in this study. Upper and lower case characters represent

exonic and intronic nucleotides respectively (silencer sequences abbreviated as Pu and Py

(guggcaggguggu and cucucucu respectively) attached to M20D(+04-16) and the random 2'OMeAO are

excepted).
Name Sequence (shown 5' to 3")
HMI19A(+35+65) GCCUGAGCUGAUCUGCUGGCAUCUUGCAGUU
HMI19A(+35+54) UCUGCUGGCAUCUUGCAGUU
HM19A(+46+65) GCCUGAGCUGAUCUGCUGGC
HM19A(+49+65) GCCUGAGCUGAUCUGCU
HM19A(+52+65) GCCUGAGCUGAUCU
HMI19A(+32+45) AUCUUGCAGUUUUC
HM19A(+46+57) UGAUCUGCUGGC
M19A(-20+05) AUGGCcugcagcaugagagcaaagg

M19D(+05-20)

aaucaacuucauguaauuacCAUUU

M19D(+02-18) ucaacuucauguaaunacCA

H19A(-20+10) GCUCUAUGGCcugcagcaugagagcaaaga
H19D(+10-15) aacucguguaauuacCAUUCACCAU
Random ccagaucggacgacgucaggacaaac

M23D(+12-8)-FITC
M20D(+04-16)
M20D(+04-16)-Pu
M20D(+04-16)-Py
Pu-M20D(+04-16)
M20D(+08-12)

FITC-cggcuuacCUGAAAUUUU
aggaggaaaaccuuacCUUA

aggaggaaaaccuuacCUUA-guggcaggguggu
aggaggaaaaccuuacCUUA-cucucucu

guggcaggguggu-aggaggaaaaccuuacCUUA
ggaaaaccuuacCUUACAAA

M20A(+23+47) GUUCAGUUGUUCUGAAGCUUGUCUG
M20A(+140+164) AGUAGUUGUCAUCUGUUCCAAUUGU
M21D(+04-16) aaguguuuuuacuuacUUGU

M22D(+04-16) ucaaauguccacagacCUGU

M22D(+08-12) auguccacagacCUGUAAUU
M23D(+02-18) ggccaaaccucggeuuacCU

M24D(+06-14) gauacaaaucuuacUCUGCA

M24D(+08-12) uacaaaucuuacUCUGCAUU

M24A(-10+15)
M24D(+10-15)

GGUUUUUAUGUGAUUcuggaauaaa
agauacaaaucuuacUCUGCAUUGU

M24A(+16+40) CAACUUCAGCCAUCCAUUUCUGUAA
M24A(+78+102) GAGCUGUUUUUUCAGGAUUUCAGCA
M25D(+06-14) uaaacuagucauacCUGGCG

H46A(-07+13) UUGUUCUUCUAGCcuggaga
H46A(+63+82) GUUAUCUGCUUCCUCCAACC
H46A(+115+134) GCUUUUCUUUUAGUUGCUGC
H46D(+02-18) uugagaaaauaaaauuacCU
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3.4 Total RNA preparation

The extraction and purification of total RNA from all cell lines was performed
24 hours post transfection. A cursory microscopic observation of the state of the cells
was performed prior to harvesting and a comparison made against the untreated conirol,
Though the subjective nature of the examination does not lend itself to any publishable
data; an obvious trend of increased cell death with the highest 20MeAO concentration
tested (correlating with the largest volume of transfection reagent) was observed

RNA extraction was conducted under sterile conditions in a laminar flow
biological cabiney. The differentiative medjum was first removed and to each well of a
24 well plate was pdded 250uL of RNA Bee, an acid phenol RNA exiraction
formulation. A pipette tip was then used to distupt and ensure thorough lysing of the
cells. Duplicate wells were pooled 1o yield a starting volume of 500pL which was
pleced into a sterile 1.6mL microfuge tube,

To each tube was added 100pL of chloroferm. This was vortexed thoroughly
before incubation at 4°C for 5 minutes and centrifugation at 14 000 x g for 15 minutes
a4Cina Beckman-Coulier Micrafuge 18 Centrifuge. The resultant upper aqueous
layer containing the RNA (250 - 280pL) was carefully removed to avoid disturbance of
the interphase, and placed into a fresh RNAse-free 1.6mL tube containing I00uL of
isopropanel. Each tube was vortexed thoroughly and incubated for 10 minutes at room
temperature before pelleting the RNA by centrifugation at 14 000 x g for 15 minutes at
4°C. The supernatant was then removed and discarded and the pellet theroughly
resuspended in 50 pl. of 300mM sodivm acetate (pH 5.2) by vortexing, to facilitate
. .removal of carry-over phenol and salts, The samples then each received 125uL of
absolute ethanol, were vortexed and then incubated at -80°C for 10 minutes 1o enhance
RNA precipitation before centrifugation at 14 000 x g for 15 minutes at 4°C, The
sﬁpematant was removed and the peflet was given a final wash by resuspending in
250L 75% ethanol before centrifugation at 14 000 x g for 15 minutes at 4°C. After
removing the supernatant, the RNA pellet was allowed to air dry at room temperature
before thorough resuspension in S0l of RNAse-free water and storage on ice for
immediate use aor at —20°C or —80°C fer Jong term storage.

The quality and quantity of RNA samples was assessed by spectrophotometry on
a Beckman DUGS0 spectrophotometer. A 1 in 20 dilution of RNA was prepared by
mixing SpL. of RNA in 95pL of water and readings were taken at 260nm and 280nm o
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estimate the purity and final yield. If further validation was required, SuL of RNA was
combined with glycerol loading buffer and electrophoresed through a 2% TAE agarose
gel at 90V for ~ 2 hours.

3.5 Analysis of dystrophin mRNA

3.5.1 Reverse transcription and PCR amplification

To determine if any modification to the splicing pattern had been induced by the
introduction of the antisense molecules, regions flanking the 2'OMeAO target site in
dystrophin mRNA were subjected to reverse transcription (RT) with subsequent
amplification of the cDNA strand by the polymerase chain reaction (PCR) method. Two
RT-PCR systems were used in this project, the Titan One-tube RT-PCR system (Roche)
and the C. therm. Polymerase One-step RT-PCR system (Roche). Each system contains
several enzymes that allow the initial cDNA synthesis from the total RNA strand and
then amplification of the region bounded by the sense and antisense cDNA strand
primers. The Titan One-tube RT-PCR system was performed in a total reaction volume
of 12.5uL and was used predominately throughout the project. The C. therm. system
was employed only when it was necessary to duplicate conditions reported by van
Deutekom et al. (2001) (see Chapter 6), and was performed in a total reaction volume of
20uL. The components of each reaction mix are described below in Tables 3.3 and 3.4,

with primer sequences listed in Table 3.5.

Table 3.3 Component composition in a 12.5pL Titan One-tube RT-PCR reaction.

Reaction Forward | Reverse | Enzyme
RNA | H,0 |[Buffer* | dNTP | DTT . ) ]
component primer | primer mix
Reactant

varied | varied | 2.5 0.5 0.625 0.75 0.75 0.25
volume (uL)

Reactant final| | 50ng/
. - 1x 200uM | SmM | 3ng/uL | 3ng/uL -
concentration| | reaction

* Supplied as a 5x preparation and diluted to yield a final concentration of 1.5mM magnesium chloride.
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Table 3.4 Component composition in the 20uL C. therm. One-step RT-PCR reaction.

Reaction Forward | Reverse Enzyme
RNA H,0 | Buffer* | ANTP DTT | DMSO . . RNAzin i
component primer | primer mix
Reactant
varied | varied | 4.0 0.8 1.0 1.0 0.75 0.75 02 0.25
volume (pL)

Reactant final| | 50ng/

: - 1x 200uM | SmM 7% 3ng/pL | 3ng/uL 20U -
concentration| | reaction

* Supplied as a 5x preparation and diluted to yield a final concentration of 2.5mM magnesium chloride in

a single 20pL reaction.

Table 3.5 Forward and reverse primers used in RT-PCR reactions.

Name Sequence (shown 5' to 3") DS Number*
MIF ATGCTTTGGTGGGAAGAAGTAG 2153
MI3F GCTTCAAGAAGATCTAGAACAGGAGC 1736
MI17F TGGAAACGGTAACTATGGTG 1600
HI17F CATGCTCAAGAGGAACTTCC 126
M20F CAGAATTCTGCCAATTGCTGAG 2616
H42F CACACTGTCCGTGAAGAAACGATGATG 212
M69F GCACTTTAATTATGACATCTGCC 2187
MI11R GCTTTGTTTTTCCATGCTAGCTACCCT JSR43"
M22R CCTGATGCTACTCATTGTCTCC 2316
H25R CTGAGTGTTAAGTTCTTTGAG 22
M26R TTCTTCAGCTTGTGTCATCC 3658
M27R AGTTCCTTTTTTAAGGCCTC 2494
H48R CTGAACGTCAAATGGTCCTTC 3540
M79R CTCTGCCCAAATCATCTGCC 2512

* Laboratory nomenclature; denotes DNA Synthesis number given to each primer (Geneworks).

# This primer synthesised on site with an Expedite 8909 Nucleic Acid Synthesiser

The preparation for each RT-PCR reaction was essentially the same for each
system. All components were thawed on ice and vortexed briefly before addition to a
master mix. This contained sufficient reagent mixture for all RNA samples to be
assayed, a negative control for the reaction itself and an ‘extra sample’. The master mix
was briefly vortexed and then aliquoted into 0.6mL thin walled tubes to await the
addition of the RNA template. As standard throughout this project, S0ng of total RNA

was added to each reaction mixture, except the reaction negative control which received
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water. However, repetition of the conditions reported by van Deutekom et al. (2001)
{see Chapter 6) required the addition of RNA to the reaction in amounts ranging from
Sng to 1000ng. The cycling conditions for each reaction are outlined in Tables 3.6 and .
i

“Table 3.6 Cycling conditions for RT-PCR using the Titan One-tube RT-PCR system, Step 4 (o sicp
"Beycled through 30 times after the initial ¢CDNA strand denaturation. "

Stepl  Reactant equilibration 2 minutes 25°C
Step2  Reverse transcription 30 minutes | 48°C
"|Step3  Initial denamration 2minutes | 94°C
Step4  Subsequent denaturation 30 sec 94°C
Step5  Primer annealing 1 minuge 55°C
Siep&  Strand elongation 2minutes | 72°C

* . Table 33 Cycling conditions for RT-PCR using the C. therm. Polymerase Qoe-step RT-PCR

1ystem. Step 4 o step 6 cycled through 20 1imes after the initial cDINA strand denaturation.

Step1  Reactant equilibration 2minutes | 25°C
Step2  Reverse transcription 30 minutes | 62°C
Step3  Initial denaturation 2 minutes | 94°C
Step4  Subsequent denaturation 45 sec 94°C
Step$  Primer annealing 45 sec 60°C
Step6  Strand elongation 1 minute 72°C

Reactions were performed on either a MI PTC 100 or MJ Research mini thermal

. cyeler, both equipped with a hot bonnet to provide more even temperature distribution,

and climinate the need for a mineral oil overlay.

BV
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3.5.2 Nested PCR amplification

When electrophoresed through a 2% agarose TAE gel as standard, RT-PCR
(primary amplification) products were extremely difficult to visualise and hence an
evaluation of the 2’0OMeAQ’s ability to modify splicing patterns was difficult. This was
not unexpected as dystrophin messenger RNA is reported to represent less than 0.01%
of the mRNA in either human or mouse cardiac or skeletal muscle (Hoffman, Brown &
Kunkel, 1987). Consequently, a second round of PCR amplification was performed on
the primary template using a nested primer set. This ensured adequate representation of
the dystrophin mRNA species present and increased the specificity of the reaction. The
primer sequences are listed in Table 3.8 and components of the reaction mix are
described in Table 3.9.

Table 3.8 Forward and reverse primers used in the nested secondary PCR reactions.

Name Sequence (shown 5'to 3") DS Number*
MIF GTGGGAAGAAGTAGAGGACTG 2153
M17F TGGAAACGGTAACTATGGTG 1600
H17F GCAGATTACTGTGGATTCTG 123
M18F GAAGCTGTATTACAGAGTTCTG 936
M20F CAGAATTCTGCCAATTGCTGAG 2616
M20F CCCAGTCTACCACCCTATCAGAGC 1803
M22F AGTAGCATCAGGACGTGGATCC 2232
H44F GCGATTTGACAGATCTGTTG 2495
HT0F" CATCAGGAGAAGATGTTCGAGAC 852
MI0R ACATCATTWGAAATCTCTCCTTG 2355
HM21R GGCCACAAAGTCTGCATCCAG 1889
HM21R TTGTCTGTAGCTCTTTCTC 2954
M23R TGGGAGGAAAGTTTCTTCCAGT 1643
M24R GAAAACATCAACTTCAGCCATCC 2233
H25R GTCTCAAGTCTCGAAGCAAAC 124
M26R CCTGCCTTTAAGGCTTCCTT 3657
M27R CTATTTACAGTCTCAGTAAGG 2264
H47R TTATCCACTGGAGATTTGTCTG 3540
M79R CCAAATCATCTGCCATGTGG 405

* Laboratory nomenclature; denotes DNA Synthesis number given to each primer (Geneworks)

* Human sequence specific primer used to amplify mouse cDNA had 2 mismatches (underlined)
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Table 3.9 Component composition in a S0uL secondary nested PCR.

Reaction c¢DNA 10x Forward | Reverse | Tth plus
H,0 dNTP | MgCl, .
component | |template Buffer primer | primer |polymerase
Reactant
1.0 374 5.0 1.0 4.0 0.75 0.75 0.1
volume (pL)

Reactant final} | 50ng/

. . - 1x 200pM | 2mM | 3ng/pL | 3ng/pL 0.55U
concentration| | reaction

All reaction components were thawed on ice and vortexed briefly before
addition to the master mix. To each 49uL of reaction mix, 1uL of primary amplification
product was added as template. The study by van Deutekom et al. (2001) also reported a
nested secondary PCR reaction, and while reaction components remained the same the

cycling conditions were different as described in Tables 3.10 and 3.11 respectively.

Table 3.10 Cycling conditions for the secondary nested PCR using Tth plus polymerase. Step 2 to
step 4 cycled through 25 times after the initial cDNA strand denaturation.

Step1 Initial denaturation 2 minutes 94°C
Step2  Subsequent denaturation 30 sec 94°C
Step3  Primer annealing 1 min 55°C
Step4  Strand elongation 2 min 72°C

Table 3.11 Cycling conditions for the secondary nested PCR using Tth plus polymerase. Step 2 to
step 4 cycled through 32 times after the initial cDNA strand denaturation according to the protocol
outlined by van Deutekom et al. (2001).

Step1 Initial denaturation 2 minutes 94°C
Step2  Subsequent denaturation 45 sec 94°C
Step3  Primer annealing 45 sec 60°C
Step4  Strand elongation 2 min 72°C

Typically, the last three steps cycled through 25 times after the initial cDNA
strand denaturation (Table 3.10). However, cycling conditions reported by van
Deutekom et al. (2001) were not the same and were adjusted accordingly (Table 3.11).

Reactions were performed on either a MJ PTC 100 or MJ Research mini thermal cycler.
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353 Agarose gel electrophoresis
. L

Products from the second round of amplification were typically stored at —20°C
or run directly on to a gel. Typically, 2.54L of secondary PCR product was combined
with glycerol loading buffer and electrophoresed through & 2% agarose TAE gel at 50V
for ~ 2 hours, depending on the expected size of the amplified wranscript fragment. All
agarose gels incorporated a 100bp ladder molecular weight marker as a size standard,
Initéal experiments investigating exon 19 skipping were tailored to generate 1280bp
unmodified (full tength) amplicons after amplification across exons 13 to 21, Excision
of dysaophin exon 19 (88 bp) would produce a smaller product which was difficult
to discemn from the full length product, The advantage of this assay was the minor size
varistion between the full length and shortened products which ensured similar
amplification efficiencies for both, To increase the separation between these species,
3% agarose TAE gels werc originally used. The increased resolving power of this
system, however, altso required a longer unning time (~ 3 hours), Consequently, nested
primers were designed to yield smaller products, that is, the relative size difference
between the full length and skipped products was increased so that less time was
required to electrophorese them through the gel while still maintaining a satisfactory
separation.

On completion of the electrophoresis, the agarose gels were immersed in a
0.5ug/mL solution of ethidium bromide for ~10 minutes. The products were then
visualised on an uftraviolet iransilluminaor and images recorded at a fixed resolution of
180dpi using a Kodak DC ID 2.0 digital gel documentation sysiem.

3,54 Characterisation of 2'’0MeAO-induced products

3.5.4.1 Amplicon isolation

Initial identification of each amplicen was performed visually relative to the
100bp size marker and compared with the transcript fragment length expected to be
generated in the secondary nested PCR. However, to fully characterise the products of
interest, each amplicon was isolated and reamplified using the bandstab technique
(Wilton et al., 1997) or by complete band excision.

12



* Chapter 3 - Metlods

3.54.1.1 Bandstab procedure

The bandstab procedure was typicaily performed directly after observation of the
products of interest. Using the UV transilluminator to visualise the bands in the gel,
specific amplicons were pieroed with a pipette tip which was then placed directly into a
PCR twbe containing a PCR reaction mixture as described by Wilton ct al. (1997). This
procedure was performed in duplicate 1o maximise eventual product recovery and was
sometimes required when attempting to characterlse products of low abundance, The
product under investigation removed by the tip was thus used as template for a further
35 cycles of amplification under identical conditions as described in Tables 3.9 and
3.10, except that the anncaling temperature was reduced to 50°C. The presence of the
re-amplified product wos confirmed by electrophoresis through a 2% agarose gel and
visualised on a UV transilluminator,

3.54.1.2 Gel slice excision procedure

On occasions, the bandstab technique was unable to isolate a single product
when the soutce contained several amplified transcript species that were smaller than
the amplicon of interest. When this occurred, 45pL. of the duplicate bandstab mixtures
were electrophoresed through a 2% low melting point gel at 70V for ~3 hours. After
staining in fresh cthidium bromide, the products, while being viewed on the UV
transilluminator, were completely excised with a sterile scalpel with care taken to avoid

femoving excess agarose.

. 3542 Amplicon purification

Amplicons derived through either the bandstab or gel slice excision procedires
were purified using Qiaquick spin columns according to the manufacturer’s instructions.
The presence of the purified amplicon was confirmed by electrophoresis of a Sul.
aliquot through a 2% agarose gel as described carlier. The remaining material was then
stored at -20°C to await further analysis. '
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3.5.4.3 Amplicon sequencing

Following verification of purity and abundance, the amplicons of interest were
placed into a sequencing reaction which incorporated the Big Dye Terminator chemistry
(version 3). The components comprising the sequencing reaction mix are described in
Table 3.12.

Table 3.12 Sequencing components and their proportions in a 10uL sequencing reaction. Template

volume determined amount of water to be added. Forward or reverse primers were added at 50ng per

reaction.
Reaction Big Dye |Big Dye| Primer | cDNA HO
component (V3) | buffer | (ForR) | template ?
Reactant
3.0 1.0 1.0 1-5uL | to 10uL
volume (uL)

The sequencing reaction was always made up to a final volume of 10uL (with
water if required). Both size and abundance of the purified product (estimated by band
intensity on the gel), determined the amount to be added to the reaction as template.
Based on the expected identity of the amplicon and also as a measure of congruity, S0ng
of forward and reverse primer, in separate reactions, were chosen for sequencing of
each template. Where possible, the primer selected for use in the sequencing reaction
would be internal to the relevant primers used in the nested PCR. Primer sequences are
listed in Table 3.13.
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Table 3.13 Forward and reverse primers used in the sequencing PCR reactions.

Name Sequence (shown 5'to 3") DS Number* Exon(s) skipped
H17F GCAGATTACTGTGGATTCTG 123 Human 19
HM21R TTGTCTGTAGCTCTTTCTC 2954

M18F GGATGTCGATATAACTGAACTTC 935 Mouse 19
HM21R TTGTCTGTAGCTCTTTCTC 2954

MI19F GCCATAGCACGAGAAAAAGCAG 2261 Mouse 20
M22R CCTGATGCTACTCATTGTCTCC 2316

MI19F CAGAATTCTGCCAATTGCTGAG 2616 Mouse 21
M23R TGGGAGGAAAGTTTCTTCCAGT 1643

M20R CCCAGTCTACCACCCTATCAGAGC 1803 Mouse 22
M26R CCTGCCTTTAAGGCTTCCTT 3657

M21F TCAGCTCTTCAGCCTCAAATTG 3737 Mouse 23
M26R CCTGCCTTTAAGGCTTCCTT 3657

M21F TGAGGGCCAAAGAGAAAGAGC 783 Mouse 24
M26R CCTGCCTTTAAGGCTTCCTT 3657

M24F TGTTTTCCTGAAAGAGGAATGG 2317 Mouse 25
M26R TTCTTCAGCTTGTGTCATCC 3658

H44F GCGATTTGACAGATCTGTTG 2495 Human 46
H47R TTATCCACTGGAGATTTGTCTG 3540

* Laboratory nomenclature; denotes DNA Synthesis number given to each primer (Geneworks)

The 25 cycle sequencing PCR reaction detailed in Table 3.14 was performed on
a MJ Research mini thermal cycler equipped with a hot bonnet to bypass the need for an

oil overlay.

Table 3.14 Sequencing PCR reaction conditions. All sequencing reactions were performed on the

same MJ Research mini thermal cycler for 25 cycles.

Step1  Template denaturation 30 sec 94°C
Step2  Primer annealing 30 sec 50°C
Step3  Strand elongation 4 min 15 sec | 60°C

Following the sequencing PCR reaction, non-template reactants were removed
by ethanol precipitation. Template purification was performed at room temperature and
commenced with the addition of 10ul of 600mM sodium acetate (pH 5.2) and 50ul
absolute ethanol. The mix was then vortexed briefly prior to incubation for 15 minutes

and centrifugation at 14 000 x g for 20 minutes in an Eppendorf 5415C centrifuge. The
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supematant was removed and the pellet resuspended in 250uL of 70% ethanol before
centrifugation at 14 000 x g for 5 minutes. Finally, the supematant was removed and the
purified template allowed to air dry. Products were fractionated on an AB1 377 DNA
Sequencer at the DNA sequencing facility, Centre for Neuromuscular and Neurological
Disorders, by Ms. Lori Blechynden. :

3.6 RNA binding assay

An RN_A binding assay is an in vitro test of RNA fragment template amenability

to hybridisation with antisense orientated DNA oligonucleotides (deoxy-AQs) directed

a1 specific sequences. The assay was designed as a precursor to cell culture experiments
as @ means to increase target assessment throughput and reduce cost by bypassing the
relatively lengthy cell culture process and expense of 2'OMeAO synthesis, When a
deoxy-AO was able to demonsiraie a high affinity for its target, it was setected for
synthesis (in-house) as a standard 2’0OMeAQ and transfected into cells to assess its
effect on the natural splicing process.

3.6.1 DNA isolation and purification

H2ZK mdx of primary buman cells were proliferated in a 7Scm? flask as described
in Section 3.1.1 unti} they reached approximately 100% confluency, after which the
cells were trypsinised as outlined in Section 3.1.2, Aifter centrifugation, the supematant
was removed and the pellet resuspended thoroughly in 200pL PBS before being
transferred to a sterlle 1.6mL microfuge tube. All following steps, including cell lysis,
RNA and protein removal and DNA precipitation were performed exactly as described
in the Gentra Systems genomic DNA purification kit protocol for DNA isolation and
purification from cultured cells. The purified genomic DNA was quantified and stored
a1-20°C to await downstream application.
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3.6.2 Genomic DNA fragment synthesis incorporating a T7 promoter sequence

Purified mouse or human genomic DNA isolated from muscle cell cultures, was
used as template in T7-PCR. The subsequent amplicons with the T7 promotor sequence
incorporated became the template in an in vitro RNA transcription reaction. In an
attempt to ensure an adequate approximation of secondary structure formation in the
region under investigation, 300 - 400 bp of DNA sequence was selected as a template to
be transcribed into RNA. Each DNA fragment would, if possible, contain the entire
exon and >70 bases of intronic sequence both 5' and 3' of the exon. In situations where
the exon was large and this was not possible, two fragments of ~350bp in length were
selected to be synthesised, each incorporating only one splice site. The fragment length
was determined by the position of the reverse primer and the forward primer which
contained a 31 base T7 polymerase promoter sequence at the 5' end (Table 3.17).
Reaction component composition and initial DNA fragment amplification conditions
are outlined in Tables 3.15 and 3.16 respectively. All primers sequences are listed in
Table 3.17.

Table 3.15 Component composition for a 25uL. PCR reaction. Included was the template DNA at a
final concentration of 4ng/uL and the ~60bp forward primer (includes T7 promotor sequence) at 2x that

of the reverse primer which was only half the length.

Reaction DNA 10x Forward | Reverse | Tth plus
component | {template Buffer primer | primer |[polymerase
Reactant
varied | varied | 2.5 0.5 2.0 1.0 0.5 0.5
volume (pL)

Reactant final
4ng/uL - Ix 200pM | 2mM | 3ng/pL | 3ng/pL | 0.55U
concentration

Table 3.16 Cycling conditions for genomic DNA fragment amplification. Step 2 to step 4 cycled
through 40 times after the initial DNA strand denaturation.

Step1 Initial denaturation 2 minutes 94°C
Step2  Subsequent denaturation 30 sec 94°C
Step3  Primer annealing 1 min 55°C
Step4  Strand elongation 2 min 72°C
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Table 3.17 Forward and reverse primers used in the amplification of the genomic DNA fragments.
Reverse primers are given in an antisense orientation in the 5' to 3' direction. The T7 polymerase
promotor sequence is listed separately and is denoted as “T7” at the 5' position in each forward primer.

Primers are based on exonic sequence unless prefixed with “Int” which indicates an intronic origin.

Name Sequence (shown 5' to 3") Exon Targeted DS Number*
7 GATCCTAATACGACTCACTATAGGGAACAGA N/A N/A
Int19T7F  T7GGTCATTGGTTTCCAGAGCATG

20T7F T7TGGGTGTTAATGCTGAAAGTATCAG 20 3735
Int20R CCAGAGTTTGCTTTGGCCCTCTTGC 3728
Int20T7F  T7CAGTATATGCAAAGTTTCAAAGTTAC 21 3729
Int21R GATAGAGGGTTTAGCCTTGGG 3781
Int2IT7F  T7GCTGACAAATTAGAAAAATATGACAG 2 3730
Int22R CTTTACTTTTTCATTATTACCTTAAG 3731
In23T7F T7GCTACAATGAGACCTCCCTCAAAC 24 3786
Int24R CCAAGAATGTGCTCAGGTACTGG 3787
Int24T7F TTCATGTCGAATGTCATGATAAATGTATG 25 3775
Int25R GTGTTTTGACAATATTTTCATAAAC 3776
Int45T7F TTGGTTAACATCTTTTAAATTGC 3472
46T7F T7TAAGAACAAAAGAATATCTTGTC 46 3474
Int46R GCAAGGAACTATGAATAACCT 3473

* Laboratory nomenclature; denotes DNA Synthesis number given to each primer (Geneworks).

Initially, the genomic DNA was amplified between the two primers in a 25uL
PCR reaction for 40 cycles and the fragment electrophoresed through a 2% agarose gel
as described earlier. Once synthesis of the correct size product was confirmed by
visualisation on an UV transilluminator, two 50pL. DNA amplification reactions were
performed to increase the final yield of the product. After gel analysis of the second set
of amplification products, the duplicate reactions were combined and purified on
Qiaquick spin columns according to the manufacturer’s instructions. The presence of

the purified fragment was confirmed by electrophoresis through a 2% agarose gel.
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3.6.3 In vitro RNA transcription

To produce an RNA fragment, the purified genomic DNA amplicons were used
as template in an in vitro RNA transcription reaction using the Riboprobe® in vitro
Transcription System (Promega) (Table 3.18). After addition of the DNA template, the
reaction mixture was incubated at 37°C for 1 hour. A further 15 min incubation at 37°C
with 1pL DNase I ensured the removal of the DNA template before the synthetic RNA
was extracted and purified as described in Section 3.4. The purified RNA was

quantified, diluted to 50ng/uL and stored at -20°C.

Table 3.18 Component composition in a 20uL in vitro RNA transcription reaction.

Reaction DNA Transcription . T7 RNA
H;0 INTP | DTT | RNAzin
component template buffer* polymerase
Reactant
varied | varied 4.0 4.0 2.0 1.0 1.0
volume (uL)

Reactant final| [ ~300ng /
- 1x 200uM | 10mM 40U 20U

concentration| | reaction

* Supplied as a 5x preparation and diluted to yield a final concentration of 1.2mM magnesium chloride in

a single 20uL reaction.

3.6.4 Target hybridisation and bandshift detection

To estimate deoxy-AO affinity to the target sequence, varied amounts of each
deoxy-AO (sequence information given in Table 3.19) were added to a hybridisation
reaction containing a constant 50ng of the synthetic RNA, 2uL of 2x hybridisation
buffer and water to a final volume of 4uL. The reactants were incubated for 30 minutes
at 37°C before being combined with glycerol loading buffer and electrophoresed
through an 8% polyacrylamide TBE gel at 200V for approximately 3 hours under
non-denaturing conditions. The gel was then placed into a SYBR gold stain followed by
visualisation of the reactants on a UV transilluminator. As the secondary structure of the
RNA fragment could be altered when a deoxy-AO annealed, the complexed and
uncomplexed RNA were often discerned as separate bands. The complexed band was

separated from the unbound RNA band, thus inducing a ‘bandshift’.
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The degree of bandshift induced was given a rating between 0 and 4, where a 0
rating indicated no bandshift (equivalent to the RNA alone control) and a rating of 4
corresponded to 100% bandshift. A deoxy-AO was required to score a rating of at least
2 (equivalent to approximately 50% bandshift) when present at Sng per reaction to be

considered suitable for synthesis as a 2’0OMeAO for further evaluation in cell culture.

RBA Rating
0 1 2 3 4

RNA alone

) - —
e — — S—

Figure 3.2 Non-denaturing polyacrylamide gel demonstrating the varied degrees of bandshift induced by
deoxy-AOs. Five nanograms of deoxy-AO was added to 50ng of RNA fragment.

Table 3.19 Sequences of deoxy-AOs used in this study. Upper and lower case characters represent

exonic and intronic nucleotides respectively.

Name Sequence (shown 5' to 3') DS
dM20A(-18+02) CTctacaaagaaaaccaaaa 3849
dM20A(-16+04) CCCTctacaaagaaaaccaa 3850
dM20A(-14+06) CACCCTctacaaagaaaacc 3851
dM20A(-12+08)  AACACCCTctacaaagaaaa 3852
dM20A(-15+10) TTAACACCCTctacaaagaaaacca 3875
dM20A(-10+15) CAGCATTAACACCCTctacaaagaa 3876
dM20D(+02-18)  gaaggaggaaaaccttacCT 3720
dM20D(+04-16)  aggaggaaaaccttacCTTA 3721
dM20D(+06-14)  gaggaaaaccttacCTTACA 3722
dM20D(+08-12)  ggaaaaccttacCTTACAAA 3723
dM20D(+10-15)  ggaggaaaacattacCTTACAAATT 3854
dM20D(+10-20)  tggaaggaggaaaacattacCTTACAAATT 3853
dM21D(+02-18)  aaaagtgtttttacttacTT 3784
dM21D(+04-16)  aagtgtttttacttacTTGT 3782

* Laboratory nomenclature; denotes DNA Synthesis number given to each primer (Geneworks).
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Name Sequence (shown 5' to 3") DS

dM21D(+06-14)  gtetttttacttacTTGTCT 3783
dM21D(+08-14)  gtttttacttacTTGTCTGT 3785
dM22D(+02-18) attcaaatgtccacagacCT 3724
dM22D(+04-16)  tcaaatgtccacagacCTGT 3725
dM22D(+06-14)  aaatgtccacagacCTGCAA 3726
dM22D(+08-14)  atgtccacagacCTGTAATT 3727
dM24A(-16+04)  CCCTctacaaagaaaaccaa 3850
dM24A(-14+06)  CACCCTctacaaagaaaacc 3851
dM24A(-12+08)  AACACCCTctacaaagaaaa 3852
dM24A(-15+10) TTATGTGATTctggaataaaaaagc 3877
dM24A(-10+15)  GGTTTTTATGTGATTctggaataaa 3878
dM24D(+02-18)  atcagatacaaatcttacTC 3788
dM24D(+04-16)  cagatacaaatcttacTCTG 3789
dM24D(+06-14)  gatacaaatcttacTCTGCA 3790
dM24D(+08-12)  tacaaatcttacTCTGCATT 3774
dM24D(+10-20)  tcatcagatacaaatcttacTCTGCATTGT 3859
dM24D(+15-10)  caaatcttacTCTGCATTGTTTGAG 3860
dM25D(+02-18)  gaattaaactagtcatacCT 3777
dM25D(+04-16)  attaaactagtcatacCTGG 3778
dM25D(+06-14)  taaactagtcatacCTGGCG 3779
dM25D(+08-12)  aactagtcatacCTGGCGGC 3780
dH46A(-13+07) TTCTAGCctggagaaagaag 3598
dH46A(-11+09) tetttctccagGCTAGAAGA 3599
dH46A(-09+11) tttctccagGCTAGAAGAAC 3600
dH46A(-07+13) tctccagGCTAGAAGAAC 3646
dH46A(+28+47) AGAATTTCAAAGAGATTTAA 3611
dH46A(+63+82) GGTTGGAGGAAGCAGATAAC 3445
dH46A(+83+103) ATTGCTAGTATCCCACTTGAA 3612
dH46A(+115+134 GCAGCAACTAAAAGAAAAGC 3446
dH46A(+111+125 AAGAGCAGCAACTAA 3613
dH46D(+04-16) CAAGgtaattttattttctc 3601
dH46D(+06-14) GTCAAGgtaattttattttc 3602
dH46D(+08-12) AAGTCAAGgtaattttattt 3603
dH46D(+08-14) AAGTCAAGgtaattttattttc 3647

* Laboratory nomenclature; denotes DNA Synthesis number given to each primer (Geneworks).
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Chapter 4 - Targeting exon 19: 2'OMeAOs directed at exon

splicing enhancers

In 19Qi. Matsuo and colleagues reported o 52bp deletion in exon 19 of the
dystrophin gere. It was concluded that this deletion was responsible for the abnormal
processing of the DMD Kobe allele (missing exan 19) found in the 16 year old patient
with DMD (Matsue et al., 1990) as the resultant mature transcript was out-of-frame.
This was despite the fact that the consensus acceptor and donor splice sites of exon 19
were untouched. In 1995, Takeshima et al. investigated the role of the deleted sequence
in exon 19, Using a minigene transcription product, which included the wild-type exon
19 in a HeLa cell nuclear extract, they demonstrated that the region missing in the DMD
Kobe allele was necessary for exon 19 definition, By directing a 2'0MeAD at a 31 base
region within the ‘deleted’ sequence, the authors were able to inhibit intron 18 splicing
and thereby prevent exon 19 inclusion in the mature RNA. A fallow-up study by
Pramoneo et al. {1996} was undertaken in human lympheblastoid cells using a DNA
version of the 2’0OMcAQ uscd in the Takeshima et al. (1995) study. This antisense
ODN, directed at the ESE (ERS} of exon 19, was able to alter the dystrophm pre-mRNA

The focus of this section of the project was to further define the exonic motif
targeted by the 31mer in the previous sudies (Takeshima et al., 1995; Pramono et al.,
1996). To achieve this aim, 2'OMeAOs were sysicmatically designed to various
portions of the 31bp region of exon 19 to identify crucial motifs involved in definition
of Lhe exon. Three transfection reagents wete evaluated 1o determine which would
deliver the 2’0OMeAO to the cell nucleus most effectively in #-2K normal and mdx

mouse muscle cells, and in primary human and HDMD muscle cells.
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4.1 Transl‘ection reagent optimisation

Ta determine the most effective vehicle for 20MeAD delivery in H-2K mouse,
normal primary human and human DMD cells, the transfection reagents Lipofectin,
Lipofectamine 2000 and ExGen 500 were evaluated. These reagents were assessed at
two time points, 3 hours and 24 hours post-transfection, for their ability to deliver 2
fluorescently-labelled 2'0OMeAO, M23D(+12-08).FITC (Table 3.2) to the cell nuclevs,
All transfections were performed with a standard 300nM (-1pg) final 2'OMeAQ
concentration in serum-free Opii-MEM media and according to the manufacturer’s
instructions, M23D{+12-08)-FITC was designed to target the donor splice site of exon
23 in the dystrophin gene (Mann et al., 2001). The same FITC-labelled 20MeAD was
used in this study to ensure reproducibility and to determine the best reagent for
transfection of human cells. Based on the assumption that the nuclear uptake of
M23D(+12-08)-FITC is not sequence dependent, its utility was stili relevant in this
project. As localisation of the fluorescent tag to the nucleus, the site of pre-mRNA
transcription, is the final oulcome measure, coupling FITC to M23D(+12-08) simply
gives the fluorescent tag *directions’ specific to the dystrophin gene,
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4.1.1 Transfection of H-2K mouse muscle cells with M23D{(+12-08)-FITC

Three ratios of Lipofectin:2’OMeAO, 1:1, 2:1, and 5:1 (weight:weight) were
evaluated in mouse cells. After three hours, cytoplasmic fluorescence in both H-2X
normal and mdx cell lines appeared to be weak and diffuse throughout the cell at each

_ratio tested with no preferential nuclear accnmulation observed, After 24 hours,
however, nuclear fluorescence was observed in apptoximately 100% of cells when the
20MeAQ was complexed with Lipofectin at a ratio of 2:1 (Figure 4.1), with a minimal
increase in both fuorescence and cell death st a ratio of 5:1. Transfection at a 1:1 ratio
resulted in less uptake compared to the optimal 2:1 ratio (results not shown), No
fluorescence was detected in the untreated cells or those cells that received Lipofectin
alone st a sham 300nM concentration (2)g/S00UL). When 300nM of the uncomplexed
M23D(+12-08)-FITC was delivered to the cells, only a weak and diffuse cellular
fluorescence was cbserved in both cell lines after three hours, This signal, however, was
no longer detectable after 24 hours and was not observed in the nucleus.

Based on these results and previous success with this reagent (Mann et af,, 2001;
Mazan et al., 2002}, all H-2K cells used in this project were transfected at a ratio of 2:1
of Lipofectin:2OMeAD because of cell death, high efficiency and low volume of usage
per transfection.

Lipofectamine 2000 and ExGen 500 were also assessed and each displayed
differing abilities to deliver M23D(+12-08)-FITC to the nuelei of the mouse myablasts.
Three ratios of Lipofectomine 2000:2'0MeAO, 1:2, 1:1 and 2:1 were tested. The lower
ratios were chosen os previous experience in our laboratory with this reagent had
indicated that higher doses were associated with punctate cytoplasmic structures
(flucrescent aggregotes) and greater cell damage. At both time points transfection
efficiency was high, with ~100% of cells demonstrating some degree of fluorescence,
although very little accumulation of the 2'0MeAQ was observed specifically in the
nucleus. However, the intensity of the signal throughout the cell appeared to be slightly
higher than comparable ratios of Lipafectin and 20MeAQ (results not shown). The 1:1
ratie of Lipofectamine 2000:2'0Mc¢AQ was considered to be optimal for this reagent.
However, considering the degree of cell death and the apparent lack of localisation to
the nucleus, Lipofectamine 2000 was not used to transfect mouse cells in this project,

The third reagent assessed, ExGen 500, was tested late into the project as a
potential replacement for Lipofectin, Three equivalents of ExGen 500 to 20MeAQC, 2,
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3.5 and 5 were evaluated. A diffuse cellular fluorescence was detected after three hours
which then became predominantly localised to the nucleus 24 hours post-transfection.
While the highest ratio was associated with only a minor toxic reaction, small
fluorescent aggregates were observed across the well (Figure 4.2), possibly indicating a
maximal uptake of the complex. Due to the reduced toxicity and aggregates, the ratio of
3.5eq of ExGen 500 to 1pg 2'0OMeAO was deemed optimal for transfecting the H-2K
cells. These observations were consistent with those reported previously (Dunckley et

al., 1998; van Deutekom et al., 2001).

Figure 4.1 Phase contrast and fluorescent photographs taken 24 hours after H-2K mdx mouse
myotubes were transfected with M23D(+12-08)-FITC. Typically, cells were allowed to differentiate for
72-96 hours before transfection (A). Strong nuclear fluorescence (B) could be detected 24 hours
post-transfection when Lipofectin was complexed with M23D(+12-08)-FITC at the optimal ratio of 2:1.
(40x magnification).

4.1.2 Transfection of human muscle cells with M23D(+12-08)-FITC

The results observed from the fluorescent studies using Lipofectin and
Lipofectamine 2000 in the primary human cells were similar to those obtained in the
mouse cells. However, in primary human cells transfected with Lipofectin, the nuclear
localisation was not as distinct after 24 hours compared to the mouse cells.
Lipofectamine 2000 was again found to be associated with increased cell death, and
despite comparable transfection efficiency, was excluded due to its more toxic nature.

Therefore all experiments involving 2'OMeAO-induced exon 19 skipping (section
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4.3.2.1) in primary human cells were performed with Lipofectin at a 2:1 ratio of
Lipofectin:2'OMeAO, the reagent (and ratio) deemed most effective for inducing exon
23 skipping in the same primary human cell line (pers. comm. C. Mann). When the
opportunity to reproduce the previously reported 2'0OMeAO-induced skipping of exon
46 in human cells arose, ExGen 500 was, however, selected as the transfection reagent
based on the protocol outlined by the authors (van Deutekom et al., 2001).

As observed in the mouse cell transfection experiments, ExGen 500 was able to
efficiently deliver M23D(+12-08)-FITC to the cell nucleus after 24 hours. Interestingly,
the fluorescent aggregates but not cell death were observed to increase with an increase
in the amount of ExGen 500. Again, the ratio of 3.5eq to 1pg of M23D(+12-08)-FITC
was considered to be the point at which the signal intensity was strongest with minimal
fluorescent aggregate accumulation (Figure 4.2), consistent with the findings of van
Deutekom et al. (2001).
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Figure 4.2  Phase contrast and fluorescent photographs taken 24 hours after primary human myotubes
were transfected with M23D(+12-08)-FITC. Typically, cells were allowed to differentiate for 96 hours
before transfection (A). When M23D(+12-08)-FITC was delivered to the cell uncomplexed with ExGen
500, a weak and diffuse cellular fluorescence was observed 3 hours later but not after 24 hours (not
shown). However, strong nuclear fluorescence (B) could be detected 24 hours post transfection when 3.5
eq of ExGen 500 was complexed with ~1pg of M23D(+12-08)-FITC. Note the low level of fluorescent
aggregates outside the cells (10x magnification).
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Fluorescent studies in the immortalised HDMD cells were less pronounced than
those obtained in the three cell lines previously tested. Furthermore, distinct nuclear
localisation of M23D(+12-08)-FITC was very rarely observed, regardless of the carrier.
Therefore, as no reagent appeared to have a toxic effect on the cells, higher ratios of
carrier to 2'OMeAO were tested. The greatest difference was seen with Lipofectamine
2000. While a 5:1 ratio (weight:weight) of carrier to 2'OMeAO resulted in 20-30% cell
death after 24 hours, a 3:1 ratio resulted in minimal or no cell death and an increase in
the uptake of the fluorescent molecule. Also, as was seen with the ExGen 500
transfections in the primary human cells, the increase in both ExGen 500 and
Lipofectamine 2000 was associated with an increase in fluorescent aggregates (Figure
4.3)

Figure 4.3  Phase contrast and fluorescent photographs taken 24 hours after HDMD myotubes were
transfected with M23D(+12-08)-FITC. Typically, cells were allowed to differentiate for 72 hours before
transfection (A). Diffuse cytoplasmic fluorescence (B) could be detected 24 hours post-transfection when
Lipofectamine 2000 was complexed with M23D(+12-08)-FITC at a ratio of 3:1 (weight:weight). Further
increasing the ratio of the carrier to the 2'0OMeAO did not increase signal intensity, only fluorescent

aggregates and cell death (10x magnification).

4.2 Quality assay of 2'OMeAOs directed at the exon 19 ESEs

At the onset of this study, the first and second generation 2'OMeAOs were
synthesised by Geneworks. However, our group acquired access to an Expedite 8909
Nucleic Acid Synthesiser (Applied Biosystems) and commenced synthesising all
subsequent 2'OMeAOs in-house. For comparison and to ensure the continued quality of

all succeeding 2'OMeAOs, 200ng of each 2'0MeAO from Geneworks and 200ng of
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each 2'OMeAO synthesised in-house were resuspended with formamide loading buffer
and electrophoresed through a denaturing polyacrylamide gel (Figure 4.4). In addition
to the monitoring of the trityl signal at the end of each coupling during synthesis, this
assay satisfactorily validated the integrity of each 2'0OMeAO used to induce exon 19
skipping.

200ng

HM19AHSS+6$.
HM19A(+35+54)
HM19A(+46+65)
HM19A(+49+65)
HM19A(+52+65)
HM19A(+46+57)
HM19A(+32+45) |

*
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_ e

Figure 4.4 Each 2'OMeAO targeting the exon 19 ESE in this study was run on a denaturing
polyacrylamide gel to assess the standard of synthesis. As apparent yields varied, 2'OMeAO

concentrations were adjusted and re-evaluated by spectrophotometry prior to cell transfection

4.3 Induction of exon 19 skipping across species using 2'OMeAOs
directed at the ESE

4.3.1 Exon 19 skipping in mouse muscle cells

Our initial experiments to induce dystrophin exon 19 skipping were
undertaken using the conditionally immortalised normal H-2K mouse muscle cell line
which can be induced to fuse and express normal dystrophin (Morgan et al., 1994).
However, the dystrophin mRNA would be out-of-frame when exon 19 is removed, as
an amber stop codon 43 bases into exon 20 is created (Figure 4.5) and, as a
consequence, no dystrophin can be produced. Therefore, detection of the exon 19
deleted message was anticipated to be more difficult relative to the normal message, due
to a high turnover arising from nonsense mediated decay mechanisms (Maquat, 1995).

Based on the results of these early investigations, it was hypothesised that the H-2K
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mdx cell line may represent a better model with which to assess 2'OMeAO-induced
exon skipping in the dystrophin gene, as this dystrophin mRNA carries a nonsense
mutation in exon 23 and should be metabolised at a similar rate to the 2'0OMeAO

induced, out-of-frame transcripts missing exon 19.
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Figure 4.5  Schematic representation of normal and 2'OMeAO-induced splicing patterns. Normal
splicing (indicated by broken lines above the exons) removes the introns (single horizontal lines) and
retains each exon to produce a mature RNA (not drawn to scale). The 2'OMeAO-induced splicing
(2'OMeAOs indicated by small bold horizontal lines, modified splicing indicated by broken lines
below the exons) prevents recognition of the targeted exon. The transcript missing the entire exon 19 is
out-of-frame and a termination signal (arrow) occurs at the 15™ codon into exon 20 (Errington, Mann,
Fletcher & Wilton, 2003).

4.3.1.1 H-2K normal muscle cells

The 2'OMeAO HMI19A(+35+65) (Table 3.2 and Figure 4.8), originally
described by Takeshima et al. (1995), was the first 2’OMeAO tested to provide a
necessary starting point for the project. Myotube transfections were performed by
complexing HM19A(+35+65), at a standard dose of 300nM, with Lipofectin at the
optimised ratio of 2:1 Lipofectin:2’'OMeAO (weight:weight) as described earlier. Total
RNA was extracted from pooled duplicate wells 24 hours post-transfection and purified

for analysis of the dystrophin gene transcripts. The RNA was then reverse transcribed
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into cDNA with subsequent amplifications between nested primers flanking exon 19.
Only two transcript fragments separated by gel fractionation were detected - the larger
759bp product corresponding to the full-length amplicon (includes exon 19) and the
shorter 671bp product corresponding to the transcript species missing exon 19 (Figure

4.6).
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Figure 4.6  Exon 19 skipping induced by 1%, 2" and 3" generation 2'OMeAOs in H-2K normal mouse
mRNA. RT-PCR analysis of RNA harvested 24 hours after cultured myotubes were transfected with
2'0MeAOs at 300nM. The full-length product spanning exons 17 to 21 is 759 bases long and the shorter
product is missing 88 bases due to the precise removal of exon 19. The smeared larger bands above the
full-length products are due to heteroduplex formation, as it is not seen in the untreated lane where there
are no shorter products. Subsequent secondary PCRs were performed with a more internal reverse primer

which greatly reduced formation of heteroduplexes.

To confirm the exact nature of the exonic arrangements arising from the
2'0OMeAO-induced splicing modification, both products were isolated and directly
sequenced to confirm their predicted identities (Figure 4.7). It was concluded that
HM19A(+35+65) had indeed induced the precise removal of dystrophin exon 19 from
the normal H-2K mouse mRNA.
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Exon 19

Figure 4.7 DNA sequence chromatogram of the PCR products across the junction of dystrophin exons
18 and 20, indicating precise removal of exon 19. The junction of exons 18 and 19 and exons 19 and 20

are shown for comparison.

We subsequently designed two shorter overlapping 2'OMeAOs within
HM19A(+35+65), HM19A(+35+54) and HM19A(+46+65), as the second generation of
2'0OMeAOs to further define the crucial region(s) of this ESE (Table 3.2 and Figure
4.8). Separate 300nM dose transfections of H2K normal muscle cells were performed,
and a gel analysis of the subsequent RT-PCR fragments revealed that both
HM19A(+35+54) and HM19A(+46+65) were also able to induce precise and consistent
exon 19 skipping (Figure 4.6).

A third generation of 2'OMeAOs was designed to assess a likely minimum
threshold for 2'OMeAO length as well as to refine the putative ESE-like motif. These
two 2'OMeAOs, HM19A(+49+65) and HMI19A(+52+65), are 17- and 14mers
respectively directed at sequences within the region previously targeted by
HM19A(+46+65) (Table 3.2 and Figure 4.8). This region was chosen based on a
marginally but consistently stronger product induced by HM19A(+46+65) as compared
to HMI19A(+35+54), initiating speculation that the motif involved in exon 19
recognition and inclusion in the mature mRNA may reside in this region. Transfection
with HM19A(+49+65) and HM19A(+52+65) at a final concentration of 300nM was
sufficient for the 14mer to induce very similar levels of exon 19 skipping as the 17mer
(Figure 4.6). However, the induced products appeared less abundant when compared to

that induced by the parent 2'OMeAO, implying either a possible restriction for
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2'0OMeAO length or that only part of the crucial region had been blocked from splicing
factors.

Subsequent experiments involved a series of titrations of each 2'OMeAO to
determine the minimum effective dose required to cause the removal of exon 19 in the
normal H-2K mouse pre-mRNA. Exon 19 skipping was induced most effectively by
HM19A(+35+65) and HMI19A(+46+65), with the induced transcript consistently
detectable after transfection at concentrations of 20nM. HM19A(+35+54) induced
consistent skipping at 30nM (and more sporadic skipping at 20nM), while neither the
17mer, HM19A(+49+65), or the 14mer, HM19A(+52+65), could induce consistent

exon 19 skipping when delivered at concentrations below 200nM (results not shown).

* cuvuueaceuucua®’ M19A(+32+45)

¥ ceEUCGUCUAGU > M19A(+46457)

¥ UCUAGUCGAGUCCG®  M19A(+52+65)

* UCGUCUAGUCGAGUCCG®  MI9A(+49+85)

} CGGUCGUCUAGUCGAGUCCG®  M1BA(+46465)

¥ UUGACGUUCUACGGUCGUC © M19A(+35+54)

¥ UUGACGUUCUACGGUCGUCUAGUCGAGUCCG®  M19A(+35+65)
5éAAI\\AETGCAAGATGCCAGCAGATCAGCTCAGGCCCTGGTGGAACAGATGGC}:A}} . dglze‘:i%n

~ -
-~ -
~ -

intron 18 Intron 19

Exon 19

Figure 4.8  Schematic representation of the annealing sites for 2'OMeAOs to dystrophin pre-mRNA
inside the 52bp deletion within exon 19. The putative ESE (shaded region in exon 19) was targeted by the
first, second, third and fourth generation 2'OMeAOQOs (sequences shown 3' - 5") The nucleotide sequence
of exon 19 within the ESE in mouse and human dystrophin genes was identical, allowing the application
of each 2'OMeAO across species (Errington et al., 2003).
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4.3.1.2 H-2K mdx muscle cells

The next series of experiments was conducted in the transformed H-2K mdx
muscle cell line, as it was anticipated that the turnover rate of both natural and
2'0OMeAO-induced transcripts would be similar and therefore provide a better estimate
of the relative degree to which the 2'OMeAOs affect splicing patterns. Separate
duplicate transfections were performed by complexing Lipofectin at 2:1 with either the
first, second or third generation 2'OMeAOs, HM19A(+35+65), HM19A(+35+54),
HM19A(+46+65), HM19A(+49+65) and HM19A(+52+65) (Table 3.2) at a standard
dose of 300nM, as described earlier. Twenty-four hours after transfection, total RNA
was extracted and purified and RT-PCR of the relevant dystrophin transcripts
conducted. Agarose gel analysis of the amplified transcripts revealed that
2'0MeAO-induced exon 19 skipping appeared to be stronger in mdx cell cultures at the
300nM transfection concentration (Figure 4.9) than that detected in normal mouse cells.
Again, only two transcript fragments were observed, the full-length 759bp product and
the 671bp exon 19 deleted product.
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Figure 4.9 Agarose gel image of exon 19 skipping induced by 1%, 2" and 3 generation 2'OMeAOs at
a final transfection concentration of 300nM. Skipped transcripts appeared to be more easily detected in
the mdx cell line.
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The two 20MeAOs HMI9A(+32+45) and HM19A(+46+57) were tested only
in the mdx cells (Table 3.2 and Figure 4.8), These represemt the fourth and final
generation 'of 2'0OMeAOs designed lﬁ assess the sensitivity of the \wo polypurine
suctches identified by Pramono et al, (1996) as targets for 20MeAO-induced exon 19
skipping. HM19A(+32+45) was directed at a 14 base region commencing 2 bases
upsiream from the 5' end of HM19A{+35+54), We hypothesised that the crucial region
lay pattially in the overlap bevween HMI9A(+35+54) and HM19A{+46465), and that a

' 20MeAO directed 10 block the 5 scquence targeted by HM19A(+35+54) would be less

likely to induce exon 19 skipping. Conversely, the 12mer HMI0A(+46+57), the shortest
2'OMeAQ used in the study, was directed at the overlap and was expected 1o induce
exon 19 skipping, assuming it could bind at sufficient strength 1o displace the
competing splicing factors, Transfections with these 2'0MeAOs ot a final concentration
of 3000M resulted in the precise and reproducible removal of exon 19 by
HMI19A(+46+457), HM19A(+32445) was unable to reliably induce exon 19 skipping
(Figure 4.10).

4.3.1.2.1 Titration of 2OMcAOs directed at the exon 19 ESE

In order to preve the hypothesis that H2K mdx cells were a better model for
deterining efficiency of 20MeAO-induced skipping, the 20MeAOs were tested al a
range of concentrations from 6(KMrM to SnM. Separate transfections with each
2'0MeAQ resulied in marked increases in exon 19 skipping between the minimum
concentration required and 100nM. However, 20MeAO transfection concentrations of

" 600nM, the highsst dose tested, generally resulied in only marginal increases in the

level of induced transcript compared to that induced by a 2'0MeAO at 100nM (Figure

4.10). Funihermore, the highest transfection concentration of 600nM was never able

to cause 100% exon 19 skipping as detected by RT-PCR. presumably because some
full-length mRNA wauld be present prior to the transfection. Moreover, an increase in
the concentration of the 2’0MeAQ (with o concomitant rise in the amount of -
Lipofectin), was associuted with an increase in the degree of cell damage after
|m_n'sfecliqn.

A dosage coffect was clearly evident with all 2'OMeAOs tested.
HM1DA(+35+65), HMI9A(+46+65) aud.HM19A(+35+S4) 81l induced precise and
reproducible exon 19 skipping when delivered at concentrations as Jow as SaM (Figure
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~ 4.10A-C), compared to the minimum transfection concentration of 20nM required for

the same effect in the normal H-2K cells, HM19A(+49+65) and HM19A(+52+65) were
again judgud less efficient than the first and second generation 2’0OMeADs based on
their ability to induce skipping at 50nM (Figure 4.10D,E). This, however, still
represented a four-fuld decrease in the minimum concentration required 1o consistently
detect skipping induced in the normal cells, supporting the use of H-2K mdx muscle
cells as the preferred mode] for assessing 2'OMeAQ-induced exon skipping. Previously,
HMI9A(+32+45) could not cansistently induce exon 19 skipping at 300nM and
transfections with this 20MeAO 1t 600nM could only induce low levels of skipping
{Figure 4.10F), However, the shortest 20MeAQ tested in this study, HMISA(+46+57),
was able to induce the specific removal of exon 19 at 100nM (Figure 4,106,
Experimental controls inctuded transfection with a random sequence 2’0MeAC

" at 600nM, which had similar base composition to M19A(-20405) (Table 3.2), an

uncomplexed 20OMeAO, HM19A(+35465), also at 600nM, and Lipefectin alone at a

" mock concentration of 600nM (~4pg/S00uL). [n all three cases, na skipping of exen 19

was eves detected (Figure 4.10A),
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Figure 4.10 Agarose gel images of titrated 2’'0OMeAOs directed at exon 19. A 2'0OMeAO consisting of a
random arrangement of a similar base composition to HM19A(-20+05), as well as Lipofectin only, were

used as controls in panel A.
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4.3.2 Exon 19 skipping in human muscle cells

4.3.2.1 Primary human muscle cells

At the time these experiments were conducted, the transfection reagent
Lipofectin was used at the optimised ratio of 2:1 Lipofectin:2'OMeAO (weight:weight).
As ExGen 500 was evaluated only late in the project, a thorough series of transfections
testing the ability of this reagent to transport 2’0OMeAOs directed at the exon 19 ESE or
splice sites was not performed. Although retrospective transfections in these cells did
indicate that ExGen 500 may deliver M23D(+12-08)-FITC to the nucleus slightly more
efficiently in the primary human cell line, the 2'0OMeAO-induced exon 19 deleted
product at no stage appeared stronger than its counterpart induced by the same
2'0MeAOs complexed with Lipofectin (results not shown).

RT-PCR analysis of the RNA harvested from 2'OMeAO-transfected primary
human cells found that HM19A(+35+65), HM19A(+35+54) and HM19A(+46+65) were
each able to induce consistent and precise exon 19 skipping and that the shorter third
generation 2'OMeAOs, HM19A(+49+65) and HM19A(+52+65), while not as effective,

could still prevent the inclusion of exon 19 in the final transcript (Figure 4.11).
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Figure 4.11 Agarose gel image of exon 19 skipping induced by 1%, 2" and 3™ generation 2’0OMeAOs
when transfected into primary human cells at a final dose of 300nM.
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Titrations to determine a minimum concentration at which skipping could be
detected found that HM19A(+35+65), HM19A(+35+54) and HM19A(+46+65) could
each induce the consistent removal of exon 19 at a concentration of at least 200nM.
However, the shorter 2’'OMeAOs, HM19A(+49+65) and HM19A(+52+65), required a
final transfection concentration of no less than 300nM for the same reproducible effect

(results not shown).
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Figure 4.12 DNA sequence chromatogram of the PCR products across the junction of human

dystrophin exons 18 and 20, indicating precise removal of exon 19.

4.3.2.2 HDMD muscle cells

Initial transfections in HDMD muscle cells were performed by complexing
Lipofectin with a 300nM dose of 2'OMeAO at the optimised ratio in mouse cells of 2:1
(weight:weight). The resulting induced transcripts were difficult to detect and were only
observed at low levels, possibly indicating that delivery of the 2’0OMeAO to the nucleus
of these cells may be a limitation. Subsequent experiments also evaluated
Lipofectamine 2000 and ExGen 500 as potential delivery agents for the fluorescently
labelled 2'OMeAO, M23D(+12-08)-FITC. It was found that Lipofectin at 2:1
(carrier:2'OMeAO), Lipofectamine 2000 at 3:1 (carrier:2'OMeAO), and ExGen 500 at 4
equivalents were the optimal ratios for each carrier molecule to 2'OMeAO, with the
least degree of cytotoxicity or excess extracellular aggregates. Furthermore, in a directly
comparable experiment, 300nM of HM19A(+35+65) was transfected separately using
each of the delivery agents at their optimised ratio (or equivalents). We found that

Lipofectamine 2000 at a ratio of 3:1 (weight:weight) was the only reagent able to
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efficiently deliver the 2'0OMeAO and result in a comparatively stronger exon 19 deleted
product detected by RT-PCR (Figure 4.13).
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Figure 4.13 A comparison of delivery reagents for the transfection of 300nM of HM19A(+35+65) into
HDMD myoblasts. Lipofectamine 2000 was the most effective carrier while Lipofectin and ExGen 500
were presumably unable to consistently transport the HM19A(+35+65) to the cell nucleus.

Following these findings, each first, second and third generation 2'OMeAO
directed at the exon 19 ESE was transfected into the HDMD cells at a final
concentration of 300nM complexed with Lipofectamine 2000. Twenty-four hours
post-transfection, the RNA was harvested and assayed for the presence of the exon 19
deleted transcript. HM19A(+35+65), HM19A(+35+54) and HM19A(+46+65) were all
able to induce the precise and repeatable removal of exon 19. HM19A(+49+65) and
HM19A(+52+65), however, were found to be less efficient as judged by their extremely
limited ability to induce exon 19 skipping in these cells at a concentration of 300nM
(Figure 4.14).
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Figure 4.14 Agarose gel image of exon 19 skipping induced by 1%, 2™ and 3™ generation 2'OMeAOs
when transfected into HDMD cells at a final concentration of 300nM. The skipped transcript was

consistently detected, but was weaker than that observed in the normal primary cell line.

4.4 Summary

Optimisation of transfection conditions for each cell type was performed,
resulting in the selection of Lipofectin at a ratio of 2:1 (Lipofectin:2'0OMeAOQO) for
transfection in H-2K mouse and primary human muscle cells. In HDMD cells, however,
Lipofectamine 2000 at a ratio of 3:1 (Lipofectamine 2000:2'0OMeAQO) was the only
reagent able to efficiently deliver the 2’0OMeAO.

In normal H-2K mouse cells, exon 19 skipping was induced most effectively by
HM19A(+35+65) and HM19A(+46+65), as the induced transcript could still be
detected at a transfection concentration of 20nM. HM19A(+35+54) was also very
effective, inducing consistent exon 19 skipping at 30nM. The shorter 2'OMeAOs,
HM19A(+49+65) and HM19A(+52+65), were not as efficient, requiring concentrations
of at least 200nM to achieve consistent exon 19 removal.

The same hierarchy of 2'OMeAO effectiveness was observed in the H-2K
mdx muscle cells. However, the exon 19 skipped transcript could still be detected
when the 2'OMeAOs were at lower transfection concentrations. HM19A(+35+65),
HM19A(+46+65) and HM19A(+35+54) could each induce exon 19 skipping at SnM,
and HM19A(+49+65) and HM19A(+52+65) induced detectable exon 19 skipped
transcripts at S0nM. In addition, it was demonstrated that the 14mer, HM19A(+32+45),
designed within HM19A(+35+54), was very ineffective at inducing exon 19 skipping,
even at a concentration of 600nM. However, a 12mer, HM19A(+46+57), was capable
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‘4,5.1 Transfection reagents and cell lines

Chapler 4 + Targeting exon 19: 20MeAOs dirccied at exon splicing enhancers

designed within HM19A(+35+54), was very ineffective at inducing exon 19 skipping,
even at a concentration of 600nM. However, a 12mer, HM19A(+46+57), was capable
of inducing precise and consistent skipping of exon 19 when at a transfection
concentration of 50nM.

_ In primary human celts, HM19A(+35465), HMI9A(+35+54) and
HMI9A(+46+65) could each induce consistent and precise removal of exon 19 at lower
concentrations than required to achieve the same result with HM19A(+49+65) and
HMI9A(+52+65). These concentrations, however, were up to 40-fold greater than those
used in the mdx cells. Results for HDMD cells wers similar, except that skipped
products were generally less abundant and HM1SA(+49+65) and HM19A(+52+63)
could not induce a detectable exon 19 skipped itanscript at transfection concentrations

compatable to that used in the primary human cells.

i . : R
Cationic lipids have been used to enhance ée]lulhr_ uptake and é-ctivity of
2'OMeAOs in cell culture, One such formulation, Lipofectin, has been used as a
wransfection reagent for 2'OMeAQs in primary mdx, H-2K mdx and C2C12 mouse
myobl=sts (Mann et al., 2001; Wilion et al., 1999). Since it has been suggested that no
single catianic application is optimal for atl uses {Bennett, 1998), a comparison of
Lipofectin with another reagent, Lipofectamine 2000, was undertaken to ensure optimal
transfection conditions for each of the four cell lines to be evaluated in the current
study. In addition, a 2001 study by van Deutekom and colleagues successiully
employed ExGen 500 as a transfeciion reagent in mouse and human cells. At this time,
evaluation of the 20MeAGCs targeted to exon 19 had been corapleted, so ExGen 500
was investigated retraspectively, with the analysis thought to be of interest for the
retnaining experiments and future studies,

In 'illpr.imising 2'0MeAQ transfection conditions, it was faund.thal the different
transfection reagents evaluated had' varying degrees of efficiency in different muscle
eell tines, This is consistent with the observation that the ability of different cell types to
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" take up oligonuclectide molecules or liposomes varies to a large degree (Galderisi,
Cascino & Giordano, 1999; Gao & Huang, 1995). This may be related to the size of the
particle to be internalised and differences in the levels of endocytic activity between the
differemt cell types (Gao & Huang, 1995). The particle size of 2'0MeAQ-liposome
complexes (lipoplexes) varies, and appears Io be dependent on a combination of the
cationic liposeme formulation used and the final concentration of the lipoplex (Gao &
Huang, 1995). The results presented in this thesis emphasise the necessity for
optimising 2'0McAO delivery for each cell type.

In H-2K mouse myoblasts, Lipofectin at a ratio of 2:1 appeared to be an
cffective ransfection reagent, as nuclear fluercscence was observed in approximately
100% of cells at 24 hours post-transfection, and cell deah was not observed, consistent
with previous reporis (Mann ¢t al., 2001; Wilton et al., 1999). In contrast, H-2K cells
transfected with Lipofectamine 2000 complexed with M23D(+12-08)-FITC did not
exhibit the same degree of distinct nuclear localisation and displayed fluorescent
aggregates when higher ratios of Lipofectamine 2000 1o 2'OMcAQ were used,
Interestingly, these same aggregates were observed following transfection with high
dases of ExGen 500, Ceils transfected with this reagent showed predominant nuclear
localisation of the Auorescent 2’0OMeAO at 24 hours post-transfection and there was no
toxic reaction al the optimal dose of 3.5eq, consisteut with observations reported
peeviously (Dunckiey et at., 1998; van Deutekom et al., 2001).

It is unclear why cells transfecied with ExGen 500 or Lipofectamine 2000 at

" doses required to achieve signifiéanl nuclear localisation were observed to have

fluotescent aggregates a1 24 houes post-transfection. These cyloplasmic structures could

represent the internalised 2'OMeAO-liposome complexes (lipoplexes) within
endosomes or lysosomes {Bennets, 1998). Their presence may be relatea (o the amount
of time the lpoplexes spend in the endosome, determined by the differing mechanisms
of action of the reagents. For example, the DOPE component of Lipofectin is thought to
function by reducing the aggregation of complexes and facilitating the release of the
2'OMeAQ from the endosome sfter intermalisation (Zelphati & Szoka, 1996), While

DOPE is also ane af the constituents of Lipofeciamine 2000, it represents a lower

profpurtion of the liposome formulation compared to Lipofectin. As the efficiency of the

cytoplasmic release is determined by the DOPE content of the lippsomes {Gao &

Huang, 1995}, it can be assumed that Lipofectin would be more efficient in releasing
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the 2'OMeACQ. ExGen 500 has been suggested to act by buffering the acidic endosomal
environment, thereby protecting the 20MezAO until it is released into the cytoplasm by
subsequent erdosomal swelling and rupture (Boussif et al., 1995; Kichler, Leborgne,
Coeytaux, & Danos, 2001). It is therefore possible that the aggregates observed in cells
transfected with Lipofectamnine 2000 or ExGen 500 simply represent a slower escape
from the endosome, delaying the passive diffusion of the 2'OMeAQ to the nucleus,
Thus, improved nuclear lacalisation may have been observed 48 hours post-
transfection, similar to that reported by Dunckley et al. (1998).

Whiic there were o differences in M23D(+12-08)-FITC uptake for any of the
transfection reagents between the H-2K normal and mdx cells, results did differ between
primary human and HDMD cells. In the primary human cells, Lipofectin at a ratio of -
2:1 was foﬁnd to be the most effective reagent, although the fluorescence was observed
to be more diffuse throughout the cell {and less localised to the nuclei) compared te that
observed in mouse cells. Lipofectamine 2000, at the ratio required to achieve o
comparable degree of nuclear localisation, again resulted in high levels of cell death.
ExGen 500 performed most effectively at 3.5 eq, consistent with the findings of van
Deutekom et al. (2001} for human muscle cells. In contrast, HDMD cefls required
higher doses of each delivery reagent to achieve efficient fluorescent 2’0MeAG
transfection, with Lipofectamine 2000 proving to be the best carrier at a ratio of 31,
Interestingly, this ratio was associated with a much lower level of cell death than that
observed in H-2K mouse and primary human cells when transfected with the same
concentration of Lipofectamine 2000, again highlighting the importance of optimising
transfection conditions for each cell type.

4.5.2 Exon 1% skipping in #.2K normal and mdx muscle cells

Our initia] attempts to induce dystrophin exon 19 skipping were undertaken

" using the conditionally immeortalised narmal H-2K mouse myoblast cell line, However,
in unaffected cells, dystrophin mRNA missing exon 19 is out-of-frame and would be
subject to nonsense mediated decay (Maguat, 1995}, Therefare, detection of the exon
19-deleted message was anticipated to be more difficult relative to the more stable
wild-type mRNA. Based on the results of these early investigations, it was hypothesised
that a beuer estimate of the extent of skipped and full-lengih transcripi could be’
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achieved using the H-2K mdx cell line, where both natural and 2'0MeAO-induced
dystrophin transcripts should be metabolised 8t comparable rates.

As anlicipated, a higher abundance of exon 19 skipped transcripts was detected
in the 2'0OMeAO-transfected H-2K mdx muscle cells, as compared to those detected in
the  H-2K normal muscle cells that had been transfected with the same concentration
of 2’0OMeAO. For both cell lines, the same transfection reagent was used and the
nuclear fluorescence observed was identical at each ratio and at each time point tested.
This would suggest that the difference in stability and metabolism of the endogenous
and 2'OMeAQ-induced skipped transcripts is a more likely explanation than the
efficiency of the transfection process. .

Although 20MeAQD efficiency differed between H-2K normal and mdx muscle
cells, the pattern of efficiency of individual 2'0OMeAOs was very similar. This study
investigated the effect of several 2'OMeAOs in both cell lines. The first gencration
20MeA0 evaluated, HM19A(+35+65), originally designed by Takeshima et al, (1995),
was able to consistently ind.uoe the efficient and precise removal of exon 19, However,
a study by Promono et al. (1996), reported that an antisense oligodeoxymucleotide
version of HM19A(+35+65) was able 10 induce 100% exon 19 skipping 24 hours after
transfection in normal human Yymphoblastaid cells. The present project was unable to
induce exon 19 removal from all ranscripts in either mouse or human muscle cells, This
discrepancy may be due in part to the difference in levels of dystrophin expression in
each cell type. Human lymphoblastoid cells are known to produce very low levels of
dyétrophin mRNA by illegitimate transcription {(Chelly et al., 1988), and we have
previously shown that a 20MeAO could induce 100% exon skipping in myoblast
cultures where there were also low levels of dystraphin expression (Wilton et al., 1999).
However, the same 2'0OMeAO was less effective in H-2K muscle cells, where much
higher levels of dystraphin are synthesised (Mann et al., 2001).

Perhaps more significant is the difference in the chemistry of the antisense
agems utilised. DNA:RNA duplexes ate cleaved by RNaseH (Furdon, Dominski &
Kole, 1989}, Therefore, the selection of a DNA AQ in the Pramono et al. (1996) study
could have biased their assay, as any full-length message may have been degraded
through RNaseH activity, leaving only the induced transcripts missing exon 19 1o be
detected by KT-PCR. Subsequent siudies from this same group using a dystrophic
primary human muscle cell line deleted for exon 20 did not report the same high level
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of induced in-frame transeript using 2OMeAO chemisiry (Takeshima et al., 2001).
Finally, normal dystrophin mRNA has an estimated half life of some 16 hours
(Tennyson et al., 1995), so even if 2'0MeAQ-induced exon skipping was 100%
efficient soon after transfection and nuclear uptake, some full-fength mRNA would be
expeeted to remain in the cytoplasm after 24 hours.

The main focus of this section of the pruject was to attempt to refine the ESE
‘motif within dystrophin exon 19. ESEs are thought 1o play a critical role in comect
splice site selection thraugh cross-exon interactions bewween splicing factors bound ta
the 3' and 5' splice sites (Reed, 1996), perhaps promoting the use of nearby weak splice
sites {(Coulter, Landrec & Cooper, 1997; Tanaka ct al.,, 1994; Watakabe ct al., 1993).
Disruption of an ESE can lead to partial or complete exon skipping (Liju, Cartegni,
Zhang & Krainer, 2001a), either through alterations in secondary structure {Cartegni,
Chew & Krainer, 2002; Watakabe et al., 1993) or disruption of sequences crucial for
Tecognition by splicing facters such as SR profeins, These proteins are thought to recruit
compaonents of the general splicing machinery (Black, 1995; Reed, 1996). It has been
suggesied that targeting exonic sequences with 20MeAQs may result in more efficient
and specific exon skipping than targeting splice sites, as there is less disruption to the
splicing process; the exon is simply not marked for inclusion (van Deutekom & van
Ommen, 2003).

The hierarchy of 2'OMeAQ efficacy followed a similar patteon in each cell line,
However, the H-2K mdx myoblasts will be discussed in greater depth as this cell line
represented the best molecular model for 2'OMeAO-induced exon skipping. Exon 19
was initially targeted for 2'OMeAO-induced skipping by the first generation 31mer
HMI19A(+35+465). This 2'0MeAQ, directed at a region containing two ESE-like
polypurine stretches (GCAAGA and AGCAGA - Pramono et al., 1996; Takeshima et
al, 1995}, could induce consistent and precise exon 19 skipping at very low
cancentrations (5nM). Subsequently, a second generation of two overlapping 20mers
was designed o the upstrenm and downstream periions of this region to determine
which (if either) was more significant to the splicing process. The downstream
HMI9A(+46+65) was consistently more efficient than the upstream HM19A(+35+54),
based on the relative abundance of exon 19 skipped transcripts. Although secondary
structure has been suggested as a limiting factor in hybridisation (Crooke, 1999; Dagle
& Weeks, 2001) and therefore 2’0MeAQ-induced exon skipping, the A1mer was able to
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induce exon skipping at the same level of efficiency as the downstream 20mer.
Therefore, it is doubtful that the difference between the performance of the two second
generation 20MeAOs was due to accessibility to their respective tatgets. A second
consideration is that the annealing potentials of the two 20mers differed. As the
anncaling temperature {T,) increases with higher G/C content, it is possible that the
upstream 20mer annealed less efficiently than its downstream counterpart, as the G/C
contenis were $0% and 65% respectively. Both 2'0OMeAOs should still anneal
efficiently at 37°C, so it is likely that the motif crucial for splicing enhancement of exon
19 resides in the downstream region targeted by HM19A(+46+65),

Consequently, the third generation of 20MeAOs was designed within the
downstream 20mer to further define the ESE motif. An additional aim was to asscss a
likely minimum threshold for 20OMeAO length, as indicated by the ability of the
20OMeAQ to hybridise under cellular conditions and to camy out the desired effect
{Dagle and Weeks, 2001). The 17mer, HM19A(+49+65) induced exon 19 skipped
products of higher abundance than that induced by the 14mer, HM19A(+52+65).
- however both were less efficient compated to the first and sccond generation
2'0MeAQs, Since the T, of the 20MeAO:pre-mRNA complex decreases with a
concemitant decrease in length, shorter 20MeAOs may have lower affinity to the target
scquence at 37°C (Agrawal, 1992; Crooke, 1999), Thus the reduced tength of the 17mer
and J4mer may have resulted in a diminished level of affinity to their target sequences,
particularly since the G/C contents of these two 2'0MeAOs (59% and 57%
respectively) were actually higher than that of the more efficient upstream 20mer.
'Allematively, the lower abundance of the exon 19-skipped transcripts may indicate that
the 17mer and 14mer were targeted too far downstream and were no longer blocking the
ESE from splicing factots as effectively as the longer 20MeAOs,

It is possible that the crucial region is at least partly within the area overlapped
by the two 20mers but exicnds more into the downstream portion of the exon, This
could account for the more efficient skipping indeced by HM19A(+46+65) compared to
the upstream 20mer, and the ability of the 17mer and 14mer to induce precise skipping
-of exon 19, albeit at [ow levels, despite the reduced length.

Ta test the hypothesis that the region crucial for exon inclusion lay within the
overlap of thﬁ two 20mers, & fourth generation consisting of two 20OMeAOs were
designed and evaluated in H-2K mdx cells, Consistent with this hiypothesis, a 14mer
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HMI19A(+32+45), targeted to the 14 bases commencing two nucleotides upstream of
the overlap, was unable to induce reliable exon 19 skipping, even at a final transfection
" of 600nM. The targeted region included the upstream purine-rich ESE-like motif
identified previously (Figure 4.8; Prameno et al,, 1996; Takeshima et al., 1995).
However, although ESEs commenly occur in purine-tich or A/C-rich regions (Coulter,
etal, 1997 Tanaka et al., 1994), it has been noted that many natural sequences that are

ESE—]il;e do not function as ESEs unless they occur in an approptiate context (Liu et al.,
' 1998), Tt is unlikely that the ineHiciency of this 20MeAO could be due to secondary

structure as the 31mer and upstream 20mer targeting the same area were efficient in

inducing exon 19 skipping. The difference between these 2'0OMeAOs was that the

-regions targeted by HMI9A(+35+65) and HMI9A(+35+54) also included the

downstream palypurine ESE-like motif, whereas HM19A(+32+45) did not (Figure 4.8;

Pramono et al., 1996; Takeshima et al,, 1995). Decreased length, while a possible

factor, is also unlikely to explain the failure of HM19A(+32+45) to induce efficient

exon skipping as the 14mer, HM19A(+52+65), directed at the downstream region, was
successful. Interestingly, the G/C content of the region targeted by HM19A(+32445)
was 36%, the lowest of the 2'0MeAOs tested. A reduction in anncaling temperature
resulting from the combination of decreased length and lower G/C content could
partially account for the inefficiency of this 2OMeAO. A likely additional factor could
~ be that the sequence targeted, despite containing a region which resembled an ESE, was
not s important to exon inclusion as the region containing the downstream motif. In
addition, the 12mer HMIGA(+46+57), which was directed at the downstream motif,
was able to induce consistently precise skipping of exon 19, although less effectively
than the l4mer:ﬁM19A(+52+6S) and 17mer HM19A(+49+65). This suggests that
although the shorter length of this 2’0MeAQ may have reduced ils annealing
temperature, a metif crucial for exen 19 inclusion was contained within the target
sequenice. Whether the 2'0MeAQ-induced skipping of exon 19 was efiected by
alterations in secondary siructure or by disruption of sequences crucial for recognition-

by splicing factors remains unclear.
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A

4.53 Exon 19 skipping in primary human and HDMD muscle cells

The 31 base region of exen 19 containing the putative ESEs was homologons in
~ mouse and human cells, allowing the 2'OMeAOs directed at this region to be tested on
both species. In primary human and HDMD cells, the hierarchy of 2'0MeAO efficacy
followed a similar battem to that observed in the mouse cells, as discussed previously
{Section 4.5.2). Compared to the mouse cells, however, the 2’0MeAOs were not as
efficient in human cells, requiring higher concentrations to achieve consistent exon 19
skipping. This was particularly evident in the HDMD cell line. The differences between
the level of 2'OMeAQ-induced exon 19 skipped transcripts between the normal cell
lines and the cell lines with dystrophin gene mutations may be partly due to the
variation in turm over rafes of natural and exon 19 skipped products (Maquat, 1995).
However, the differences in 20MeAQ-induced skipping efficiency between primary
human and H-2K normal mouse cells (unaffected cell lines}, or between HDMD and
H-2K mdx cells (affected cell lines), may not be attributable to variations in transcript
turnover rates as the natural and skipped transeripis should be metaholised at similar
rates in each case,

The reason for the apparent disparity in the expected abundance of exon 19
skipped transcript detected in the human and mouse cells is unclear. It is possible that
there are differences in target site accessibility between species or that the ESEs in the
human exon 19 were not as significant to exon inclusion as those in the mouse exon 19,
¥t has been suggested that ESEs promote the use of nearby weak splice sites (Coulter et
al., 1997; Tanaka et al., 1994; Watakabe et al., 1993), However, the strength of the exon
19 acceptor and donor splice sites in human (93% and 76% respectively) and mouge
(91% and 78% respectively), are very similar (Senapathy, Shapiro & Harris, 1990),
which should indicate a similar relfance on ESEs or other enhancers. The difference in
ability to detect the induced wanscript at lower transfection concentrations Letween
mouse and human cells is more likely to be due to differences in efficiency of
2'0MeAQ delivery to the nucleus, consistent with the resolts of the ﬂuumscenoelsmdies
(Section 4.1.2).

It has been noted that primary cells are typically more sensitive to the effects of
antisense oligenucleotides than transformed cells (Baker et al., 2001), This may '
partially account for the decreased efficiency of the 2'0MeAOs in HDMD cells
compared to the primary buman cells. However, this did not appear to limit the
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performance of 2'0MeAOs in the transformed H-2K cell lines, which supports the
efficiency of the transfection process gs the major limiting factor in the performance of
the 2'OMeAOs in human cell lines, Although it is possible that further optimisation of
the transfection process may have yielded more efﬁcieﬁt 2’0MeAQ-induced skipping of
" exon 19, this study has demonstrated that the direction of 20MeAOs to ESEs is &
viable approach to the modification of splicing in human cells.
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Chapter 5 - Targeting exon 19: 2'0OMeAOQOs directed at the

aceeptor and donor splice sites

Previously, smdies involving the 2'0OMeAQ-induced removal of exon 23 in the
mdx mouse involved targeting the acceptor or denor splice sites (Dunckley et al., 1998;
Mann et al,, 2001; Wilton et al., 1999). These splice sites were obviens targets as ESEs
are often ill- defined, but chargcterised by purine-rich regions within an exon. However,
it has been suggested that the targeted 20MeAQ-induced removal of an exon may be
more specific if these exonic motifs are employed (van Deutekom et al., 2001). In the
previous chapter, it was shown that the ESE was intimately involved with the precise
definition of exon 19. Therefore, the next logical step was to evaluate the splice sites of
exon 19 as potential targets for the specific removal of this exon in mouse and buman
dystrophin pre-mRNA,

Furthermore, the effect of targeting multiple sites with combinations of
2'0MeAOs was investigated to determine if the 2'0MeAD-induced removal of exon 19
could be enhanced while maintaining its specificity.

Finally, to ensure specificity of the antisense activity of the 2'0MeAQs, two
further assays were undertaken. First, mismatched 2OMeAOs directed at the acceptor
and donor splice sites in mouse and human cells were assessed for their ability to induce
exon 19 skipping. Second, additional screens were performed to determine whether the
splicing pattems in cther regions of the dystrophin gene transcript were affected by the
20MeAOs directed at exon 19.

5.1 Quality assay of 2'0MeAQs directed at the exon 19 splice sites

~ All'but one 20MeAO of the five designed to target the splice sites of exon 19 in
either mouse or human cell lines were part of the third generation of 20MeAO design
synthesised by Geneworks, M19D(+02-18}, was designed to be a refined version of
MI9D(+05-20) (a third generation 2'OMeAO synthesised ‘in-house'). However, 1o '
maintain consistency, all 20MeAOQs targeting splice sites were subject to the same
quality check. As described earlier, ~200ng of each 20MeAO was complexed with
formamide loading buffer and electrephoresed tﬁrough a denaturing polyacrylamide gel
(Figure 5.1). In most cases the 2'OMeAO integrity was confirmed to be relatively high
with a predominant single band indicating the fult length 20MeAQ. Furthermore, the
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quality of M19D(+02-18) validated the acceptable standard of manufacture of the
‘in-house’ synthesised 2'0OMeAOs compared to those commercially available, although
the yield was lower than expected and subsequently corrected prior to evaluation in cell

culture.

200ng
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H19D(+10-15)

3

Figure 5.1 Each 2'OMeAO targeting the splice sites for both mouse and human dystrophin exon 19 was
run on a denaturing polyacrylamide gel to assess the standard of synthesis. As apparent yields varied,

2'0OMeAO concentrations were adjusted and evaluated by spectrophotometry prior to cell transfection.

5.2 Induction of exon 19 skipping across species using 2'OMeAQOs

directed at the splice sites

As exon 19 removal had only been attempted by directing 2'OMeAOs at the
ESEs, it was necessary to evaluate the splice sites as possible targets for exon skipping.
Earlier investigations by our group involved the 2'0OMeAO-induced removal of exon 23
by targeting the donor splice site (Mann et al., 2001; Wilton et al., 1999). Attempts to
repeat the work reported by another group that induced the non-specific removal of
exons 22-30 by directing 2'OMeAOs at the acceptor site (Dunckley et al., 1998),
however, were not successful (Mann et al., 2001; Wilton et al., 1999). In this study we
designed 2'OMeAOs to target either the acceptor or donor splice sites and wished to
compare these regions to the ESE targeted earlier. The choice to direct the 2’0OMeAOs
at mostly intronic sequence was based on the early findings of our group which found
the more exonic sequences in the donor splice site region to be less effective at inducing
exon 23 skipping (Mann et al,, 2001; Mann et al., 2002; Wilton et al., 1999) (Figure
5.2).
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Figure 5.2 Schematic representation of the placement of 2’'0OMeAOs targeting the mouse and human
splice sites of dystrophin exon 19. The position of mismatches between species sequence and species
specific 2’'0OMeAOs are indicated by " * " (Errington et al., 2003).

5.2.1 Exon 19 skipping in mouse muscle cells

All H-2K mouse myotube transfections were performed by complexing
Lipofectin at the ratio of 2:1 Lipofectin:2'OMeAOQO (weight:weight) with each 2’'0OMeAO
at a standard dose of 300nM. Total RNA was extracted from pooled duplicate wells 24
hours post-transfection and purified for analysis of the dystrophin gene transcripts by
RT-PCR.

5.2.1.1 H-2K normal muscle cells

Initial experiments assessed only one 25mer 2'OMeAOQ directed at each splice
site M19A(-20+05) or M19D(+05-20) (Table 3.2 and Figure 5.2). In the H-2K normal
cells, the donor site appeared to be the more amenable target, as M19D(+05-20) would
induce a consistently stronger exon 19 skipped transcript compared to M19A(-20+05)
(Figure 5.3). In fact, analysis of the minimum effective dose for both 2’0OMeAOs
revealed that transfection of M19D(+05-20) at a final concentration of 100nM could
still induce exon 19 skipping, whereas M19A(-20+05) could not consistently remove
exon 19 when the transfection concentration was below 300nM (results not shown). It
should also be noted that at no time did transfections with M19A(-20+05) or
M19D(+05-20) induce the removal of any other exons, nor did their presence initiate
any aberrant splicing at cryptic splice sites. Exon 19 removal was always found to be

precise, with exon 18 joined exactly to exon 20 (Figure 4.7).
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5.2.1.2 H-2K mdx muscle cells

Based on the results from the H-2K normal muscle cell transfections with
MI19A(-20+05) and M19D(+05-20), it was anticipated that the exon 19 skipped
transcript would be easier to detect in mdx muscle cells due to nonsense mediated
decay of both wild-type and 2'OMeAO-induced messages at similar rates. Initial
experiments in the H-2K mdx cells demonstrated more abundant exon 19 deleted
transcript fragments following transfection with the splice site-directed 2'OMeAOs
M19A(-20+05) and M19D(+05-20) at 300nM (Figure 5.3). The natural (full length)
H-2K mdx transcripts appeared to be less abundant when compared to the normal intact
transcript. As some degree of full length H-2K mdx transcript would be expected to be
present before the 2’'0OMeAO was added to the cells, these results suggest that the
2'0OMeAO-induced skipping of exon 19 in the H-2K mdx cells was very efficient,
particularly when the donor site was targeted.

normal mouse madx mouse
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Figure 5.3 Comparison of exon 19 skipping induced by 2'OMeAOs directed at the acceptor or donor
splice site in A-2K normal and mdx mouse mRNA. RT-PCR analysis of RNA harvested 24 hours after
cultured myotubes were transfected with 2'OMeAOs at 300nM. Shortened transcripts appeared to be
moderately more abundant in the mdx cell line. The full-length product spanning exons 17 to 21 is 761

bases long and the shorter product is missing 88 bases due to the precise removal of exon 19.
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A titration of M19A{-20405) and MI9D{+05-20) demonstrated that both
" 2'0MeAOs were consistently able to induce the shortened transcript when transfected at
" a dose as low as 10nM, although the abundance of the induced transcript was stightly
* higher in cells transfected with the donor site-directed 20MeAO. This was despite the
apparent [ower quality of M19D(+05-20) compared with M19A(-20403) (Figure 5.1),
démonsl:rating that the shorter ban&s. which still contain the same sequence as the firil
length 2'0MeAO, do not compromise the ability of the 2'0MeAO to induce efficient
exon skipping. Interestingly, the lowest effective concentration for either splice
site-directed 20MeAO was only 5nM more than that required by the best 20MeAOs
. directed at the ESE. This effect was not seen in normal mouse cells which further
validates the use of mdx muscle cells to assess 2'OMeAQ effectiveness in vitro.

As the sequence targeted by M19D(+05-20) appeared to be the most sensitive to
2'OMeAOC-induced exen skipping, M19D(+02-18) was designed to determine if the
eriginal target region could be further refined. This 2'0OMeAQ was directed at the same
exci:intron coordinates which had proved efficient for 2'OMeAO-induced skipping of
exon 23 (Mann et al., 2002). It was thought that targeting these coordinates in exon 19
could help to determine whether this tegion was as efficient a target in other exans.
Titsations of M19D{+02-18) demenstrated that the smaller 2’0MeAO, while targeting a
highly sensitive region, could not consistently induce the same level of skipping as the
parent 2’OMeAC when at a final transfection concentration of 10nM (Figure 5.4). This
may indicate that the sequences not obstructed were important for exon boundary
definition by splicing factors, or that the longer 20OMeAO could anneal at a higher
efficiency and displace splicing factors more effectively. Interestingly, the opposite
effect was reported when optimising 2'OMeAOs directed at the donor splice site of
exon 23 (Mann et al., 2002). Efficient exon 23 skipping was induced using a 25mer but
the motif tarpeted was refined by directing a smaller 20mer within the same region,
suggesting that there may be specific motifs recognised by the spliceosome for
individual exons or that there were differences in secondary structure which affected the
ability of the 2'0MeAOs to annea to the target sites.
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Figure 5.4 Titration of 2’0OMeAOs directed at the acceptor or donor splice site of exon 19 skipping in
H-2K mdx mouse mRNA. The smaller M19D(+02-18) directed at the donor splice site was less effective

than its parent but was still consistent and completely specific.
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5.2.2 Exon 19 skipping in human muscle cells

5.2.2.1 Primary normal human muscle cells

Delivery of the 2'0OMeAOs in the primary human muscle cells may again have
been an issue as neither H19D(+10-15) nor H19A(-20+10) (Figure 5.2) were deemed
very effective at inducing exon 19 removal from the final transcript. Transfection with
H19D(+10-15) at a 300nM dose was sufficient to produce the skipped product
(Figure 5.5), however, 200nM was the threshold at which skipping was consistent.
H19A(-20+10) was only able to induce reliable exon exclusion at 600nM, but was able
on occasion to induce exon 19 skipping at 300nM (Figure 5.5), suggesting that the
human acceptor splice site was the least amenable target for human exon 19 removal,

similar to that of the mouse.
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Figure 5.5 Exon 19 skipping induced by 2'OMeAOs directed at the acceptor or donor splice site in
primary human muscle mRNA. RT-PCR analysis of RNA harvested 24 hours after cultured myotubes
were transfected with 2'0OMeAOs at 300nM. The full-length product spanning exons 17 to 21 is 668 bases

long and the shorter product is missing 88 bases due to the precise removal of exon 19.

5.2.2.2 HDMD muscle cells

HDMD myoblasts were transfected with either H19A(-20+10) or HI9D(+10-15)
at 300nM complexed with Lipofectamine 2000 at a 3:1 ratio. RT-PCR analysis of the
transcripts showed a similar pattern to that seen in the primary human cells. While the

exon 19 skipped transcripts were of much lower abundance in the less reliable HDMD
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cells, the donor site usually appeared to be the more amenable of the two targets to

antisense modification (Figure 5.6).
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Figure 5.6 Agarose gel image of exon 19 skipping in HDMD muscle cells. Each splice site-directed
2'0OMeAO was transfected into the cells at a final concentration of 300nM. The skipped transcript was

consistently detected but also weaker than that observed in the unaffected primary cell line.

The shorter transcript fragment was isolated from the gel by the bandstab procedure
(Wilton et al., 1997b) and analysed by direct sequencing. The identity of the 668bp
product was confirmed to be exon 18 joined precisely to exon 20, again verifying the
specific action of each splice site-directed 2'OMeAO to induce precise exon 19 skipping

in HDMD myoblast mRNA (Figure 4.12).
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5.3 Targeting multiple sites

When targeting either the ESE or splice sites of dystrophin exon 19, the
2'0MeAO-induced skipping was observed to be very effective in some cells. We
therefore tested if directing 2'OMeAOs at both sites in combination would enhance the
action of the 2'0MeAOs compared to targeting a single site.

HM19A(+35+65), M19A(-20+05) and M19D(+05-20) were transfected into
mdx myotubes individually and at the concentration equating to the threshold of
detection of the induced transcript by our standard RT-PCR assay. Each 2'0OMeAO was
added to target the three splicing motifs according to the 4 possible combinations;
acceptor and donor splice sites, acceptor splice site / ESE, ESE / donor splice site and
acceptor splice site / ESE / donor splice site. In these combinations, the final
concentration was the sum of the concentrations used for each individual 2'0MeAO.

Twenty-four hours post-transfection, RNA was extracted and analysed by
RT-PCR. When transfected singly, the shortened product was barely visible on the gel
relative to the natural product. However when added to the cells together, each
combination appeared to have a synergistic effect. Furthermore, targeting all three sites
in concert seemed to elicit a degree of skipping greater than the sum of all three
2'0MeAOs singly (Figure 5.7). This may indicate that adding low doses of 2’'0OMeAOs
that block each motif, rather than high doses of a 2’0OMeAO which targets a single

splicing motif, may be preferable.
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Figure 5.7 Exon 19 skipping induced by targeting multiple sites with 2'OMeAOs. Singly
HM19A(+35+65) was transfected at 2nM, M19A(-20+05) at 10nM and M19D(+05-20) at 10nM. Alone,

each could barely induce exon 19 skipping but in combination the level of skipped product increased.
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54 Mismatched 2'OMeAQOs

As one of the essential antisense controls, it was necessary to investigate

. potential nonspecific effects of 2'0MeAO mismstches on the ability to remove exon 19

" from the mature transeript. Unlike the exonic region bounded by HMI9A(+35+65), -
target sequence homology between the human and mouse genes was not conserved at
the acceptor and donot splice sites. This allowed some mismatched controls (Stein &
Krieg, 1994) when the 2’0MeAOs H19A(-20+10) and H19D(+10-15) were transfected
into mouse cells and M19A(-20405) and M19D{+05-20) were transfected into the
buman cells (Figure 5.2).

54.1 Humau-sbedﬂc 2O0MeAOs dlreeted at mouse pre-mRNA -
H19A({-20+10), the 20OMeAQ directod at the human intron 18 sceeptor splice
site, extended 5 nucleotides forther iﬁm the exon than MIQA(-20+05).'H19A(-20+10)
differed from the mouse sequence by 3 nucleotides, one at the 3' end and the other t@o
- at the penultimate and antepenulﬂmaté bases of the 5' end, thereby providing perfect
- . sequence homology between bases -19 and +07. The 2’0MeAO H19D(+10-15), which |

is directed at the human intron 19 doner splice site, has 5 mismatches but is identical to
the mouse sequence from bases -+ to —09 (Figure 5.2).

;5411 H-2K nosmal muscle cells

Based on the previous experimenis petfon'nzc'l.'_in these cells .'usiﬁg ﬁérfel:tly
matched 2'0MeAOs, induction of mouse dystrophin exon 19 skipi)iné by human
" specific 20MeAOs directed at the splice sites was predicted to be difficult to detect. As
 ghown earlier, persistence of the ﬁudified transcript is fleeting relative to the natusal
message, due to the instability of the exon 19 skipped transeript through nonsense
mediated decay. Furthermore, the number of mismatches with the target sequence Was
expected to significantly decrease the 2'OMeAO’s annealing potential, Consistent
* with this expectation, HI9D{+10-15} was not able fo induce the removal of exon 19,
despite the donor site appearing to be the more amenable of the two splice sites to
" 20MeAO manipulation with the mouse-specific 2'0MeAO (Section 5,2.1.1., Fignre
5.8). However, exon 19 skipping was consistently detected in cells transfected with -
HI9A{-20+10) st a final concentration of 600nM, and sporadically at a final
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concentration of 300nM. This could be due to the longer region (26 bases) of perfect
homology between this 2'0OMeAO and its target region.
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Figure 5.8 Human specific 2’'0OMeAOs directed at normal H-2K mouse pre-mRNA. Both 2’'OMeAOs
were transfected separately at 600nM and 300nM and RNA extracted 24 hours later. RT-PCR analysis
across the region targeted by H19A(-20+10) could detect only a low level of exon 19 skipping.

H19D(+10-15) was unable to induce the removal of exon 19 on every attempt.

5.4.1.2 H-2K mdx muscle cells

As observed earlier in the transfected mdx cultures, a higher level of the
dystrophin mRNA transcript missing exon 19 was detected relative to the full length
transcript. Despite the mismatches in the 2'OMeAO sequence, H19A(-20+10) was
occasionally able to induce exon 19 skipping in mdx cultures at a transfection
concentration of 50nM, but only consistently when delivered at 100nM (Figure 5.12).
While H19D(+10-15) could induce the sporadic and very weak excision of exon 19 at
several of the concentrations tested, it could not consistently induce skipping even at a

final transfection concentration of 600nM (Figure 5.9).
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Figure 5.9 Agarose gel image of mismatched human 2'OMeAOs transfected into mdx mouse cells. As
observed in the normal cells, the acceptor site directed 2'OMeAO, H19A(-20+10) was better able to
induce exon 19 skipping than H19D(+10-15), which targeted the donor splice site.

5.4.2 Mouse-specific 2'OMeAOs directed at human pre-mRNA

Two mouse-specific 2'0OMeAOs, M19A(-20+10) and M19D(+05-20), were
tested in both primary human and HDMD cells. M19A(-20+05) was directed at the
mouse intron 18 acceptor splice site, extended 5 nucleotides less into exon 19 than did
H19A(-20+10) and differed from the human sequence by only the last 3' nucleotide,
thus providing 96% perfect sequence homology. M19D(+05-20) was the same length as
its human-specific homologue but extended 5 nucleotides further into intron 19 and had

7 mismatches.

5.4.2.1 Primary human muscle cells

Transfection of the primary human myoblasts with the mouse-specific
2'0OMeAOs did not yield any unexpected results. M19A(-20+05) induced a consistent,
low level of exon 19 skipped transcript of similar abundance to that induced by the
human-specific 2'0OMeAO, H19A(-20+10), when delivered at a final concentration of
600nM. However, H19A(-20+10) was still able to induce sporadic exon 19 skipping
when transfected at 300nM, whereas the mismatched 2'OMeAO did not. It is difficult to
say at this point if it was the additional 6 homologous bases or the single nucleotide
mismatch in M19A(-20+05) that would explain the marginal difference in efficacy. No
skipping, specific or aberrant, was detected in the RNA from primary human cells
transfected with the seven base mismatched MI19D(+05-20) even at a final

concentration of 600nM.

91



Chapter 5 - Results from targeting exon 19: 2'0OMeAOs directed at the splice sites

M19A(-20+05) M19D(+05-20)
r

S Tl W
o [ =

[ =4 =4

(= o 8 (=]
(=] o o
© ™ © @

uT
-ve

Figure 5.10 Mouse-specific 2’'0OMeAOs transfected into primary human myoblasts. RT-PCR analysis
of the RNA extracted from human muscle cultures after separate 600nM transfections with either
M19A(-20+05) or M19D(+05-20). Only the 2'OMeAO directed at the acceptor site, M19A(-20+05),

could induce a detectable exon 19 skipped transcript.

5.4.2.2 HDMD muscle cells

Previous experiments in these cells with human-specific 2'0OMeAOs directed at
the splice sites showed a similar but weaker pattern to that observed in the primary cell
line. This was also the case when the HDMD cells were transfected with the
mismatched 2'OMeAOs. The exon 19 skipped product induced by M19A(-20+05) at
600nM was less abundant and less reproducible than that seen in the unaffected primary
cell line, and M19D(+05-20) was never able to induce a detectable exon 19 skipped

transcript.
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5.5 Specificity of 2'OMeAO action throughout the dystrophin

transcript

Additional tests to assess the disruption of splicing patterns in other regions of
the dystrophin transcript were undertaken using total RNA from 2'0OMeAO treated mdx
cells which had previously shown exon 19 skipping. These regions included exons 1 to
10, 20 to 26 and 70 to 79. No other splicing patterns were consistently generated, other
than the removal of exon 19 (Figure 5.11).
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Figure 5.11 2'OMeAOs targeted to exon 19 do not alter dystrophin processing in other regions of the
gene transcript. Each lane represents RNA preparations pooled from 4 separate transfection experiments
in which the RNA had been extracted from either untreated or 2’0OMeAO treated cultures shown to have
skipped exon 19. Apart from occasional sporadic alternatively processed transcripts (eg shorter product
in the untreated sample, exons 1-10), no consistent rearrangements in dystrophin processing were

detected. (Errington et al., 2003).
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5.6 Summary

Exon 19 skipping induced by splice site-directed 20MeAOs was precise and
very efficient, Transfection studies in H-2K normal muscle cells revealed that the donor
site appeared to be a more amenable target for 20MeAO-induced skipping of exon 15.
In H-2K mdx celis, both MI9A(-20+05) and M19D(+05-20) were effective at
concentrations as low as 10nM. An attempt to refine the highly efficient M19D(+05-20)
" by designing a smaller 2OMeAQ within the same region was not successful, as

M19D(+02-18) proved to be less effective.

In primary human muscle cetls transfection with the 2'OMeAOQ targeting the
donor site, HI9D{+10-15), required a minimum concentration of 200nM to induce
consistent exon 19 skipping. The 2'0MeAQ targeting the acceptor site, H19A(-20+10),
was even less effective, requiring a concentration of 600nM to achieve the same effect.
A similar pattern was seen in HDMD myoblasts, with the donor site appearing to be a
better target than the acceptor for 20MeAO-induced skipping of exon 19,

Targeting multiple splicing motifs in H-2K mdx myotubes revealed that

. targeting two motifs was more effective than just one, and that targeting the dener,
2cceptor and ESE appeared to have a greater effect than the sum of that induced by all
three 2'0OMeAOs individually. ‘

Transfection of the A-2K normal and mdx muscle cells with the human-specific
2’0OMeAO directed at the acceptor splice site was able to induce exen 19 skipping,
despite the three mismatched bases. Converself, this effect could not be induced by
transfection of the mouse cells with the mismatchied donor site-directed 2'0MeAQ. The
same outcomes were observed with mismatched 2'OMeAQO transfections in the human
cells.

Finally, a screen of several regions of the dystrophin gene transcript including
the 3' and §' ends was undertaken. No other splicing pattems were consistently

- generated, other than the specific removal of exon 19.
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5.7 Discussion

The acceptor and dogor splice sites flanking exon 19 were evalnated 1s potential

© . targets for 2'0OMeAQ induced skipping of that exon. The efficient 2'OMeAO-induced

skipping of dystrophin exon 23 by targeting the donor splice site hos been reported
{Mann et al,, 2001; Mann et al,, 2002). Attempts fo remove that exon with 20MeAQs
directed at the acceptor site have been unsuccessful, possibly due to secondary
structures in this region resiricting accessibility of the 2OMeAO to that torget.
Furthermore, additional skipping of adjacent exons was observed when the exon 23
donor splice site was blocked (Mann et al,, 2001; Mann et al,, 2002; Wilton et al.,
1999), Tt has been suggested that targeting internal exonic motifs may result in more
specific exon skipping (van Deutckom et al., 2001}, By targeting 2'OMeAOs to the
splice sites of exon 19, it was possible to compare the efficiency and specificity of
skipping induced to that induced by tatgeting the ESEs,

5.7.1 Exon 19 skipping in #.2K mouse muscle cells

In H-2K normal and mdx cells the 20MeAQ M19D(+05-20), directed at the
donor splice site of exon 19, appeared to consistently induce more exon 19 skipped
transcript than M19A(-20405), which was directed at the acceptor splice site. It is
important 1o note that the skipping observed with cither 20MeAO was reliable and
precise, Compared to the H-2K normals, skipping was consistently stronger in the ey
cells, again most likely due to the relative rates of turn over of the natural and exon 19
skipped products in the two cell lines (Maquat, 1995),

In an attempt to refine the donor splice site motif, the 20mer M19D}(+02-18) was
designed within M19D(+05-20). An 2'0MeAO, M23D(+02-18), directed to the
corresponding bases of exon 23, had improved the efficiency of skipping compared to a
25mer targeting the same region (Mann et at., 2002), However, this effect was not
observed when exon 19 was targeted, as the shortened product was considerably less
abundant than that induced by M19D(+05-20). The T, of a duplex decreases as its
length decreases (Agrawal, 1992; Crocke, 1999). This may account for the lower
activity of the shorter M19D{402-18) relative to the parent 25mer, through a reduction
in affinity to the target sequence or less effective competition with splicing factors,
However, this does not account for the fiiffercuoe in the level of aétivity between
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MISD(+02-18) and M23D(+02-18). It is possible that the five bases no longer
obstructed by M19D(+02-18) were important for exon 19 donor splice site function, or
perhaps that secondary structures played a comparatively more significant role in
accessibility of the exon 23 donor splice site. Interestingly, the G/C content of the
sequence targeted by M23D(+02-18) was 60%, twice that of M19D(+02-18) at 30%. As
the annealing temperature increases with G/C content, this may also have contributed to
the higher efficiency of the exon 23-directed 20mer.

5.7.2 Exon 19 skipping in human muscle cells

. In the primary human cells, neither 2'0MeAQ targeting the splib'e sites ﬁf exon
T 15 induced very efficient skipping. The donor site-directed H19D(+10-15) did induce
- precise removal of exon 19 but at highet concentrations than required in mouse cells. A
. ~ similar pattern was observed in HDMD muscle cells, in that the exon 19 skipped
" transcript induced by the 20MeAQ targeted to the donor site was of greater abundance
than that induced by the 2OMeAQ targeted to the acceptor site. In both cases, although
the skipping of exon 19 was precise and specific, it was significantly weaker than that
observed in either the primary human cells or the mouse cells. Compared to the primary
cefls, the relative tates of transcript turnover should result in the exon 19 skipped
transcript being easier to detect in the HDMD cells. As this was not reflected in the
results, it appears that transfection efficiency may have been a limitation in these cells.
) ' These are several possible explanations for the differences in efﬁciency of exon
19 skipping observed in the human and mouse cells, It could be that the splice sites are
 less significant to exon 19 inclusion in humans, pechaps relying more on the activity of .
ESEs or other splicing enhancers. However, the similarity of exon 19 splice sile
strengths between human and mouse (Senapathy et al., 1990), and the results of
2'0MeAOs targeting ESEs in exon 19, suggest that this is unlikely (Section 4.5.2).
Another possible reason is that secondary structures in these regions may differ between
the species, which could influence accessibility to the splice sites (Crooke, 1999; Dagle
& Weeks, 2001). Additionally, it is not known whether there are differences in the
general splicing machinery between mouse and man which may have an effect on
competition for the targeted site. However, as transfection of the human cells was
observed to be less efficient than that of the mouse cells (Section 4.1.2), limitation in
delivery of the 2’OMeAO is again the most likely reason for the difference in abundance
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of induced transcripts detected in the two species, While it has been demonstrated that
" the targeting of splice sites with 2’0OMeAOs is a feasible approach fo the specific
modification of splicing in human cells, further optimisation of transfection conditions,
including the evaluation of additional reagents, may resuit in improved efficiency of

exon skipping.
5.7.3 Targeting multiple sites

Targeting either the ESE or the splice sites of dystrophin exon 19 resulted in
similarly effective 20MeAO-induced skipping in H-2K mdx cells. However, a study
targeting the same motifs of exon 23 demonstrated significantly disparate results, as
neither the acceptor splice site nor an ESE-like motif proved to be amenable to
2'0MeAQ-induced exon skipping (Mann et nll., 2001; pers. comm, C. Mann).
Furhermore, a study by Ito and colleagues (2001) investigated the extent to which
internal exon sequences in three dystrophin exons influence splicing and how they
compare to the 3' consensns splice sites of these exons, The significance of each of
these muotifs to splicing varied between exons,. and there appeared to be 10 abvious
relationship between splice site strength and the presence of ESEs (Ito et al., 2001).
Based on the results of these studies, it is highly likely that more than one motif may
need to be tarputed to achieve efficient exon skipping if there is not a predominant
strong or controlling site, and it may be difficult to predict which motif to target based
only on the strength of the consensus splice site sequences. It has been reported that
targeting a combination of splicing motifs, such as both splices sites, can improve the
efficiency of skipping (De Angelis et al., 2002),

This approach was fested in H-2K mdx mouse muscle cells, as the results of the
previous chapter suggested that this cell line may represent a better molecular model for
determining the efficacy of 2OMeAO-induced skipping in the dystrophin gene than the
other models evaluated, The 31mer HM19A(+35+65), and the two splice site-directed
25mers, M19A(-20+05) and M19D{+05-20), were transfected into H-2K madx myoblasts
in each of the four possible combinations. Each combination of two 2'0MeAOs induced
an exon 19 skipped transeript of higher abundance than that induced by individual
2'0MeAOs, consistent with the findings of De Angelis et al. (2002). Of these
combinations, that of the two 2’0MeAOs directed to the splice sites appeared to induce

the most effective removal of exon 19. However, the combination of all three

(17 ]
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2'0MeAOs resulted in a significant increase in the sbundance of the exon 19 skipped
product compared to the paired combinations, and at 2 final concentration of only
23nM, The abundance of this shorter product wes similar to that induced by each of the
three individual 2'0MeAOs at fina! concentrations of 50nM. This suggests that adding
low doses of 2'OMeAOs to block each motif rather than high dases of a single
2'0MeAO may be prefetable, particularly +ince it may result in a lower level of cell
damege associated with the transfection reagent used. This approach may be
particularly useful when excluding exons which prove resistant to 2'0MeAOs targeting

a single motif,
5.7.4 Effects of mismatched 2'OMeAOs in monse and human cells

Mismatched AOs represent a useful control for the demonstration of target
hybridisation specificity through changes in both composition and swdnda.ry structure
(Siein & Krieg, 1994). Homology between the human and mouse sequence at the
acceptor and donor splice sites is not maintained, thereby allowing mismatched
2'0MeAOs to be evaluated between species. Two human-specific splice site-directed
2'0MeAOs were transfected into mouse cells, Although the three mismatches within
HI9A(-20+10) appeared to reduce its binding affinity (as indicated by the increased
20MeAQ concentration required to induce consistent skipping of exon 19), the 26
consecutive homologous bases were adequate fo induce consistent skipping at a final
concentration of 600nM. As there were three mismatched bases at the ends of
H19A(-20+10) (Figure 5.2), they would not have destabilised the duplex to the same
degrea as would be expected to result from the presence of intermnal mismatches (Weolf,
Melton & Yennings, 1992).

The fact that a 26 base sequence successfully hybridised to the mouse
pre-mRNA despite three flanking mismatches is not a particular concern, a5 a specified
sequence 26 nucleotides in length is unlikely to occur more then once in the human
genome (Agrawal, 1992; Branch, 1996). However, as the Yeogth of 2 20MeAO
increases, there is a seemingly paradoxical decrease in specificity. This is because
longer ZOMeAQs contain many nested internal sequences of sufficient length to
‘hybridise to non-targeted pre-mRNA sequences (Stein, 2001; Woolf et al., 1992). It has
been demonsirated in Xenopus oocytes that sequences as shott as 10 bases can cause
antisense effects (Woolf et al,, 1992), and even the 12mer evaluated in this study,
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HMI19A{+46+57), was able to induce consistent exon 19 skipping, In addition,
H19D(+10-15), with five mismatches to the analogous mouse sequence and enly 13
bases of straight homology, was able to induce exon 19 skipping, albeit sporadic and
* weak, at 600nM. This was despite having mismatches more internal to the 2'0McAC
compared to HI9A(-20+10), The fact that the donor site appears to be more amenable
to 20MeAD activity may have contributed to the level of skipping induced by the
mismatched 2'0OMeAO. It has been estimated statistically that a specific 13 base
sequence may occur over 40 times in the human genome (Braach, 1996). Based on
these results, it is theoretically possible that the 30mer HI9A(-20+10) could hybridise
with a number of unintended sites, although the secondary structures of these regions
would be expected to differ from that of the intended target. It has been demonstrated
that the structure of mRNA has a significant effect on antisense activity (Vickers, Wyait
& Freier, 2000), and that variations in accessibility will result in some mRNA
seqﬁcuoes being more susceptible to non-specific hybridisation than others (Branch,
1996}, which may be the case for the donor site of exon 19. It is unknown how many
flanking mismatches would be required to sufficiently aler secondary énnfonnation of
the 2'OMeAO or to reduce binding affinity such that non-specific hybridisation would
be avoided, _- :

A similar pattera was seen in the human cells transfected with two mouse-
specific 2’0MeAOs. M19A(-20+05), with only one mismatch and 24 bases of straight
homology, consistently induced exon 19 skipping at 600nM in human cells, Not
unexpectedly, this mismatched 2'OMeAQ proved almost as efficient as the human
specific 2'0MeAC, HI1%A(-20+10). It is difficult to discern whethet the marginal
decrease in efficacy observed with the mismatched 2'OMeAO would be due to the
single mismatch or the decreased length of the 2'OMeAQ, &t 25 rather than 30 bases.
M19D(+05-20), with 7 mismatches and 13 bases of straight homology, did not irduce
exon 19 skipping in human cells, even at a final concentration of 600nM. This
2'0MeAQ had the same number of internal consecutive homologous bases but two
more mismatches with the human sequence compared to HISD{+10-15) when directed
against mouse cells, It is possible that the lack of 2'0OMeAO activity in the human cells
could be due to the secondary structure alterations induced by the additional two
mismatches; however, as transfection conditions appeared to be a limiting factor in
these cells, it was expected that any skipping induced would be weaker in comparison (o
that observed in the H-2X mdx cells. Determining the relative 6onu'ibution of these
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factors would require further evaluation of the effects of number and position of
mismatehes in 2O0MeAOs of various lengths.

. 'The mismatched 20OMeAQs were demonstrated to have a reduced annealing
potential, reflecting their weakened biological function, and supporting the conclusion
that their effect is mediated by a true antisense mechanism (Stein & Krieg, 1954},
Additionally, these data demonstrate that the high 20MeAQ concentrations (21uM),
often used in other studies, may have the potential for the non-specific removal of
untargeted exons in other genes that contain splicing motifs homologous to small
stretches within the 2’0MeAQ, The fact that some skipping was induced, despite the
presence of mismatched bases, is a safety concetn for non-specific effects. These resulls '
highlight the importance of optimising 2’0MeAQs so that lower concentrations can be
used, thus reducing the likelihood of non-specific effects.

£.7.5 Specificity of 2'OMeAO action throughout the dystrophin transeript

. To evaluate the specificity of antisense effects to the targeted region of the
dystrophin gene, RT-PCR was performed across exons 110, 20-26 and 70-79 on pooled
RNA samples extracted from 2'0MeAO-treated and untreated cultures, Four
2'0MeAOs were selected for evaluation; HMI19A(+35+65), HM19A(+46+65),
HM19A(+52+65) and M19D(+05-20). For each of the 2’0MeAQs, it was demonstrated
that exon 19 skipping was absolutely specific io the target sequence; at least in the
targét gene examined here. There was no loss of adjacent exons, and splicing patterns
elsewhere in the dystzophin gene transcript did not appear to be aliered by the treatment.
Although this does not preclude the possibility of non-specifie activity elsewhere in the
genome, these results are encouraging, As the 31mer, HM19A(+35+65), and the 25mer,
M19D(+05-20), are significantly longer than the 16 to 20 bases recommended to
minimise non-specific effects (Stein, 2001), there is the concern that these longer
2'0MeAQs will contain multiple short sequences capable of non-specific hybridisation
(Stein, 2001; Woolf et al., 1992). However, this effect was not observed in the regions
of the dystrophin gene included in this assay. The 14mer, HM19A(+52+65), was shorter
than the recommended length, as a specified sequence of 14 nucleotides would be
expected to occur more than once in the human genome (Agrawal, 1992; Branch, 1996).
_Alth_ough it is possible that this 20MeAQ would be capable of annealing to sites other
than the intended target, this was not observed in othes regions of the dystrophin gene.

100



"+ Chaptee S - Results from targeting cxon 19: 20MeAOs directad at the splice sites

- Although this assay screened only certain regions of the dystrophin mRNA, the

:ﬁ_c'ié'i't.ive. tesults indicate the reduced likelihood that these 2'OMeAOs wauld induce
, nc..h.f'-.s'pcfific effects, and strengthen the observation that targeting the dystrophin exon
9 splice sites produces the sarne high degree of specificity as targeting the ESE.
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Chapter 6 - Results from targeting exon 46

Van Deutekom and colleagues reported the 2'OMeAO-mediated removal of
dystrophin exon 46 from the gene transcript in both mouse and human myotubes (van
Deutekom et al., 2001). They proposed that 2’0OMeAO-induced skipping of this exon
would restore the reading frame in ~7% of patients with DMD. Furthermore, their work
demonstrated that at least 75% of 2'OMeAO-transfected DMD patient myotubes were
expressing correctly localised dystrophin as a result of the removal of exon 46. The
study by van Deutekom et al. (2001) directed a series of overlapping 2'0OMeAOs at
polypurine-rich exonic regions, but omitted targeting the splice sites. We considered it
would also be important to assess exon 46 splice sites as possible targets for 2'OMeAOs

to compare the efficiency of re-directing splicing.
6.1 Quality assay of 2'OMeAOs directed at exon 46

Prior to myotube transfection, all exon 46 directed 2’'0OMeAOs were subject to
quality control assessment. As described earlier, approximately 200ng of each
2'0OMeAOs was electrophoresed through a denaturing polyacrylamide gel (Figure 6.1).
Only ‘in-house’, Expedite 8909 (Applied Biosystems) synthesised 2'OMeAOs were
used in this part of the study and all were found to be of a sufficiently high quality to

proceed to cell transfections.
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Figure 6.1 Each 2'OMeAO targeting exon 46 was run on a denaturing polyacrylamide gel to assess the
standard of synthesis. As apparent yields varied, 2'OMeAO concentrations were adjusted prior to

transfection.
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" *'6.2. Transfection of primary human cells with 2'0MeAOs directed at

L __6n'46

Initial experiments attempted to reproduce the results of van Deutekom et al.
¢2001) and, as such, all procedures outlined in that study were adhered to. The
2'0MeAD hAON 8 (nomenclafure used by van Deutekom et al) was, however,
renamed H46A(+115+134) (Figure 6.2 and Table 3.2) according to our nomenclatre
 system (Mann et al., 2001), and selected as the first 2OMeAO to be evaluated. Exon 46
skipping was reported to be most efficient when targeting this region in both normal
and dystrophic human cells. In addition, we designed another 20mer 2'0MeAQ,
B H46D(:!-02-18}. to anneal to the dener splice site of exon 46 to allow comparison of the
" . motifs as 2'0MeAO-induced exon skipping targets. A 1:1 mixture of the two .

© 2'0MeAOs was included in the 2ssay to 8ssess any combined effect, and an exon 19
2'0MeAOD, HM19A(+35+65), was included as an experimental positive control.
Primary normal human cells were seeded onto collagen coated plates and
allowed to differentiate into myotubes over 12 days in a low-serum (5% horse serum)
medium. Transfections were conducied in the abseace of serum for 3 hours after
. cumﬁlexing 2'OMeAOs at a final concentration of 1000nM with ExGen 500 at 3.5eq.
At 24 hours post-transfection, total RNA was extracted from the myotube cultures and
- purified. RT-PCR was performed on 1000ng of RNA using human dystrophin specific
primers, encompassing exons 17 to 21 and exons 44 to 47, to screen for the skipping of
exons 19 and 46 respectively, After a secondary round of PCR amplification, the
~ fiagments were scparated on a 2% sgarose gel and viewed by UV wansillumination.
Under these conditions, we could not detect the removal of exon 46 from the mature

transcript (data not shown). However, the tramsfection positive control,

. HMI9A(+35+65), was able to induce exon 19 skipping at a level achieved in previous

. experiments (refer to Figure 4.11),

. A further series of experiments were performed in which various experimental
' parameters were addressed sequentially. Firstly, the substrate collagen was substituted

for matrigel, a well established cell attachment substrate. Also, the time for myotube

differentiation was varied between 4 and the reported 12 days. In addition, Lipofectin

. and Lipofectaminz 2000 were tested as 20MeAQ delivery reagents and the 20MeAD

_' final transfection concentrations were also varied to maximise cell survival.
" Furthermore, RT-PCR conditions were adjusted, where various amounts of RNA were
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sed | a5 mnplate to minimise posslble CAITY-DVEr of inhibitory contaminants from the
'RNA extraction procedu.re The standard Titan one tube RT-PCR reaction kit was also
used 0 comipare reverse transcription capabilities, Under no circumstances was exon 46
. slnppmg detecied, whereas the positive contral HM19A(+35+635), delivered at a final
. concentration of 300nM with any wansfection reagent, was consistently sble to mducc '
exon 19 skipping. -

- 6.3 Attempting exon 46 removal with ééédiiéi_engmﬁun Z'OMeAOs ) __'.:' :

631 RNA binding astay (RBA) -

Based on the failure of theuuualexpm.ments o induce é;on 46 skipping, an
assay to assess DNA AQ (deoxy-AQ) biudmg w 1ts target RNA was designed. Briefly,
413 base T7 tanscribed RNA fragment (&th '1)' containing the desired target
sequence.was pleced into a hybridisaﬁon reaction with & deoxy-AO (see Section 3.6) for
Sb minutes at 37°C and separated on an 8% polyacrylamide gel for 3 hows.
Hybridisation of the deoxy-AO to the target RNA sequence was assessed by
. visualisation of the SYBR gold stained complexes by UV transiltumination. The
efficient pnnealing of the deoxy-AQ to the RNA fragment should induce a
conformational change, resulting in altered migration of the complex through the
Ipolyamylamide gel, relative to the unbound RNA, The resultant separation of the two
_ :species was visualised as two bands, where the duplex band was “shifted" from the

':':uuhnund RNA band, To determine the most amenable targets by this assay, a tiir;niun of -

; each deoxy-AO against a constant 50ng of RNA was performed. The deoxy-AO that

.- was still able to induce a bandshift which scored a rating of at least 2, (Figure 3.2) when
- sdded at Sng per reaction, was deemed suitable for synthesis as a 20MeAO.

' A total of 14 deoxy-AOs were tested in this fashion: five targeting regions

o within exon 46, four targeting the acceptor site a.nd five targeting the donor site, Of the

exonic deoxy-AOs, three were directed at regions targeted by van Deutekom et al.
(2001) and two weredlrectoda!.olhcr motifs (F’gl.:n=62) Results of the RBA for all 14
deoxy-AOs are summarised i in Table 6.1,
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Intron 45 Exon 46 Intron 46

3" cttetttotecagGlTAGAAGAACAAAAGAATATCTTGTCAGAAT T CARAGAGATI TAAATGAAT TT G T T TATGGT TGGAGGARGCAGATARCATTGC TAGTATCCCACTTGAACCTGGARAAGAGCAGCAACTARRAGAARAGCTTGAGCAAGTCARGgt aat titattttetcaa '

~=~dB46A(-13+07) ---- =-~qi46A(~28+47)~--~ ~--H46A [-63+B2 ) ---- dH46A(~111+125) ~-~dH4 6D (+02-18) ~=~m
---gH46A (~11409} --—- ~~~dH46A (~83+103) —-~ —dR46A(-115#134) —- ~==dH46D (+04~16} -~
--=H46R(-09411) ~~-~ -——dH46D (+06-14) -~—-
-==dH46R {~07+13}~~-- ~—-dH46D (+08-12) ~=—-

---dH46D (+08~14) ====

Figure 6.2  Schematic illustration of annealing sites for deoxy-AOs to a section of the 413 base human dystrophin RNA fragment including exon 46. The exonic sequence is in
upper case and the intronic sequences are in lower case (sequences are given 5' - 3'). The annealing sites are indicated by the broken lines flanking the deoxy-AO. The deoxy-AOs,
dH46A(+63+82), dH46A(+111+125) and dH46A(+115+134) are DNA versions of the 2'OMeAOs described by van Deutekom, et al. (2001).
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6.3.1.1 Deoxy-AQs directed at the exon 46 ESE

Of the five deoxy-AOs directed at motifs within exon 46, three were selected -
. from the 20MeAO versions used by van Deutekom et al. (2001), We designed
dB46A(+63+82), dHA6A(+111+125) and dHA6A(+115+134) based upon the levels of
efficacy 1eported for the 20MeAD homologues by van Deutekom and colleagues using
two different tests, the ‘gel mobility shift assay’ and myotube transfection. This group
reported that each of the 2'0MeAOs displayed a high affinity for radiolabelled exon 46
targets when evaluated using the gel mobility shift assay; an RNA:2'0MeAQ binding
affinity test similar to our RNA binding assay. However, the reported protocol (van
Deutekom et al., 2001} involved radiolabelling of the RNA fragment before the addition
of the 2'0OMeAD, The seccnd assay was the standard transfection of human myotubes
with the 20MeAOs at a final dose of 1000nM. In their study, H46A(+63+82) and
H46A(+115+134) were reported to induce exon 46 skipping with the skipping
efficiency induced by H46A(+115+134) being reproducibly highest, HA6A(+111+125),

however, did not induce exon 46 skipping despite its apparent high affinity for the -

radiolabelled RNA in the gel mobility shift assay. In our study, an additional two
deoxy-AOs, dH46A(+28447) and dH46A(+83+103), were designed fo target exonic
regions which had not been previously evaluated.

Two different amounts of each of the five deoxy-AOs, 200ng and 5ng, were
added to 50ng of the 413bp human dystraphin mRNA fragment spanning exon 45. At
200ng, dHA6A(+63+82), dH46A(+83+103) and dH46A(+111+125) all induced
bandshifts with raﬁngs of approximately 4. At the same concentration, dHA6A(+28+47)
was able to induce a bandshift with a rating of only 2. Surprisingly, dH46A(+115+134),
the reportedly most efficient 20MeAO (van Deutekom et al,, 2001) was apparently
unable to bind to its RNA tacpet, although it is possible that it did anneal but did not
result in a conformational change such that a bandshift was induced. Furthermore,
H46A(+115+134), the 20MeAO used in the initiat cell transfection experiments, was
retrospectively tested in the same manner. This 2'0OMeAQ also did not appear to anneal -
io the target, based on the lack of bandshift, possibly indicating a limitation in the
predictive ability of the assay.

At 5ng, JH46A(+63482), dH46A(+83+103) and dH4G6A(+111+125) each
demonstrated a high affinity for the RNA target with bandshift ratings of 3, 2, and 2
respectively. dH46A(+28447), however, did not achieve a bandshift at this lower
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congentration (Table 6.1), Based on these results, dAH46A(+63+482) was selected for
' synthesis as a 2'0OMeAO for subsequent transfection into the normal primary human

muscle cells.

6.3.1.2 Deoxy-AQs direeted at the exon 46 splice sites

Annealing experiments with the deoxy-AOs directed at the exon 46 splice sites
indicated that the acceptor site for this exon may be the more amenable of the two for
TOMeAO binding. A bandshift rating of 2 was induced by dH46A(-13+}7) and
ﬂH46A(-0'?+13) while dH46A(-11+09), dH46A(-05+11) could only achieve a bandshift

o rating of 1 (Table 6.1). Based on the fact that JH46A(-07+13) was the only deoxy-AQ

" to induce a bandshift with a rating of 4 at 200ng, it was selected for synthesis as a
2'OMeAO for subsequent evaluation in cell culture.

The donor splice site was deemed a poor target for 20OMeAOQ-induced exon
removal as only two deoxy-AOs were able to induce a bandshift. When 5ng of these
deoxy-AOs, dH46D(+06-14) and dH46D(+08-12), were added to the target, each was
only able to induce a bandshift which rated tess than 1 (Table 6.1).

A second smaller RNA fragment (fragment 2) was designed to deterrnine if the
length of the RNA fragment was a factor in allowing access to the target sequence by
the less effective deoxy-AOs, This could partly account for the difference in RNA
binding ability observed between the deoxy-2'0MeAO, H46A(+115+134), evaluated in

_ this study and the 20MeAO tested by van Deutekom et al. (2001). Fragment 2 was 286
bases lang and did not include the 127 bases of 5' seqt;encc in fragment 1. Due to the
promising results obtained with the deoxy-AOs directed at the acceptor site, we decided
to truncate the §' end entirely, rather than remove sequence from both ends.
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 6.3.1.3.1 Deoxy-AOs directed at the ESE

Although 5ng of dH46A(+63+82) was able to induce a similar level of bandshift

when annealed to fragmeant 2 as compared to that induced when annealed to fragment 1,
a dramatic increase in deoxy-AO-induced bandshift was observed for
" dH46A(+115+134). Where previously no shift could be detected when 200ng was
added to fragment 1, Sng of dH46A(+115+134) added to fragmeﬁt 2 induced a
bandshift with a rating of 3. However, as already shown, this result did not correlate
with the initial transfection experiments, etnphasising the pessibility that the modified
secondary or tediary structures formed in this system may not provide a realistic
indication of the situation in cells. This is not surprising as this /n virre binding assay
lacks the muscle specific nuclear proteing preseni in vivo, and the target RNA transeript
is not being continually transcribed as would be found in vive. No significant difference
was induced by 5ng of dH46A{+83+103) using fragment 2 as target, where a bandshift
rating of 2 was achieved compared {o the same rating with fragment 1. Hybridisation of
200ng of the deoxy-AO dH46A(+28+47) to the target sequence could induce a
bandshift which rated 2 but Sng produced no detectable shift, indicating that access to
this region may not be possible in the system due to secondary or tertiary

conformations.
6.3.1.3.2 Deoxy-AOs directed at the donor splice site

- ) The donor splice site on fragment 2 also appeared to be a pdur target,
o H46D(+02-18), (s 20MeAO), dH46D(+04-16) and dH46D(+DS;l4) each failed to anneal
" to their respective targets, even when added at'200ng. However, while a bandshift was -
evident when either dH46D{306-14) or dH46D(+08-12) were added to fragment 2 at
" 200ng each, bath appeared to induce bandshifts which rated iess than 1 when added at Sng.
This degree of bandshift still falls well below the bandshift rating of 2 arbitrarily selected

for a deoxy-AQ to progress to subsequent evaluation in cell culture.
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Table 6.1 Estimated amounts of RNA fragment bound and induced to ‘shift’ due to a
conformational change, given as a rating, where 0 represents no bandshift and 4 represents a

complete bandshift (Figure 3.2).

Bandshift rating after exposure to varied
amounts of deoxy-AO(ng)
deoxy-AO tested Fragment 1 (413nt) Fragment 2 (286nt)
200ng Sng 200ng Sng
dH46A(-13+07) 3 2 - -
dH46A(-11+09) 3 1 - -
dH46A(-09+11) 3 1 - -
dH46A(-07+13) 4 2 - .
dH46A(+28+47) 2 0 2 0
dH46A(+63+82) 4 3 4 3
dH46A(+83+103) 3 2 4 2
dH46A(+111+125) 4 2 4 2
dH46A(+115+134) 0 0 4 3
dH46D(+02-18) 0 0 0 0
dH46D(+04-16) 0 0 0 0
dH46D(+06-14) 3 1 0 0
dH46D(+08-12) 3 1 0 0
dH46D(+08-14) 0 0 0 0

6.3.2 Exon 46 skipping in primary human muscle cells

Primary normal human cells were seeded on to matrigel coated plates and
allowed to differentiate into myotubes over 4 days in a low-serum (5% horse serum)
medium. A parallel series of myotube transfections were conducted in the absence of
serum for 3 hours, after complexing the second generation 2'0OMeAOs at a final
concentration of 1000nM with ExGen 500 at 3.5eq or with Lipofectin at 2:1
(weight:weight). At 24 hours post-transfection, total RNA was extracted from the
myotube cultures. Reverse transcription was performed on 1000, 200, 50 and Sng of
RNA followed by 30 cycles of amplification across dystrophin exons 19 or 46 using
human specific primers. After a secondary round of PCR amplification of 25 cycles, the
cDNA transcript fragments were electrophoresed through a 2% agarose gel and viewed
by UV transillumination. Dystrophin exon 46 skipping was induced at marginally lower

levels compared to that reported by others (Aartsma-Rus et al., 2002; van Deutekom et
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al.,, 2001). However, the very weak and inconsistent exon 46-deleted transcript
fragments were detected in the mRNA of myotubes transfected with H46A(-07+13) and
H46A(+63+82) and complexed with Lipofectin but not ExGen 500 (Figure 6.3).
Furthermore, RT-PCR using 50 and 5ng of RNA template provided the only detectable
dystrophin exon 46-skipped transcript fragments observable as a 478bp product, 148bp
shorter than the 620bp full length transcript fragment generated across exons 44 and 47.
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Figure 6.3 Agarose gel image demonstrating a very weak 478bp product corresponding to dystrophin
exon 46 skipping. Only H46A(-07+13) and H46A(+63+82) were able to induce the removal, albeit
inconsistent, of exon 46 at a final transfection concentration of 1000nM and complexed with Lipofectin at
2:1. The positive control, HM19A(+46+65), was able to induce exon 19 skipping when delivered

complexed with either Lipofectin at 2:1 or ExGen 500 at 3.5 equivalents.

Confirmation of the identity of both amplicons was established after isolation
and direct sequencing of each product (Figure 6.4). H46A(+115+134) was unable to
induce exon 46 removal that could be detected by our assay. Furthermore, such was the
inconsistency of exon 46 removal that subsequent experiments involving transfection of
2'0MeAO combinations such as H46A(-07+13) with H46A(+63+82) or H46A(-07+13)
with H46A(+115+134) were unable to reproduce the removal of exon 46. However,
HM19A(+46+65), a second generation 2'0OMeAO targeting exon 19, was able to induce
the consistent removal of exon 19 under every condition tested (Figure 6.3) indicating

that there should be no limitation in delivery of the 2'OMeAO to the cell nucleus.
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Exon 45 Exon 47
Gl R A AL R TR o8 T Rl

Figure 6.4 DNA sequence chromatogram of the PCR products spanning the junction of dystrophin exons

45 and 47, indicating precise removal of exon 46. The junction of exons 45 and 46 and exons 46 and 47

are shown for comparison.

6.4 Summary

Skipping of exon 46 in primary normal human cells proved difficult. The RBA
was limited in its ability to identify amenable sites for 2’0OMeAO annealing and activity.
Very weak and inconsistent exon 46 skipping was seen in normal primary human
myotubes transfected with H46A(-07+13) and H46A(+63+82). No skipping was
observed following transfection with H46A(+115+134), and combinations of these
three 2'OMeAOs were ineffective in increasing the level of exon 46 skipping. The
transfection process was excluded as a limiting factor, as an exon 19 positive control

2'0MeAO was successful in inducing exon 19 skipping under the same conditions.
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6.5 Discussion

2'0OMeAQ-induced exen 46 skipping had been reported by van Deutekom et al.
{2001, and was attempted in this study using the 20MeAQ reported as being the most
efficient. In addition to this 20MeAO which targeted a putative ESE, anew 2'0MeAO
directed at the donor splice site was evaluated to provide a comparison of the two
motifs, Despite following the same protocol utilised by van Deutekom et al. (2001),
exon 46 skipping was not induced with either 20MeAO. The same group repeated this
experiment in a later study, using an identical protocol, with less efficient skipping of
exon 46 reported {Aartsma-Rus et al., 2002). In the cusrent study, an 2'0MeAQ directed
at the exon 19 ESE was included as a positive control, and was able to induce exon 19
skipping, which suggested that the limitation was not in the transfection process.
Attempts to identify a limitation in the protacol by modifying each variable, from type
of cell attachment substrate to the amount of RNA template in RT-PCR, were
unsuccessful.

At this point an assay was implemented to test the potential of a 2OMeAO to
anneal to its target sequence. This was to facilitate the sereening of a larger number of
potential 2°0MeAOs using PCR grade DNA hemologues (deoxy-AOs) against RNA
fragments. Such screening is desirable because the testing of multiple oligonitcleatides
(20 - 50) in cells is usnally required for the discovery of just a few active antisense
sequences (Lebedeva & Stein, 2001; Matveeva et al,, 1998). Deoxy-AQOs are less
expensive to synthesise because they do not require the chemical modifications
necessary to protect 2'OMeAQs from nuclease dégradation in the cellular environment,

A pimilar assay was employed by van Deutekom et al. (2001} to detect bound
and unbound RNA. In their study, the shift induced by the deoxy-AOs that had bound to
a radiclabelled RNA fragment was detected, whereas in this report the gel was simply
stained with SYBR gold, Fourteen deoxy-AOs were tested by this method, three of
which, H46A(+63+82), and H46A(+111+125) and H46A(+115+134), were the
2'0OMeAOs reported as showing a high affinity for the radiolabelled exon 46 RNA
fragment in the study by van Deutekom and colleagues. The other 11 deoxy-AQs were
spread across two more regions within exon 46 and the acceptor and donor splice sites.

Furthermore, the annealing potential of these deoxy-AOs was evaluated using

_two different length RNA fragments to assess deoxy-AQ access to different length
. RNA. The two fragments used, at 413 and 286 bases long, were both longer than the

112



Chopter § - Results from mrgeling exon 46

base fmgment used by van Deutekom et al. (2001). As the conformation of the
B fragments could be different, it was necessary to determine if the length of the RNA
. t‘mgmzm was a factor in allowing zceess to the tarpet sequence and hence the difference
" obsérved between the deoxy-ACs trialed in this study and those used by van Deniekom

% and colleagues. Significant differences were found between the two fragments for

several of the deoxy-2'OMeAOs (Table 6.1), confirming that fragment length can affect
the ability of a deoxy-AQ to anneal, presumably through alterations in secondary
structure. It was considered likely that the shorder fragment would less aceurately reflect
In vive conditions, and it is probable that even the Ionger fragment would be insufficient
to mimic secondary structures existing in full-length RNA, A further consideration is

- that synthetic assays lack certain significant features of the celiutar environment, such
as haRNPs or other splicing factors (Matveeva et al,, 1998; Moore, Query & Sharp,
1993), which could affect binding of the 20MeAQ through competition for the target
site.

Of the 14 deoxy-AQs directed against splicing motifs in the long RNA fragment,
the two which detnonstrated the strongest affinity to their targets, dH46A{(+63+82) and
dH46A(-13+07), were then synthesised as 2'OMeAOs for subsequent evaluation in cell

~ culture. Interestingly, 200ng of dH46A(+115+134) apparently failed to induce a
detectable bandshift in every trial, despite being the DNA homologue of the 2'0MeAD
which induced the strongest exon 46 skipping in the study by van Deutekom et al.
(2001). However, when tested against the second smaller RNA fragment, as little as Sng
of dH46A{+115+134) was sble to induce a bandshift, This highlights the potential ]
effect of fragment length on the ability of a deoxy-AQ to anneal to its target, and
therefore the importance of fragment length on the validity of the RBA as a predictor of
2’0OMeAO activity.

Another interesting finding was that the two doner site-directed deoxy-AOs,
¢H46D(+06-14) and dH46D(+08-12), appeared to anneal to their targets while
dH46D(+02-18) and dH46D(+04-16) did not, despite targeting regions only two er four
bases further into the intron. In addition, dH46D(+08-14) also did not appear to induce a
bandshift, despite incorporating the sequences targeted by the two deoxy-AOs,
dH46D{+06-14) and dH46D(+08-12), which had successfully induced bandshifts,
‘While secondary structure of the fragment may have played a role, particularly with the
downstream deoxy-AQs, it is alsp possible that the apparently unsuccessful deoxy-AOs
did anneal to their targets but that this hybridisation did not result in a conformational
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change sufficient to induce a bandshift. For this reason, RNaée H digestion assays may
be a useful adjunct to the RBA in predicting the ability of a 2’0MeAO to anneal to its

target, in thet this method does not rely on conformational change to detect binding of
the deoxy-AOQ (Matveeva et al., 1998).

In evaluating the three selected 2'0MeAOs in cell culture (the two chosen as a
result of the RBA as well as the original H46A(+115+134) previously tested), & variety
of transfection protocols were employed, Under previously reported conditions (ExGen
500 as the transfection agent, allowing cells to differentiate for 12 days and using
1000ng of RNA as template in RT-PCR) (van Deutekom et al,, 2001), none of the
2'0MeAQs tested induced exon 46 skipping. However, using the protocol which had
been successful for exon 19 skipping in both human and mouse cells (Lipofectin as the

transfection agent, allowing cells to differentiate for four days and using 50ng or Sngof .

RNA as template in RT-PCR) resulted in the induction of cxon 46 skipping by
H46A(-07+13) and H46A{+63+82) when delivered at a final transfection concentration
of 1000nM. These results demonstrate that binding to a target sequence,' as indicated by
a bandshift, does not necessarily guarantee antisense activity in cellular conditions. This
was also seen in the study by van Deutekom et al. {2001}, as only four of the five
2'0MeADs which induced a shift in the gel mobility assay induced skipping of exon 46,
1t is possible that using the in vitro metheds currently available, exon skipping can only
be reliably predicted by biological assays, rather than in a synthetic environment using
fragments of RNA.

In the current study, skipping of exon 46 was eventuaily achieved by targeting
either the acceptor splice site or an internal exonic sequence, slthough this was a
different site to the putative ESE targeted by van Deutekom et al, (2001). A study which
exarnined the nucleotide sequences of dystrophin exons 43, 46 and 53 for splicing
enhancer activity was unable to identify any sequences in exon 46 which enhanced
splicing when inserted into Drosophila doublesex pre-mRNA (Ito et al,, 2001). This
was despite some of these sequences being purine-rich, leading the anthors to conclude
that exon 46 Jacks a significant splicing enhancer sequence. It was suggested that the
strength of the 5’ and ¥ splice sites (which had splice site scores of 97.3% and 85.6%
respectively) may have been adequate to promote cotrect splicing, or that the flanking
introns may contain splicing enhancers (Ito et al., 2001). It is also possible that the
skipping of exon 46 in the study by van Deutekom et al. (2001} was achieved through
disturbance of the RNA secondary structure induced by the binding of the 20MeAQ,
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" rather than the target sequence being an actual ESE (van Deutekom & van Ommen,
2003). Whatever the mechanism, the reasons for the difference in results reported by
van Deutekom and colleagues and those obtained in the current study are not clear.

One difference between the protocols employed in the two studies may partially
explain the discrepancy in sesults, The 2'OMeAQs used in the study by van Deutekom
et al. (2001), were ali 5'-fluorescein (FAM)-labelled and originated from a different
source to those used in this report. A study by Mann et al. (2001) reported that a 20mer
20MeAO with a 5-fluorescein tag (FITC) was highly efficient in removing exon 23 as
compared to the unlzbelled 20MeAQ of the same sequence. In addition, a 25mer
20MeAQ (unlabelled) directed at the same region, but extending five bases further
into intron 23, wes found to induce efficient skipping. It was suggested that the
& fluorescent tag extended the displacement properties of the 20MeAO further into
intron 23 than the unlabelled 20mer, possibly obstructing sequences important for
splicing. This was confirmed by the efficient skipping induced by 2'OMeAOs which
were subsequently designed to extend further into this intronic region (Mann et al.,
2002). It is therefore conceivable that the FAM label may have had a similar effect on
the exon skipping reported by van Deutekom et al. (2001). The extended length of
H46A(+115+134j in the van Deutekom study compared to the unlabelled 20MeAD
used in this study may have resulted in the blocking of sequences upstream of the
targeted region. It is possible that these sequences are involved in the efficient
recognition of exon 46. In addition, 2OMeAOs are eventuslly degraded by nucleases,
predominantly by a 3' to §' exonuclease activity, regardless of 2'0Me modifications
(Agrawsl 1999). It is possible that the 20MeAOs employed by van Deutekom and
colleagues (2001) were able to persist longer in the cellular environment because of
some level of protection conferred by the fluorescent moiety, thereby facilitating
nuclear uptake of the 2'0OMeAO. Furthermore, it has been reposted that

aligodeoxynucleotides carrying a flucrescent tag were observed to have comparatively
greater stability inside cells than their untagged counterparts (Politz, Taneja & Singer,
1995). It is likely that similar differences exist between tapged and untagged
20MeAOs,
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The focus of this project was to evalunte several pre-mRNA motifs as potential
gites for blockade by 2'OMeAOs, to induce the specific removal of the targeted exon.
The final aspects of the project sought to apply the knowledge gained regarding target
selection, to assess the possibility of multiple exon removal as is seen in protein studies
on naturally occurring revertant fibres. These rare dystrophin-positive fibers occur
singly, or in clusters, and may represent up to 10% of the total muscle fibre population
(Sherratt et al,, 1993), Furthermore, their very existence coupled with a reported
increase in number with age (Hoffman et al., 1990) suggests there may be some
sclective advantage at play, perhaps indicating an attempt to compensate for nonsense
or frameshift mutations in the dystrophin gene. We therefore hypothesised that utilising
the 2'OMeAQ-induced removal of a specific block of exons to mimic an intrinsic
biological phenomenon may produce a more natural or functional revertant dystrophin
and thereby provide a more effective therapy in the long term. The minimum number of
naturally skipped exons has been reported as being as low as five (Wilton et al., 1959).
This group has detected several of these rare revertant transcripts, one of which was
missing dystraphin exons 21 to 25, and more significant to this project, one which was
missing exons 19 to 25 (Wilton et al,, 1999), We therefore atternpied to induce multiple
exon skipping as abserved in revertant transcripts in H-2K mdx monse muscle cells.
We anticipated that initial experiments would determine the best target for the
2'0MeAO-induced removal of each exon individually, and subsequent experimenis
would then apply the best 2'0MeAOs in combination to induce multiple exon skipping.

7.1 RNA binding assay

The RNA binding assay was used to evaluate the splice sites of each exon as
: potentiﬂ targets for its 2'OMeAQ-induced removal. Pre-mRNA fragruents of between
329 and 390 bases were transcribed, comprising regions of the acceptor and donor
splice sites and the flanking intronic sequences of each exon to be evaluated. )
"Esch fragment was synthesised using DNA isolated from H-2K mdx mouse
muscle cells as template in the in vitro T7 transcription reaction (Section 3.6.3), After
quantifying the purified RNA fragments by spectrophotometry, 50ng was placed into
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. indw:dunl hybnduauon reactions with each of the relevant deoxy-AQs 10 assess their
: ablhty w0 nnneal to their specific target and induce & bandshift.
Inifial experiments were performed by adding 200ng of each deoxy-AQ to the
" hybridisation reactions, Following the preliminary evaluation, the amount of each
deoxy-AQ was titrated against 50ng of RNA to determine which target might be most
amenable to deoxy-AQ hybridisation. Assessment of the degree of bandshift was made
subjectively, based on the difference between the RNA alone control (bandshift rating
of 0) and complete bandshifi (bandshift rating of 4 ).
' For ease of presentation, findings from the RBA with deoxy-AOs directed to
pre-mRNA fragments comprising exons 21, 22 or 25 will be reported first, as the results

L . were similar. Exons 20 and 24, which required the evaluation of additional target sites

" Io achieve exon skipping, will be described in the subsequent sections,
o  Exon 23 skipping in the H-2K mdx mouse has previously been reported (Mann
" et al., 2002; Mann et al., 2002; Wilton et al., 1997a), Therefore, RNA binding studies
_ were net performed as the motif targeted by the previously described M23A(+02-18)
- (Mann et al., 2002) has been shown to be highly effective at inducing the removal of

-, exon 23.

" 7.1.1 Target selection for exons 21, 22 and 25

RNA fragments of 383, 340 and 380 bases representing exons 21, 22 and 25
respectively were synthesised in a cell-free assay to assess four deoxy-AOs designed to
target the donar splice site of each exon. For each exon, all four deoxy-AOs wested were
able to induce a bandshift rating of 4 at 200ng. The deoxy-AQs were titrated to
determine the lowest effective dose, ‘The results of the binding assay for all twelve
deoxy-AQs are summarised in Table 7.1.

Even when added at 5ng, all four deoxy-AQs targeting exon 21 achicved a
bandshift rating of at least 2, demonstrating the possible high amenability of the denor
site for 20MeAO-induced exon skipping, As a lower dose of 2.5ng of AM21D(+4-16)
was still sufficient to induce a strong bandshift, scoring a rating of 3, it was selected for
testing in cell culture.

Following titration of the deoxy-2'0Me2.Os tasgeting exon 22, dM22D{(+04-16)
appeared to bind most efficiently as 0.5ng was still sufficient to induce a complete
bandshift. One nanogram of either dM22D(+08-12) or dM22D(+06-14) was encugh
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to induce a bandshift which scored a rating of 2, whereas the same dose of
dM22D(+02-18) resulted in a bandshift rating of only 1. Of the deoxy-AOs screened,
dM22D(+04-16) was selected to be synthesised as an 2'0OMeAO for trial in cell cultures
due to its apparent high annealing potential and dM22D(+08-12), four bases further into
the exon, was evaluated as a comparison.

Subsequent titrations of the amount of deoxy-AO available to anneal to the exon
25 pre-mRNA fragment found that both dM25D(+08-12) and dM25D(+06-14) were
able to induce moderate bandshifts (rating of 2) when as little as 2.5ng was added.
Moving the deoxy-AOs just 2 or 4 bases more into the intron markedly decreased the
proportion of induced shift relative to that induced by dM25D(+08-12) and
dM25D(+06-14), indicating a potential reduction in the opportunity for dM25D(+04-16)
or dM25D(+02-18) to anneal to the RNA.

Table 7.1 Estimated amounts of RNA fragment bound and induced to °‘shift’ due to a

conformational change, given as a rating, where 4 represents a complete bandshift.

Bandshift rating determined after
exposure to varied
deoxy-AO tested 200ng Sng 2.5ng Ing 0.5ng
dM21D(+08-12) 4 2 0 0 -
dM21D(+06-14) 4 4 2 0 -
dM21D(+04-16) 4 3 3 1 -
dM21D(+02-18) 4 4 2 0 -
dM22D(+08-12) 4 4 4 2 1
dM22D(+06-14) 4 4 4 2 1
dM22D(+04-16) 4 4 4 4 4
dM22D(+02-18) 4 4 3 1 1
dM25D(+08-12) 4 3 2 1 -
dM25D(+06-14) 4 3 2 1 -
dM25D(+04-16) 4 2 1 0 -
dM25D(+02-18) 4 2 0 0 -
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712 Targst selectioi for exon 20

) The length of exon 20 (242bp), was such that it was considered nebemry to

transcribe two RNA fragments to evaluate the splice sites as potential tarpgets for its
2'0MeAQ-induced removal, These two fragments were 329 bases and 353 bases in
length, comprising exon 20 and the acceptor or danor ﬂanking intronic sequences
respectively. '

Four 2'OMeAOs had been designed to target the accepter splice site
and four were directed at the donor splice site of exon 20. The eight
deoxy-AOs, dM20A(-18+02), dM20A(-16+04), dM20A(-14406), dM20A{-12+08),
dM20D(+08-12), dM20D(+06-14), dM20D(+04-16) and dM20D(+02-18) were then
assessed for their ability to anneal to their specific target and induce a bandshift.

As can be seen in Table 7.1, dM20D(+04-16) and dM20D{+08-12) were able to
induce the greatest degree of bandshift when delivered at 5ng. As such, these
deoxy-AOs were selected for synthesis as 2’OMeAOs and tested in cell culture,
However, subsequent difficulties in inducing exon 20 skipping with these 20MeAOs

led to the evaluation of an additional four longer deoxy-AQs, AM20A(-15+10) and .

dM20A(-10+15) were directed at the acceptor site, and dM20D(+10-15) and

dM20D(+10-20) targeted the donor site. Although these deoxy-AOs were designed to

anneal to a larger region of each splice site, none were able to increase the degree of

bandshift induced in the RNA binding studies and so they were not considered for

synthesis as 2'0OMeAOs, It is not known whether the inability of the longer deoxy-AOs

to anneal to the target was related to secondary structure complications frem either the
~ deoxy-AQ or the synthesised RNA fragment, Results of the binding assay for all 12
. deoxy-AOs are summatised in Table 7.2,

.
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Table 7.2 Estimated amounts of RNA fragment bound and induced to ‘shift’ due to a

conformational change, given as a rating, where 4 represents a complete bandshift.

Bandshift rating after exposure to

varied amounts of deoxy-AO(ng)
deoxy-AO tested 200ng Sng Ing
dM20A(-18+02) 0 0 0
dM20A(-16+04) 2 0 0
dM20A(-14+06) 2 0 0
dM20A(-12+08) 2 0 0
dM20A(-15+10) 4 1 0
dM20A(-10+15) 4 0 0
dM20D(+08-12) 4 2 1
dM20D(+06-14) 4 0 0
dM20D(+04-16) 4 2 0
dM20D(+02-18) 4 1 0
dM20D(+10-15) 4 0 0
dM20D(+10-20) 4 0 0

7.1.3 Target selection for exon 24

To assess possible targets for inducing exon 24 skipping, a 390 base pre-mRNA
fragment comprising exon 24 and flanking intronic sequences was synthesised. Eight
deoxy-AOs were designed, four to target the acceptor splice site, dM24A(-18+02),
dM24A(-16+04), dM24A(-14+06) and dM24A(-12+08) and four directed against the
donor splice site, dM24D(+08-12), dM24D(+06-14), dM24D(+04-16) and
dM24D(+02-18). All eight deoxy-AOs were able to induce a complete bandshift.
However, the acceptor site appeared to be slightly less accessible than the donor site to
deoxy-AO hybridisation, as only one deoxy-AO, dM24A(-12+08), was able to induce a
bandshift which scored a rating of 4 when added at 5ng. It was difficult to discern the
degree of shift induced, possibly indicating that when bound, the donor site directed
deoxy-AOs did not induce a substantial change in the conformation of the RNA
fragment. Nevertheless, dM24D(+08-12) and dM24D(+06-14) did appear to bind most
RNA when only 5ng of each was present.

An additional four deoxy-AOs, dM24A(-15+10) and dM24A(-10+15), which
were directed at the acceptor site, and dM24D(+10-20) and dM24D(+15-10) which
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targeted the donor site, were designed to anneal to a larger region of each splice site.
For three of the second generation deoxy-AOs, dM24A(-10+15), dM24D(+10-20) and
dM24D(+15-10), S5ng was capable of inducing bandshifts which rated as 4.
dM24A(-15+10) was the only second generation deoxy-AQ not able to anneal to its

target even when added at 200ng. The results are summarised in Table 7.3.

Table 7.3 The amounts of RNA fragment bound and induced to ‘shift’ have been estimated as a

rating, where 4 represents a complete bandshift.

Bandshift rating after exposure
to varied amounts of deoxy-AO(ng)

deoxy-AO tested 200ng Sng
dM24A(-18+02) 0 0
dM24A(-16104) 2 0
dM24A(-14+06) 2 0
dM24A(-12+08) 2 0
dM24A(-15+10) 0 0
dM24A(-10+15) 4 4
dM24D(+08-12) 4 2
dM24D(+06-14) 4 3
dM24D(+04-16) 4 1
dM24D(+02-18) 4 1
dM24D(+10-20) 4

dM24D(+10-15) 4 4
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7.2 Quality assay of 2'OMeAQOs directed at exons 20 - 25

Prior to myotube transfection, all 2’0OMeAOs were subject to the standard
quality control assessment. As described earlier, ~200ng of each 2'OMeAO was
electrophoresed through a denaturing polyacrylamide gel (Figure 7.1). Only ‘in-house’
2'0MeAOs were used in this part of the study and all were of an acceptable standard
to proceed to cell transfections. In cases where synthesis was not of high quality,
eg. M21D(+4-16) and M25D(+6-14), 2'OMeAO concentrations were adjusted and
re-evaluated by spectrophotometry prior to cell transfection. Shorter products, while not
ideal, still contain some sequence of the full length 2'0OMeAO. It should also be noted
that the presence of these shorter products does not necessarily compromise the ability
of an 2'OMeAO to induce efficient and precise exon skipping (Figures 5.1, 5.6 and
5.13).
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Figure 7.1 Each 2'OMeAO directed at exons 20 to 25 were run on a denaturing polyacrylamide gel.
Despite the presence of additional bands, all 2’0OMeAOs were judged to be of a sufficiently high standard
to proceed to cell transfection studies. Furthermore, 2’'0OMeAOs of questionable concentration were

re-evaluated by spectrophotometry prior to their use in cell culture.
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' 73 2'0MeAO-induced Exon Skipping

Deoxy-AOs that were able to induce a bandshift rating of at least 2 when present
_at a maximum of Sng per reaction were re-synthesised a5 2'0MeAQs for further
evaluation in cell culwre,
A titration of the transfection concentration of each 2'0MeAQ was perforined.
Total RNA was extracted 24 hours post-transfection and analysed for the presence of
cxon skipping. Subsequently, any 2'OMeAO-induced products were isolated by
bandstab (Wilton et al., 1997h) and subjected to a further 35 cycles of PCR before being
purified and directly sequenced. Analysis of the sequences was performed to verify the
specific removal of an exon from the mature transcript and to characterise any
* additional products.

If it was found that the first generation of 2'OMeAOs preduced were unable to
induce exon skipping at an acceptsble transfection dose (300nM or less), a second
peneration of 2'0MeAQs were designed. This dccurred with exons 20 and 24, which
will be described in sections 7.3.5 and 7.3.6 respectively. In keeping with the format of
the previous section of this chapter, the results for exons 21, 22, 23 and 25 will be

- reported first.
734 Exon21

) Of the four deoxy-AQs assayed for exon 21, dMZlD(-HM»lG) was selected for
.'Synmcsis as a 20MeAQ and transfected into cells, Following RNA extraction, RT-PCR

“analysis of the transcripts revealed an unmodifted product corresponding to 890bp and a

- smaller, out-of-frame exon 21-deleted product of 709bp (Figure 7.2). M21D{+04-16)
was able to induce the precise and reproducible exon 21-skipped transcript when
delivered at a final concentration of 300nM. '
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Figure 7.2 Products generated from the nested RT-PCR analysis of H-2K mdx mRNA following
myotube transfection with a titrated 2’0OMeAO, M21D(+04-16), targeting the donor splice site of exon 21.
A dose-dependent effect of 2'0OMeAO concentration on the abundance of the 709bp transcript fragment

was observed, corresponding to the exon 21 skipped product.

Isolation of the shorter transcript fragment by bandstab and direct sequencing
confirmed the identity of the 709bp product as exon 20 joined precisely to exon 22,
verifying the specific action of M21D(+04-16) to induce exon 21 removal (Figure 7.3).

Exon 21

Exon 20 Exon 22
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Figure 7.3 DNA sequence chromatogram across the junction of dystrophin exons 20 and 22, indicating

the precise removal of exon 21.
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7.3.2 Exon 22

The RBA for exon 22 resulted in the selection of two deoxy-AOs for synthesis
as 2'OMeAOs, dM22D(+04-16) and dM22D(+08-12). Following cell transfection, total
RNA was extracted and analysed for the presence of the out-of-frame exon 22-skipped
transcript fragment. M22D(+08-12) and M22D(+04-16) were each able to consistently
induce a shorter product corresponding to 627bp, indicating the removal of exon 22, ata
final transfection dose of 10nM (Figure 7.4). Subsequent isolation and sequence
analysis of the 2'0OMeAO-induced product verified that exon 21 was spliced exactly to
exon 23, confirming the complete removal of exon 22 from the mature transcript

(Figure 7.5).

M22D(+04-16) M22D(+08-12)
- |
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Figure 7.4 Agarose gel image of titrated 2'OMeAOs targeting the donor splice site of exon 22 in mdx

cells.

Exon 21 Exon 23
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Figure 7.5 DNA sequence chromatogram of the dystrophin gene transcript across exons 21 and 23. The

precise excision of exon 22 from H-2K mdx dystrophin mRNA, induced by the donor splice site directed
2'0MeAOs, M22D(+04-16) and M22D(+08-12), is shown.
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7.3.3 Exon 23

To confirm the findings of Mann et al. (2002), titrated amounts of the 2'OMeAO
M23A(+02-18) were transfected into H-2K mdx muscle cells. Total RNA was then
extracted 24 hours post-transfection, purified and quantified for subsequent analysis by
RT-PCR. Consistent with the previously reported results (Mann et al., 2002),
transfection doses from 600nM down to 50nM were able to induce two additional
transcripts, one in which exon 23 alone was skipped, and a less abundant product

missing both exons 22 and 23 (Figure 7.6).

M23D(+02-18)
:3.213
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= ©

2 8 28 85 3
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Figure 7.6 A titration of the exon 23 donor site-directed M23D(+02-18), demonstrating the two induced
transcript fragments. A dose-dependent effect on the abundance of both the exon 22 skipped product and

the product resulting from the co-skipping of exons 22 and 23 was clearly evident.

Direct sequencing of the transcript fragments corresponding to 688bp and 542bp
confirmed the effect of M23A(+02-18) as inducing both exon 23 skipping alone and
co-skipping of exons 22 and 23 respectively (Figure 7.7A and B).
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Exon 22 Exon 24
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Figure 7.7 DNA sequence chromatograms of the dystrophin gene transcript across exons 22 and 24
and exons 21 and 24. Chromatogram (A) verifies the precise skipping of exon 23 and (B) confirms the
co-skipping of exons 22 and 23.
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7.3.4 Exon 25

Based on the RNA binding study, M25D(+06-14) was selected for testing in cell
culture. Transfection and subsequent RT-PCR analysis of the amplified transcript
fragments revealed a full-length product corresponding to 824bp and a smaller exon 25
deleted product of 668bp. Consistent exon 25 skipping was detected when the
transfection concentration was 100nM, with the sporadic appearance of the induced
transcript when delivered at a final concentration of 50nM (Figure 7.8). Sequence
analysis of the shorter transcript fragment confirmed that exon 24 was precisely spliced

to exon 26 (Figure 7.9).
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Figure 7.8 Titration of the splice site-directed 2'OMeAO M25D(+06-14) from 600nM to 50nM. A single
amplicon of 668bp corresponding to exon 25 skipping was consistently detected when the transfection

concentration was at least 100nM.

Exon 24 Exon 26
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Figure 7.9 DNA sequence chromatogram of the dystrophin gene transcript across exons 24 and 26.

The precise excision of exon 25 from H-2K mdx mouse muscle mRNA, induced by the donor splice
site-directed M25D(+06-14), is shown.
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7.3.5 Exon 20

For exon 20, the results of the RBA suggested that the acceptor site was
generally less amenable than the donor site to deoxy-AO hybridisation. Therefore
dM20D(+04-16) and dM20D(+08-12) were synthesised as 2’0OMeAOs and evaluated in
cell culture. Despite the indication by the bandshift assay that M20D(+08-12) might
bind more efficiently (Table 7.2), it failed to induce exon 20 skipping even at 1000nM.
Only M20D(+04-16) was able to consistently induce a detectable, albeit extremely
weak, exon 20 skipped transcript provided the transfection concentration was at least
600nM (Figure 7.10).

M20D(+04-16)

-
£ &

Figure 7.10 Exon 20 skipping induced by M20D(+04-16) in H-2K mdx mouse mRNA. RT-PCR
analysis of RNA harvested 24 hours after cultured myotubes were transfected with M20D(+04-16) at
concentrations ranging from 600nM down to 50nM. The full-length product spanning exons 18 to 23 is
890bp long. The shorter transcript fragment corresponds to a product of 648bp (indicated by arrow)

missing exon 20.

The faint 648bp amplicon was isolated by bandstab and directly sequenced.
M20D(+04-16) was confirmed to have induced the precise removal of exon 20 from the

mature message (Figure 7.11).
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Exon 20
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Figure 7.11 DNA sequence chromatogram demonstrating the precise excision of exon 20.
M20D(+04-16) was never associated with the removal of other exons or the initiation of splicing from

sites other than the consensus splice site sequences flanking exon 20.

Due to the relatively high cell transfection concentration of 2’'OMeAO required
for exon 20 removal, four longer deoxy-2'OMeAOs were assessed using the RNA
binding assay. However, none were able to appreciably increase the degree of bandshift
induced and therefore theywere not considered for synthesis as 2'OMeAOs.

In an attempt to enhance the skipping of exon 20, putative exonic splicing
silencers were added to the 2'0OMeAOs. These elements, which may act to repress or
inhibit the inclusion of exons, can be purine or pyrimidine rich and are thought to bind
many of the proteins involved in the splicing process (Fairbrother & Chasin, 2000).

Three more 2'0OMeAOs were designed by modifying the marginally effective
M20D(+04-16) at the 3' or 5' ends to include a purine or pyrimidine rich silencing
element (Table 3.2). M20D(+04-16)-Pu and M20D(+04-16)-Py were synthesised with
one of either of the silencing motifs (abbreviated from purine and pyrimidine to Pu and
Py respectively) included at the 3' end of the molecule. We hypothesised that this
modification may have the potential to further enhance 2'0OMeAO stability by shielding
the 2'OMeAO from exonuclease degradation which is initiated predominately
from the 3' end (Agrawal & Ahktar, 1995). For comparison, the third 2'0OMeAO,
Pu-M20D(+04-16), was synthesised with a purine-rich motif at the 5' end. The addition
of these silencing elements also provided an opportunity to assess whether these
modifications would play a part in reducing accessibility to the donor site by competing
splicing factors.

Regardless of the motif or its position, transfection of the H-2K mdx cells with

these modified 2'OMeAOs did not increase the level of exon 20 skipping over that
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observed when the original 2'0OMeAO, M20D(+04-16), was delivered at 600nM.
Curiously, this extremely low level of transcript missing exon 20 was sometimes
detected when the transfection concentration was 50nM, a six-fold decrease from that

observed previously (Figure 7.12).
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Figure 7.12 A titration in H-2K mdx cells of the original 2'0OMeAO M20D(+04-16) coupled with one of
two putative human splicing silencers (Fairbrother & Chasin, 2000). Similar levels of a product of low
abundance corresponding to the exon 20 skipped transcript (indicated by arrows) were consistently
detected at transfection concentrations from 600nM down to 50nM.

Due to the fact that neither splice site appeared to be a very effective target for
exon 20 skipping (the acceptor splice site rated poorly in the RNA binding assay
although its effectiveness as a target for 2’'0OMeAO-induced exon skipping in cell
culture was not assessed), the possibility of targeting exon splicing enhancers (ESEs)
was explored. No specific regions within exon 20 have been reported to play a role in its
recognition or inclusion, as was the case for exon 19. Therefore, a computer program,
RESCUE-ESE, was employed to predict the likely positions of ESEs by the statistical
analysis of exon-intron and splice site composition within the given sequences
(Fairbrother et al., 2002). Numerous positions were highlighted as sequences likely to
possess ESE activity (Figure 7.13).
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Based on the predictions made by the RESCUE-ESE program, two 25mer
2'0OMeAOs, M20A(+23+47) and M20A(+140+164), were designed to anneal to regions
appearing to occupy the greatest concentration of ‘ESE-like’ motifs. Subsequently, the
2'0OMeAOs were transfected separately into H-2K mdx muscle cells at final
concentrations of 600nM and 100nM and the mature message analysed by RT-PCR.

Figure 7.13 The entire exon 20 sequence (242 bases) was submitted for analysis by the ESE prediction
program. This is the standard output received upon analysis of the sequence given. Predicted ESE sites

were numerous and overlapping.

In addition to the expected full length product, two transcript species were
consistently detected in the RNA exposed to M20A(+23+47), a product of low
abundance corresponding to exon 20 skipping and a much stronger novel product
~130bp shorter than the full length transcript fragment. M20A(+140+164) was able to
induce two products of very low abundance: one corresponding to exon 20 skipping and
a novel product of ~570bp (indicated by arrow) in both 600nM and 100nM samples

(Figure 7.14).
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Figure 7.14 An agarose gel image of the amplified fragments of both the natural and modified transcripts
resulting from transfection with M20A(+23+47) or M20A(+140+164). Both 2'0OMeAOs were able to
induce a very weak 648bp product corresponding to exon 20 skipping, and each also consistently induced
non-specific skipping. M20A(+23+47) activated a cryptic splice site 135 bases downstream from the
consensus acceptor splice site of exon 20, resulting in a novel product (755bp) of high abundance.
M20A(+140+164) induced a weak product of 560bp corresponding to the co-skipping of exons 19 and 20

(indicated by arrow).

Each product was isolated by the bandstab method (Wilton et al., 1997b) and
directly sequenced. M20A(+23+47) and M20A(+140+164) were confirmed to have
induced the precise and repeatable skipping of exon 20 from the final message (Figure
7.11). In addition, the novel product induced by M20A(+23+47) was identified as
resulting from the activation of a cryptic acceptor splice site 135 bases downstream
from the normal acceptor site of exon 20 (Figure 7.15). As a consequence, the first 134
bases of exon 20 were removed when intron 19 was spliced out. The novel product
induced by M20A(+140+164) was confirmed to have resulted from the removal of both
exons 19 and 20 (Figure 7.16). This non-specific activity further supports the notion
that blocking pre-mRNA sequences containing ESE-like motifs from splicing factors

has the potential to interfere with correct exon definition.
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Figure 7.15 DNA sequence chromatogram of the dystrophin gene transcript across exons 19 and
20. Blocking the site recognised by M20A(+23+47) has activated a cryptic acceptor splice site which was

135 bases downstream of the consensus acceptor splice site.
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Figure 7.16 DNA sequence chromatogram of the dystrophin gene transcript from exons 18 to 21. The
precise excision of exons 19 and 20 from H-2K mdx mouse muscle mRNA, induced by the donor splice
site directed M20A(+140+164), is demonstrated.

In another attempt to induce exon 20 skipping, cell transfections with
combinations of 2'OMeAOs involving M20D(+04-16)-Pu, M20A(+23+47),
M20A(+140+164) and the successful exon 19 2'0OMeAO, HM19A(+35+65), were
performed. HM19A(+35+65) was transfected at 100nM, M20D(+04-16)-Pu and
M20A(+140+164) were transfected at 600nM, and M20A(+23+47) was transfected at

100nM, the lowest concentration that was still able to induce the strong novel
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product reported above. RT-PCR analysis of the RNA that had been targeted by
M20D(+04-16)-Pu in combination with either of the ESE-directed 2'0OMeAOs showed a
small increase in the level of precise exon 20 skipping compared to that induced by
M20D(+04-16)-Pu alone. Furthermore, activation of the cryptic splice site was
abolished as no combinations induced the partial removal of exon 20. The combination
of M20D(+04-16)-Pu and M20A(+140+164) also induced the product corresponding to
a low level of exons 19 and 20 skipping, slightly stronger than that observed when
M20A(+140+164) was transfected alone. The combination of the two 2'OMeAOs
directed at the ESE, M20A(+23+47) and M20A(+140+164), produced much more
abundant exon 20 skipped and exons 19 and 20 co-skipped transcripts (Figure 7.17).
However, the combination of all four 2'OMeAOs was not able to increase the level of
co-skipping of exons 19 and 20, despite the fact that one of the additional 2'0OMeAOs

was specifically targeted to exon 19.
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Figure 7.17 Agarose gel image of the RT-PCR products induced by three combinations of 2'OMeAOs
directed at various exon 20 motifs. Alone, each was able to modify the splicing pattern to either remove
exon 20 entirely at a low level, or imprecisely through cryptic splice site activation. The combination of
M20D(+04-16)-Pu and M20A(+140+164) was able to induce the removal of both exons 19 and 20.
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©+ 736 Exon 24

From the results of the initial RBA, it was decided to synthesise
dM24D(+08-12) and dM24D(+06-14) as 2OMeAOs. However, neither 20MeAO was
able to induce a detectable exon 24 skipped transcript, even when the transfection
concentration was as high ns 1000nM, Therefore, in an attempt to coaX out exon 24,
combinations of 2'0MeAOs targeting exons 23, 24 and 25 were also transfected into -
H-2K mdx cells. A high degree of cell death was observed post-wransfection due 1o the
concomitant increase in Lipofectin concentrations. Moreover, RT-PCR analysis of the
RNA exteacted did not detect the removat of exen 24 from the mature transcript,
although transcripts with either exon 23 or 25 skipped were detected {results not

. - shown). C

2

© 0, 7361 ZOMeAOs directed o splice sites

_ Based on the results of the RNA binding assay of the additional four
- .. deoxy-2'OMeAOs directed against the splice sites of exon 24, M24A(-10+15) and
o M24D(+10-15) were selected to be tested in ceil culture. Both 2'OMeAQs were
transfecied into cells and RT-PCR analysis petformed on the extracted RNA.
M24A(-10+415) and M24D{+10-15) were each able to induce consistent and specific
exon 24 skipping but at very low levels. However, a dose-dependent effect was not

evident, as the same level of induced transcript was observed at concentrations tested
dowa to 50nM, possibly indicating that 3 maximum level of competition with splicing
factors may have been achieved under these conditions (results not shown).
The 685bp amplicons were reamplified by the bandstab procedure (Wilton et al,,
1997) and direcily sequenced, Both M24A(-10+15) and M24D({+10-15) were confirmed
o to have induced the precise removal of exon 24 from the final message (Figure 7.18).
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Exon 24

Exon 23 Exon 25
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Figure 7.18 DNA sequence chromatogram of exon 24 skipping in H-2K mdx mRNA. Both
M24A(-10+15) and M24D(+10-15) were able to induce the precise removal of the target exon, where

exon 23 was spliced exactly to exon 25.

7.3.6.2 2'0OMeAOs directed at ESEs

As with exon 20, the splice sites for exon 24 were not amenable as targets for
2'0OMeAO-induced skipping. This discovery was not surprising for the acceptor splice
site, considering the splice site score was relatively high (95.3%). However, the donor
splice site score of 72.8% could indicate a sub-optimal motif and hence the potential to
overwhelm splicing factors and induce exon 24 removal by targeting the donor site. As
this was not the case, and as with exon 20, no specific regions within exon 24 have been
identified in the literature as playing a role in its definition, the computer program
RESCUE-ESE was again employed to predict the likely positions of ESEs within exon
24,

Based on the predictions made by RESCUE-ESE, two 25mer 2'0OMeAOs,
M24A(+16+40) and M24A(+78+102), were designed to anneal to regions likely to
include the greatest concentration of 'ESE-like’ motifs. Both 2'OMeAOs were
subsequently transfected separately into H-2K mdx muscle cells at final concentrations
of 600nM and 100nM and the mature message analysed by RT-PCR.

An exon 24 skipped product, of similar abundance to that induced by
M24A(-10+15), was detected in the cells transfected with M24A(+16+40). Similar to
earlier experiments with the splice site-directed 2'OMeAOs, no difference was observed
between the 600nM and 100nM transfection concentrations tested (Figure 7.19). The

2'0MeAO-induced product was isolated for characterisation to ensure that the action of
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M24A(+16+40) was specific. Sequencing of the product revealed that exon 23 had been
joined precisely to exon 25 (Figure 7.18). However, a shorter novel product of 539bp
corresponding to the co-skipping of exon 22 and 24 was seen on occasion (Figure 7.20)
This could indicate the potential for low level non-specific activity by this 2’0OMeAO, or
that the splicing of these two exons may be linked as seen with 2'0OMeAO-induced
co-skipping of exons 22 and 23 when exon 23 is targeted. The shorter novel product

was sequenced, confirming the precise excision of exons 22 and 24 (Figure 7.21).
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Figure 7.19 RT-PCR analysis showing the natural transcript fragments and the modified transcript
fragments resulting from transfection with M24A(+16+40). The same level of induced transcript
(indicated by arrow) was detected at both transfection concentrations. M24A(+78+102) consistently

failed to induce exon 24 removal.

In another attempt to induce more pronounced exon 24 skipping, cell
transfections with combinations of 2'OMeAOs targeting exon 24, M24D(+10-15),
M24A(+16+40) and M24A(+78+102), were performed. Each 2'OMeAO was
transfected at a final concentration of 300nM to minimise the degree of cell death
associated with the high dose of Lipofectin. The 2'OMeAOs were then added to target
the four possible combinations of the three splicing motifs. In these combinations, the
final concentration was the sum of the concentrations used for each individual
2'0OMeAO. RT-PCR analysis of the RNA from cells that had been targeted by each of
the three paired combinations of 2'0OMeAOs revealed specific exon 24 skipping. The
combination of M24A(+16+40) with either M24D(+10-15) or M24A(+78+102) resulted
in a skipped product of much higher abundance than that produced following
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transfection with any single 2'OMeAO. The combination of M24D(+10-15) and
M24A(+78+102) had the same effect but to a lesser degree, inducing a transcript

marginally greater in abundance than when the 2'OMeAOs were transfected
individually (Figure 7.20).
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Figure 7.20 Agarose gel image of the RT-PCR products induced by the four combinations of 2'OMeAOs
directed at various exon 24 motifs. In individual transfections, only M24A(+78+102) was unable to
modify the splicing pattern to remove exon 24 although the skipping induced by M24A(+10-15) was
highly inefficient. M24A(+16+40) also induced a novel 539bp product corresponding to the co-skipping

of exons 22 and 24. All of the combinations resulted in specific skipping of exon 24.

Exon 24

Exon 21 Exon 25
ET'A € ABA T K &N T8

Figure 7.21 DNA sequence chromatogram of precise co-skipping of exons 22 and 24 in H-2K mdx
mRNA sporadically induced by transfection with M24A(+16+40).
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7.3.7 Multiple exon skipping

The focus of this section was to determine appropriate targets for the
’ 2'0MéA0-induced removal of each exon. The ultimate goal was to apply these
- 2'OMcAQs in combination to H-2K mdx muscle cells and to induce the skipping of
_multiple exens such as that seen in revertant fibres, While the majority of revertant
fibres skip in excess of 20 exons, designing 2'OMeAOs o target such a number of
exons was beyond the scope of this project. Instead, experiments were performed in
which each of the 2'OMeAQs identified carlier were combined in an attempt to force
the splicing machinery to remove exons 19 10 25 inclusive from the final transcript. This
particular arrangement, while rare, has been detected in naturally occurring revertant
fibres in H-2K mdx and C57 normal mice (Wilten, et al. 1997), In mdx mice, the
removal of exons 19 to 25 would not only bypass the nonsense mutation in exon 23, but
also maintain the reading frame. This shorter mRNA transcript would therefore be
capable of being translated into a shorter but presumably functional dystrophin protein.
The same combination of 2'0OMeAOs could be applied to any mutation occurring within
the targeted exons, resulting in restoration of the reading frame. Therefore, efficient
. removal of exons 19 to 25 in combination could have broad application to DMD
i paﬁents exhibiting a range of mutations within this region.

Two experiments were undertaken, transfection with the 2'OMeAOs at the
minimum transfection concentration found to induce the removal of the targeted
exon, and transfection with all 2’0MeAOs at 50nM. Nine 20MeAOs in total were
selected for the transfection, M19A(+46+65), M20A(+23+47), M20A(140+164),
M21D(+04-16), MZ2D(+04-16), M2ID(+02-18), M24A(+16440), M24A(+78+102)
and M25D(+06-14). Not surprisingly, cell death was very high in the first condition
where the total 220MeAOQ transfection concentration was 1750nM. The total
transfection concentration in the secend condition was only 450nM and as such only a
moderate degree of cell death was observed. Twenty-four hours post-transfection, RNA
was extracted from the duplicate wejls for both conditions and analysed by RT-PCR.
While a full length product of 1363bp (generated across exons 18 and 26) was not
observed, a novel transcript fragment {223bp) coresponding to the skipping of exons 19
to 25 was detected in both conditions (Figure 7.22),
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Additional tests were performed to screen for any non-specific activity of the
combined 2'OMeAOs in other regions of the dystrophin transcript. Using the RNA
extracted from the mdx cells which had been transfected with the two concentrations of
combined 2'OMeAOs, regions across exons 1 to 10 and 70 to 79 were amplified. No
alterations in the normal splicing patterns were detected other than the specific

2'0MeAO-induced removal of exons 19 to 25 (Figure 7.22).
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Figure 7.22 An agarose gel image showing the two 223bp products corresponding to exons 19 to 25
skipping detected in H-2K mdx mRNA. The combined 2'OMeAOs were transfected at the minimum
effective concentration (CM) required to induce the removal of the target exon (where the minimum dose
was never below 50nM) or at 50nM each (C50). 2'OMeAOs designed to skip exons 19 to 25 do not alter

dystrophin processing in other regions of the gene transcript.

The 223bp amplicon was isolated by the bandstab method, then purified and
directly sequenced. Transfection with all nine 2’'0OMeAOs directed at different motifs
within seven exons and flanking introns was successful in inducing the precise removal
of exons 19 to 25, such that exon 18 was spliced exactly to exon 26 (Figure 7.23).
2'0MeAO-induced skipping of multiple exons has not been reported previously in the

literature.
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Exons 19 - 25

Exon 19... ..Exon 25

Exon 18
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Figure 7.23 DNA sequence chromatogram of the dystrophin gene transcript from exons 18 to 26. The
precise excision of exons 19 to 25 from the mature transcript, induced by the combination of 2'OMeAOs

directed at each of the seven exons, is demonstrated.

7.4 Summary

This section of the project investigated the possibility of multiple exon removal
which occurs naturally in revertant dystrophin-positive fibres. Initial experiments
sought to determine the best target for the 2'0OMeAO-induced removal of each exon
individually. This proved to be a relatively simple process for certain exons and
somewhat more challenging for others.

The donor splice sites of exons 21, 22 and 25 proved amenable to
2'0MeAO-induced exon skipping. In each case, 2'OMeAOs directed at the donor splice
sites were able to induce consistent and precise removal of the target exon at
an acceptable transfection concentration. Highly effective skipping of exon 23 and
co-skipping of exons 22 and 23 was induced by targeting the donor splice site,
concurring with the previously reported findings of Mann et al. (2001).

Inducing the removal of exon 20 proved more difficult. Of the two 2'0OMeAOs
targeting the donor splice site of exon 20, only M20D(+04-16) consistently induced
skipping of exon 20, and this was at a very low level even at a concentration of 600nM.
Modifying this 2'0OMeAO with human exonic splicing silencers did not increase the
level of skipping. Transfection of the cells with M20A(+23+47), designed to an

ESE-like motif within exon 20, resulted in poor skipping of exon 20 as well as a novel
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" product arising from the activation of a cryptic splice site, A second ESE-directed
- 2'0MeAD, M20A(+140+164), induced both precise cxon 20 skipping and the

co-skipping of exons 19 and 20, Combinations of M20D{(+04-16)-Pu with cither of the
ESE-directed 2'0MeAOs resulted in a small increase in the levet of precise exon 20
skipping. More efficient skipping of cxon 20 was induced by the combinations of the
two ESE-directed 2'OMecAOs and all four 2'OMcAQs, but with concomilant

co-skipping of exons 19 and 20. In both cases, activation of the crypric splice sites was

" abolished.

' Similarly, all 2OMeADs targeting the splice sites of e¢aon 24 were either
ineffective or highly inefficient at inducing skipping. In addition, combinations af these
20MeAQs and 2'0MeAOs wrgeting exons 23 and 15 were unable to induce the
removal of exon 24, Low levels of exon 24 skipped transcript were induced by targeting

- an ESE-like motif with M24A(+16440), along with the sporadic induction of exons 22

and 24 co-skipping. However, transfection with & combination of M24 1(+16+40) and
either M24D{+10-i5) or M24A{+78+102) increased the shundance of the exon 24
skipped product compared 10 that produced from transfection with any single
2'0MeAO, without any non-specific activity.

Delermining the targets amenable (o 20MeAO-induced reraval of individual
exons culminated in the transfection of #-2X mdx cells with cach of the effective
2'0MeAQOs in combination. The ultimate goat of skipping exons 19 to 25 was achicved,
using a total of nine 2OMeAQs. Using this combination resulted in skipping which was
far more efficient than that achieved by individual 20MeAOs, as no full-length
transcript remained. In addition, other regions of the gene transeript were screened,
confirming that alterations in the splicing process were localised 10 the tasget arca.
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7.5 Discussion "
7.5.1 Exons 21,22 and 25

Selection of 2'OMeAOs and transfection of exons 21, 22 and 25 will be
discussed together as each yielded similar results. First, RNA binding assays were to
used to select which deoxy-AOs were to be synthesised as 2’OMeAOs. The limitations
of the RBA in predicting the ability of a 2'0MeAQ to re-direct splicing have been
discussed in the previous chapter. For cach exon, four deoxy-AOs were designed to
- la.rgdt the donor splice site and assessed for their ability to anneal to their specific target.
Tt was decided to test the donor splice site first, based on‘studies directed at this region
of exon 23 (Mann et al,, 2001; Wilton et al., 1999) as weill as the resulis obtained for
exon 19 in the current study (Errington et al., 2003), The abservation that 20MeAOs
directed at donor splice sites tend 1o have greater infiuence on splicing has also been
made by another group (Sierakowska et ab., 1996). In the current study, very low doses
of each donor site-directed deoxy-AQs tested induced a bandshift sufficient to justify
the synthesis of 2’0MeAO hamologues. Consequently, other splicing motifs in these
exons were not assessed as potential targets for 2'0MeAO induced exon skipping.

For exon 21, the 20MeAO M21D(+04-16) was found to induce precise and
reproducible skipping at a final concenteation of 300nM, While this concentration is
considered to be refatively high by cur group, it is still comparatively low considering
the transfection concentrations reported in other studies (Dunckley et al., 1998; van
Deutekom et al., 2001). The splice site score for the donor site of exon 21 is 87%
{Senapathy et al., 1990), which may indicate a refatively high leve] of competition with
splicing factors. The final concentration required to induce reliable exon 21 skipping
falls within acceptable limits, However, further testing of the acceptor site, which has a
score of 76% (indicating a lower competition with splicing factors), or of regions
predicted to contain ESE-like motifs, may determine the location of largets more
amenable t0 2'0MeAO-induced skipping. It is interesting to note that while the RBA
was gencrally comect in predicting the ability of the 20MeAO to anneal to the target, it
did not reflect the concentration required to induce exon skipping and thus does not
predics the efficacy of an 2'0MeAQ targeted to a particular region.

Two deoxy-AOs directed at the donor site of exon 22 were selected for synthesis
as 2'0OMeAOs, Despite a moderate difference in apparent binding efficiencies, both
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M22D{+08-12) and M22D{(+{4-16) appeared equally effective at inducing specific and
efficient skipping of exon 22. For this exon, performance of the 2'OMeAODs in cell
culture correlated well with the results of the RNA binding assay as both 20MeACs
were able to induce specific and efficient skipping of exon 22 at a final transfection
dose of 10nM. These resulis were Rot unexpected because the splice site score for the -
donor site, at 79% (Sepapathy et al,, 19590), indicates a relatively low level of
competition with splicing factors, In addition, removal of exon 23 is almast always
associated with concomitant removal of exon 22, indicating that the latter exen may be
particularly susceptible to 20MeAQ-induced skipping and that there may be &
relationship between the splicing of the two exons (Mann et al., 2002). However, it was

. interesting to note that targeting exon 22 did not result in the co-skipping of exens 22
and 23 in the current study, possibly reflecting a non-sequential arder of exon splicing,
as has been observed in other genes (Kessler et al., 1993).

Finally, the donor splice site of exon 25 was evaluated with the 2'0MeAD
M25D{+06-14), which induced consistent exon 25 skipping at a transfection dose of
1G0nM. The donor splice site score, at 34%, was less than that of exon 21, and the lower
concentration of 2’0MeAQ required to induce skipping of exon 25 may again reflect a
comparatively lower level of competition with splicing factors. Again, further testing of -
the acceptor splice site or regions predicted to contain ESE-like motifs may be desirable
to determine the location of fargets more amenable to 20MeAQ-induced skipping of
this exon.

It ig interesting that similar sequences targeted by the donor site directed
deoxy-AQs appeared to induce similar degrees of bandshift between exons {Table 7.1).
This reflects the relatively high degres of conservation of the donor splice sites, which
would result in similar secondary structures in these regions between exons. However, it
is important to note that the RBA only reflects the ability of a deoxy-AQ to anneat to an
RNA fragment. The secondary siructure of the pre-mRNA flanking the fragment may
be significantly different, and each splicing motif may contribute to the splicing process

. in varying degrees (1to et al., 2001). '
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752 Exon 20

Based on the results of the RBA, the acceptor site apbemd to be less accessible
than the donor sile to deoxy-AQ hybridisation. Despite the indication by the bandshift
$ssay that M20D{+08-12) might bind more efficiently, only M20D{+04-16) was able to
consistently induce a detectable, albeit extremely weak, cxon 20 skipped transcript
provided the transfection concentration was at least 600nM. As both 20McAOs more
. than cover the consensus splice site, this may reflect a difference between the structures
of the RNA fragment used in the bandshift assay and full-length cellular RNA such that

. the downstream region is actually more accessible, A further possibility is that the
intronic region targeted by M20D(+04-16) may contain motifs more crucial to exon
inclusion.

The calculated splice site score of 35% indicates that the donor site of exon 20
might be highly efficient and therefore difficult to obstnect. This, however, docs not
appear to be constant for all splice sites. For example, a strong positive corrclation
bearween splice site score and efficiency of 2’0OMeAQ induced exon skipping has been
observed in other exons. Dystrophin exon 23 skipping was reported to be very efficient
when targeting the donor splice site (Mann et al., 2001), which has score of 93.5%. In
addition, exon 19 skipping was efficiently induced by targeting the acceptor splice site,
which has a score of 91%. It is possible that as splice site scores increase, there is a
point al which competition with splicing factors prevents access of the 20McAO to the
targel site, such that skipping of an apparently highly efficient splice site, for example,
the donor splice site of exan 20, becomes very inefficient.

Due ta the high transfection concentrations required for exon 20 removal,
further 2’0OMeAOs were designed in an attempt to improve efficiency. Human silencing

. motifs thought to repress the inclusion of exons (Faitbrother & Chasin, 2000}, were
attached to the ' or 5' ends of the weakly effective M20D{-+4-16). The attachment of
these motifs to the 3’ end was also thought to have potential in improving the stability of
the 2'OMcAO by protecting it from exonuclease degradation, which eccurs from the
3" end (Agrawal & Ahktar, 1995), However, the three 20MeAQs designed with these
modifications failed to inercase the [evel of exon 20 skipping over that observed with
the parent 2'0MeAQ. One possible explanation is that these silencers were derived from
human DNA sequence, and that mouse silencing motifs differ in base composition,

Additionally, it is possible that the high level of compet'itiun with splicing factors
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o ‘prevented the modified 20MeAO from hybridising with the donor splice site, in tum
pféwnting the siléncing motif from exerting any efect.

. As neither the donor or acceptor splice sites appeared to be very amenable to
2'0MeAD-induced exon 20 skipping, targeting exon splicing enhancers (ESEs} was
explored. It is important to note that the acceptor site was not evaluated in cell culture,
The splice site score of 85% indicates that it may have been a moder_'alély efficient
* splice site, but the RBA results suggested that accessibility to the site would have been
limited, thus excluding it as a target for this study.

The RESCUE-ESE program (Faitbrother et al,, 2002) was utilised to design

" M20A(+23447) and M20A(+140+164), which were directed st regions that scemed to

contain the greatest concentration of *ESE-like’ motifs. Two transcript species were
consistently detected in the RNA exposed to M20A(+23447), a very weak product
comesponding to exon 20 skipping and a much stronger novel product 135 bases sharier
than the full length transcript fragment. This suggests that the spliceosome selected a
cryplic splice site when a motif (at least) partially responsible for exon inclusion was
obscured by M20A(+23447), The remarkable similarity of the splice site scores of the
consensus and cryptic splice sites, at 85% and 84% respectively, highlights the
' importance of nearby motifs within the exon (or intron) which either enhance the
selection of the correct splice site or suppress the selection of the cryptic splice site
{Blencowe, 2000; Reed, 1996), It is possible that M20A(+23+47) blecked one of these
" motifs, removing its effect from the balance of factors determining splice site selection,
A similar effect has been observed in studies which targeted a putative ESE in
dysirophin exon 51 (Aartsma-Rus et al, 2002, 2003). As well as specific skipping of the
-exor, & iranscript corresponding to partial skipping of exon 51 was induced as a result
of the activation of a cryptic splice site. Several studies have also reported the activation
of cryptic splice sites because of disruptions of a denor or acceptor consensus spiice site
(Fernandez-Cadenas et al., 2003; Fletcher et al., 2001; Tuffery-Giraud, Chambert,
Demaille & Claustres, 1999). It thus appears that alterations in either exonic sequences
or splice sites can result in non-specific splicing. It has been suggested that targeling
exon-internal sequences with 20MeAQs might reduce the risk of non-specific splicing
abemations through alteration of secondary structure such that the exon is no longer
marked for inclusion (van Deutekom & van Ommen, 2003). However, the results of the
current study demensteate that binding of an 2OMeAOQ to exonic sequences will not
necessarily result in specific skipping, as targeting certain regions may promote the
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selection of & cryptic splice site. Previously, we assumed that this could be
circumvented by applying another 20MeAO ‘to the ctyptic splice site. It now appears
that cryptic splice sites can be bypassed by selecting another motif in the pre-mRNA.

In addition, the second of the ESE-directed 2'0MeAOs, M20A(+140+164), also
_induced the complete removal of both exons 1% and 20. Co-skipping of exons was also
repotted following targeting of dystrophin exons 2 and 29 with ESE-directed
2OMeAOs (Aansma-Rus et al., 2002), It is intercsting that in some cases the same co-
skipped products were seen in the untreated RNA at weaker levels, suggesting that the
2'0MeAOs may be strengthening o naturally occurring altemnative splicing process.

_ Efficient and precise skipping of exon 20 was finally induced following
wransfection of cells with combinations of the 2’0OMeAOs M20D(+04-16)-Fu,
M20A(+23+47) and M20A{+140+164), However, exon 20 removal was specific only in
the combination of M20D(+04-16)-Pu and M20A(+23+47), as the other combinations
induced concomitant exon 20 and the co-skipping of exon 19 and 20 skipping. This
co-skipping was similar to that reported by Mann et al. (2001) for 20OMeAQOs directed
at the exan 23 donor splice site. The authors suggested that co-skipping may be due to
the intimate relationship between the splicing of introns 22 and 23 rather than a
nen-specific effect of the 2’0MeAO, particularly as there is no scquence homelogy
between the two exons. As the splicing of downstream introns has been shown to
influence the processing of introns upsiream (Watakabe et al., 1993}, it is possible that a
similar intimate relationship exists between exons 19 and 20 M20D(+04-16), when
transfected as an individual 2’0MeAQ, was never associsted with the removal of other
exons or the initiation of splicing from sites other than the consensus splice site
sequences flanking exon 20. Thus the results of these combined transfections suggest
that it was the targeting of the exonic sequences which contributed to the non-specific
effects. 1t is also interesting that the donor splice-site directed 2’0MeAO and the

 ESE-directed M20A(+140+164) bath had the effect of preventing the activation of the
~ cryptic splice site when combined with M20A(+23+47), and that the combination of
these 2'OMeAOs resulted in a higher level of specific exon 20 skipping than
M20D(+04-16)-Pu alone, This may indicate that boih the donor splice site and ESE

metifs were significant for correct recognition of the cxolaj: 20 boundaries.
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7.5.3 Exon 4

_ _ Two of the donor site deoxy-2'0MeAOs, dM24D(+08-12) and dM24D(+06-14),
_:- identified by RBA ps targeting the most accessible regions, were synthesised as
" POMeAOs and transfected into cells. However, even transfection at 1000nM of either
2OMeAO was unzble to induce detectable exon 24 skipping. The acceptor splice site
wis not assessed in cell culture at this point due the poor accessibility of the region as
indicated by the RBA,

Combinations of 20MeAOs directed at exons 23, 24 and 25 were then tested in
an attempt 10 ¢oax out the recalcitrant exon. It was thought that if the splicing of these
exons was in some way linked or coordinated, removal of the flanking exons might
encourage skipping of the central exon. Such intimate relationships have been
demonstrated between exons 22 and 23 (Mann et al., 2001} and between exons 19 and
20 in the cument study, in that it was difficult to induce skipping of the downstream
exon without co-skipping of the upstream exon. Interestingly, the same effect was not
seen for skipping of exon 19 or 22, perhaps reflecting the order in which these exons are
removed from the pre-mRNA. It has been demonstrated that while splicing occurs in a
genera! §' 1o 3' direction, the order of splicing is net necessarily sequential {Kessler et
al., 1993). It is possible that exon 20 is spliced befare 19, so that if exon 20 is skipped,
centain signals contributing to the inclusion of exon 19 are lost. However, attempts to
induce the skipping of exan 24 through this mechanism were not successful, perhaps
indicating that a similar link in processing does not exist between exon 24 and its
flanking exons.

As these attempts were unsuccessful, longer deoxy-AOs were tested by RBA,
resulting in the synthesis of M24A(-10+15) and M24D(+10-15). Despite the seemingly
high binding efficiency of these deoxy-AQs, it would appear that the target sites
selected were not sensitive to 20MeAQ activity, as only an extremely weak exon 24
skipped product was detected. The donor splice site score for cxon 24 is only 68%
(Senapathy et al., 1990}, indicating a very low level of efficicncy, and therefore
obstructing this site may not have been sufficient ta prevent inclusion of the exon in the
mature transcript. Convcrsely. the acceptar splice site score is 100%, which indicates an
extremely efficient site, It is likely that targeting the acceptor site was unsuccessful due
1o the very high level of competition with splicing factors inferred by this degree of

efficiency.
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{t would seem logical that & strong acceptor splice site would not be as
dependent on intemnal exon sequences for recognition. However, it has been
demonstrated that there is no correlation between the predicted strength of the acceptor
splice site and the presence of enhancer sequences (lto et al., 2001). The significance of
putative enhancer sequences in exon 24 was evaluated using two 2OMeAOs designed .
to sites predicied to contain ESEs by the RESCUE-ESE program (Fairbrother et al.,
2002). Individual transfections with M2Z4A(+16+40) and M24A(+78+102) did not
appreciably increase the dogree of exon 24 skipping. Combinations of these 2'OMeAOs
and_lthc weakly effective M24D{+10-15) were then fested, based on the observation that
muilt'jp]e enhancer elements can synergistically increase the cfficiency of splicing
(Gra;fcly et al., 1998). Positive results have been observed in similar experiments for
exon 19 in the current study, and in a study which simultancously targeted the splice
sites of exan 51 (De Angelis et al., 2002). Consistent with these findings, the
cambim;tinn of M24A{+16+40) with either M24A(+78+102) or M24D{(+1G-15) or both
resulted in a precise and much more abundant exon 24-skipped product. This lends
further support to the observation that sume exons may require the obstruction of
more then one splicing motif 1o sugment their efficient removal from the final
transcript, similar to the results from the 20MeAQ targeting of exon 20. Furthermore,
non-specific exon removal was again observed following transfection with an
ESE-directed 20OMeAO. In this case, the skipping of exon 24 induced by
M24A{+16+40) was associated with the co-skipping of exon 22. This, in addition to the
results of targeting the ESE of cxon 20 and the results reported by Aarstma-Rus
and collcagues (2002), highlights the potentinl of exon-internal 20MeAOs to induce
non-specific effects. .
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7.54 Multiple exon skipping

To assess the possibility of skipping multiple adjacent exons, such as is seen in
naturally pceurring reveriant fibres, the most effective 2'0MeAQs for inducing skipping
of exons 19 to 25, nine in total, were co-transfected into H-2K mdx cefls. Two
2'OMeAOs were targeted against both exons 20 and 24 to improve the skipping
cfficiency of these (w0 recalcitrant exons. Despite the inevitable cell death associated
with high transfection concentrations in the two conditions, efficient and specific
skipping of exons 19 to 25 was induced. This would result in an in-frame transeript,
resembling a rare, previously characterised, natorally cccurring revertant transcript
(Lu <t al., 2000; Wilton ct al,, 1997), and thus in a shortened but presumably functional
dystraphin. The use of 2'0MeAOs to deliberately induce the skipping of multiple exons
and produce an in-frame transcript has not been previously reported. Tt is not known
whether the induced skipping was due only to the fact that a crucial splicing motif for
each exen was blocked, or if it was in combination with a low level naturally occurring
process (such as alternative splicing) favouring the formation of a revertant fibre,

Findings which appear to support the latier mechanism were reported by
Aarstma-Rus and colleagues (2002). In this study, altemative products, comesponding
to the skipping of between two and six exons, were observed in untreated primary
human muscle cells. Simitarly, a subsequent study reported the identification of shorter
fragments corresponding to spontaneous skipping of a single exon from the untreated
cells of three different DMD patients (Aarstma-Rus et al., 2003). In all but ene case, the
resulting transcript would be in-frame, perhaps indicating that these transcripts were
responsible for populations of revertant fibres. These observations are not surprising
considering that revertant fibres are estimated (o be present in the muscle of up to 50%
of DMD patients (Klein et al., 1992; Uchino et al., 1995). The ESE-directed 20MeAOs
targeting these cells appeared to enhance this naturally occurring altesnative splicing
process, such that the skipped product (revertant-like transcript) was much more
abundant. This occurred whether or not the exon targeted by the 2’0OMeAQO was the
same exon naturally skipped in the untreated cells. These results are encouraging,
particularly since the majority of enhanced alternative transcripts were in-frame,

One concem with any gene therapy approach is that the introduction of a gene
product previously absent in a tissue may result in an immune response to that product.

The lack of at Jeast a few exons in revertant dystrophins suggests that resteration of
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full-length dystraphin (ie. with chimeraplasts), or the intreduction of full-length
dystrophin by a vecter, could bs hampered by immunogenic responses (Lu et al., 2000).
Many dystrophic individuals will not have been exposed to dystrophin previously and
may perceive it as a neoantigen (Femer t al,, 2000). The extent of this immunogenicity
is unclear. Immune responses were not observed following the transfer of full-length or
minidystrophin constructs in mdx mice by one group (Ferrer et al., 2000), but have been
observed following the introduction of full length dystrophin by gene transfer into mdx
mice in another siudy (Ohtsuka et al., 1998).

An approach which increases the frequency of revertant-like fibres may avoid
the possibility of triggering an immune response. It has been suggested that 2 panel of
functional wansgenes could be designed, based on commonly encountered revertant
isoforms (Lu ¢t al., 2000). In order to avoid an immune respanse, it is likely that this
process would have to be applied on an individual basis, as the exon skipping required
to mimic a naturatly occurring revertant transcript would vary between patients. This
may not always equae to the minimum number of exons required to restore the reading
frame.




" Chapter 8 - Conclusions

Chapter 8 - Conelusions and Future Directions

" - 8.1 Overview

Antisense oligonucleotides were initially investigated as sequence-specific
downregulators of gene expression (Weiss, Davidkova & Zhou, 1999). In subsequent
' studies, chemically modified versions of these molecules have demonstrated the sbility
to restorc the expression of genes inactivated by aberrant splicing (ie. cryptic splice site
activation) mutations (Dominski & Kale, 1993; Sierakowska et al.,, 1996). More
relevant to potential DMD therapics, 20MeAQ-induced modulation of pre-mRNA
splicing has been applied to the dystrophin gene 1o either restore the reading frame in
the case of frame-shifting deletions (Aartsma-Rus et al., 2002, 2003; De Angelis et al,,
2002; van Deutekom et al., 2001), or to target the discase-causing exons for removal
from the final message (Mann et al., 2002; Wilton et al., 1999). Tn this manner, the
induced transcript could be translated into & shorter, but presumably semi-functional,

dystrophin. :
At the commencement of this project, previous studies had targeted either the

splice sites or an ESE but none had compared these regions within the same exon or

" . across species. Therefore, the principal aim of this study was to identify the region(s) of

the dystrophin pre-mRNA most amenable to specific and efficient 20MeAQ-induced
exon skipping. An additional aim was to apply the knowledge gained to induce multiple
exon skipping 1o mimic a naturally occurring revertant transeript. We report varying
cfficiency of 2’0MeAO-induced removal of single and mu]tlp]e exons of the dystrophin
gene by targeting a variety of splicing motifs.

8.2 Target selection

It has been suggested that targeting ESEs'Enhyjcsulf in fnore's'bccilﬁé exon
skipping than targeting splice sites (van Deutekom et al., 2001). In the current study, the
ESEs of several crons were targeted, with mixed results. The results of targeting exon
19 appeared to agree with this suggestion, as efficient and specific skipping was
induced by 20MeAOs dirccted at ESEs, Conversely, targeting the ESEs of exons 20
and 24 resulted in non-specific antisense activity, such as the activation of a cryptic

splice sites and the non-specific removal of an additional exan. Non-specific skipping
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and splicing aberrations induced by targeting intra-cxanic sequences have since been
reported in other studies (Aartsma-Rus et al., 2002, 2003). These effects may be related
to the 2'0OMeAO target, or could be attributable to the order of splicing of these exons,
stich that if one exon is skipped, important sigrals contributing to the inclusion of the
preceding exon are removed. A similar intimate relationship has been suggested to exist
between exons 22 and 23 (Mann et o)., 2001), Furthermore, even though targeting the
ESE of exon 19 resulted in highly efficient skipping, this was not applicable to all exons
investigated in this study. Targeting the ESE of exon 46 resulted in very inefficient
skipping, and two ESE-directed 2’0MeAQs wére required to induce the skipping of
both exons 20 and 24. This also reflects the increased degree of difficulty in inducing
the skipping of some exons compared to others,

In contrast to some of the results from exon skipping induced by ESE-directed
2'0MeAOs, highly specific and efficient skipping has been observed when targeting
splice sites. The level of skipping induced by targeting the denor splice site of exon 19
was only marginally less efficient than that induced by targeting the ESE. The donor
splice sites of exons 21, 22 and 25 also proved amenable to 2'0OMeAO-induced exon
skipping, with varying degrees of efficiency from moderate to very high. In contrast,
targeting of the donor splice sites of exons 20 and 24 resulted in only very inefficient
skipping, and no detectable skipping of exon 46 was observed when a 20MeAO was
directed to this motif. Specificity of exon removal, however, was constant between
exons, as targeting of the donor splice site was never associated with aberrant splicing
of the exons evaluated in this study. The acceptor splice sitc was also targeted in exon
19, resulting in skipping which was only marginally less efficient than that induced by
targeting the donar splice site. However, targeting the acceptor splice sites of exons 24
and 46 resulted in very inefficient skipping. The acceptor splice site was not assessed in
the other exons as RNA binding assays predicied these sites to be relatively
inaccessible. Since there was not always a correlation between strong binding and
efficient exon skipping, future studies could re-examine these acceptor splice sites as
potential targets, Although not observed in this study, targeting of the acceptor splice
site has been reported to induce the co-skipping of exons (Mann ¢t al., 2001). Thus the
specificity of exon removal does not appear 1o be a function of target acquisition but
rather reflects the exon properties and position in the gene transcript relative to adjacent

€X0Ns.
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he’ iﬁcf&_ased eificiency of exons 19, 20 and 24 skipping induced by

: é{)m iriations of 2'0MeAQs suggests that targeting a combination of splicing motifs can
ni'l:iﬂ::v.e the efﬁéicucy of skipping. Similar results were reported in a study which
imultancously targeted the splice sites of exon 51 (De Angelis et al,, 2002). It is also
o lil:ély that muliiple enhancer elements can additively increase the efficiency of splicing
" (Gravely, Hertel & Maniatis, 1998), Fuﬁ.hcrmore. the necessity of targeting more than
ane site to achieve efficient skipping of exons 20 and 24 lends further support to the
observation that some exons may requiré the obstruction of more than one splicing
" motif to augment their efficient removal from the final transcript. This agrees with the
suggestion that the significance of various splicing motifs and enhancers to exon
inclusion varies between exons {Ito et al., 2001). /
)

- 8.3 Future directions

The final aspects of this project sought to apply the knnwledge gained regarding
target selection to assess the possibility of multiple exon removal. Due to time
constrainsts the evaluation of possible targets was not exhaustive, and further testing of
the acceptor splice site or regions predicted to contain ESE-like motifs may determine
the location of targets more amenable to 2’0MeAO-induced skipping. Nevertheless, the
ultimate goal of skipping exons 19 to 25 was achieved, thus demonstrating the
feasibility of this approach in modulating splicing patterns to mimic a naturally
obcurring revertant transcript. These results are very encouraging, particularly as the
fnitial atternpt was successful and the multiple exon removal appeared 1o be very
efficient in that there were no other products of intermediate splicing. In addition, this
approach has the potential to avoid triggering an immune response such as that seen
folluwing the introduction of full-length dystrophin into previously dystrophin-deficient

 tissues (Lu ct al., 2000; Ohtsuka et al., 1998). In a therapeutic setting, cach mutation
would have to be cvaluated on an individual basis, as the exon removal required to
mimic a naturally occurring revertant transcript would vary between patients. Exon
mapping has demonstrated that the most common revertant fibres arise from the
' skipping of 10 or more exons (Lu et al., 2000); thus the minimum number of skipped
exons required to mirmic an already occurring revertant fibre in a given cell population
mny not always be the same as the minimum number of exons required to restore the
feadihg frame. Further in vitro studies'will be required to evaluate the skipping of other
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combinations of exons to achieve a variety of revertant-type transcripts, as the exons
skipped in the cumment study would only be applicable to patients with mutations in
exons 19 - 25. This would result in the development of a range of 2’0MeAQOs which
_ oduld be a_dministered in various combinations (“cocktails') to treat many different
mutations. [ vive studies will also need to be underiaken to verify that the shortened
*- dyswrophin is functional and non-immunogenic.

One limitation of this approach is that while transfection with the combination
of 20MeAOs resuited in very efficient and specific skipping, it was also associated
with 8 moderately high level of cell death. Further studies could assess the possibility of
- achteving the same multiple exon skipping using only selected 2'0MeAOs, particularly
since the splicing of some exons appeared to be linked. This would reduce the total
" concentration required for transfection. One promising study has recently reported the
dcveltipment of two 2'OMeAQs which can skip multiple exons. In this novel approach,
the twe 2OMeADs, joined by a ten base uracil linker, are directed simultancously at
splicing motifs within the first and Jast exons of the multiple exon segment to be
removed {Aarstma-Rus et al,, 2004). Such an approach would minimise the number of
2'OMeAOs required and thus reduce the toxicity associated with the delivery of
multiple 20MeAQs. Further studies will be required to determine the maximum
. number of exons which can be skipped using this technique.

The current study employed 2'0MeAOs, which are modifted for increased

_ stability and resistance 1o nuclease degradation (Altmann et al., 1998; Lavrovsky et al.,
1997; Dias & Stein, 2002; Seeberger & Caruthers, 1998). One concern, however, is that

" the phaspherothicate backbone medification may incite toxic or nonspecific effects in

vive {Agrawal, 1999). Further modifications of antisense oligonucleotides may yield

. . improvements in sequence-specificity, nuclease resistance and cellular uptake (van

Deutekom & van Ommen, 2003), The development of several relatively new and
promising chemical modifications, including locked nucleic acids, peptide nucleic acids
(Sazani et al., 2002) and morpholino antisense oligonucleotides (Gebski, Mann,
Fletcher & Wilton, 2003; Sazani et al., 2002) is ongoing.

Even when antisense oligonucleotide chemistries, pre-mRNA target selection
and transfection conditions have been optimised, delivery of the therapeutic molecule{s)
to alt dystrophin deﬁciem tissues will remain a major challetige to this form of genetic

_ therapy. Skeletal muscle is the most obvious taréet. but as most DMD patients dic as a
'n_-.su[l of cardiac or respiralory complications, and some suffer from a degree of mental
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<.+ impairment (Emery, 2002), it is crucial that the other affected {issues are also treated.
" Inteaperitoneal injection of morpholine oligonucleotides and PNAs has demonstrated
upmke and activity in muscle and heart tissue (Sazani et al., 2002). However, becanse
 the blood-brain barrier prevents access of oligonucteotides to the cortex {Sazani et al.,
2002), delivery to the brain will be particularly challenging. Persistence of the

* therapeutic molecule is also an issue, as it is not known how long a revertant-type

' dystrophin will persist or whether it will accumulate over time, and therefore how often
fcpcr.iti\re administration will be required. Although repeated intramuscular injections of
2'0MeAOs into mdx mice can result in the persistent production of the dystrophin
protein and an improvement in muscle function (Lu et al., 2003), a less invasive and

. impractical methed capable of delivery to all affected tissues will be required. As long
as a suitable means for the administration of antisense oligonucleotides. can be

developed, reading frame comection by these molecules represents o promising

- therapeutic approach for many DMD patients, -

S84 Summiry

“The complexity of thé dystrophin gene s;nd its pr.olein have béen:"a major

-'clwl_lcnge_'_ to those seeking to find a successful therapj for DMD. Reports of the

@ccé'ssful reading-frame restoration in the primary cells of DMD patients are starting to
emerge (Aarstma-Rus £t al., 2002, 2003; De Angelis et al., 2002), increasing optimism
" for an antisense oligonucleotide therapy based on re-directing gene transcript
" processing, However, lack of efficiency and delivery represent major obstacles to be
' overcome before clinical success is atained. In addition, this approach could only
benefit those patients whose particular dystrophin gene mutation can be by-passed with
specific exon skipping combinations which do not involve essential functional domains.
The focus of the present study was to determine the best targets for the 2’0MeAO-
induced removal of ceniain individual exons. The results presented suggest that the

sensitivity of either acceptor, donor or ESE splicing motifs to modulation by
2'0MeAOs is unique to the exon selected for removal and less dependent on the
targeled sites. Therefore, there does not appear to be one sp&ciﬁc splicing motif that can
- be universally targeted. Each mutation may have to be treated individually, assessing

.,

the best metifs on an exon to exon basis.

.
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