Mechanism of Action of GGA, a Targeted Oligonucleotide Enhancer of

Splicing Developed for the Treatment of Spinal Muscular Atrophy

Thesis submitted for the degree of
Doctor of Philosophy

at the University of Leicester

Rachel Leeanna Dickinson BSc (Hons)
Department of Biochemistry

University of Leicester

July 2013



ABSTRACT

ABSTRACT

Mechanism of Action of GGA, a Targeted Oligonucleotide Enhancer of Splicing

Developed for the Treatment of Spinal Muscular Atrophy — Rachel Leeanna Dickinson

Spinal muscular atrophy is the leading genetic cause of infant death, and much
research has gone into the development of potential therapies for the disease. It is
caused by a loss of the SMN1 gene. However, patients have the SMN2 gene, which
contains a few silent mutations causing the skipping of exon 7 during splicing. One of
the most promising therapeutic strategies involves the use of antisense
oligonucleotides to rescue the splicing of SMN2 exon 7, allowing for production of full
length SMIN protein. One successful antisense oligonucleotide strategy involves the use
of a bifunctional targeted oligonucleotide enhancer of splicing (TOES) (Skordis et al.,
2003). This oligonucleotide, named GGA, consists of an annealing region that targets it
to SMN2 exon 7 and a non-annealed enhancer tail domain, designed to recruit
activator proteins and stimulate inclusion of exon 7. However, the precise mechanism
by which GGA induces exon 7 inclusion was not fully understood at the time of design.
This study has focused on investigation of the mechanism of action of GGA, in order to
improve the therapeutic potential for GGA and future TOES. GGA was found to bind
directly to SRSF1, an activator protein, via its enhancer tail domain. The tail domain
forms a G-quadruplex structure in vitro (Smith et al., manuscript submitted). The
presence of this structure in nuclear extracts was confirmed, and the enhancer domain
was found to bind the G-quadruplex associated proteins CNBP and nucleolin.
Stabilization of this structure using ligands reduced the efficacy of GGA, indicating that
GGA does not form a G-quadruplex when it is actively stimulating SMN2 exon 7
inclusion. Single molecule methods revealed that the annealing domain of GGA, which
anneals over an exonic splicing silencer shown to bind hnRNP A1 and/or Sam68
(Kashima et al., 2007; Pedrotti et al., 2010), reduces the number of Sam68 proteins
bound per SMN2 RNA. These findings are consistent with the fact that the annealing
region of GGA promotes U2AF65 binding and the enhancer tail domain promotes U2

snRNP binding to SMN2 transcripts (Smith et al., manuscript submitted; Smith, 2012).
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INTRODUCTION

Spinal muscular atrophy (SMA) is the leading genetic cause of death of infants and
involves the loss of the SMN1 gene (Pearn, 1980; Lunn & Wang, 2008; Feldkoétter et al.,
2002). Due to evolutionary good-fortune, SMA patients have at least one copy of a
very similar gene, SMN2, which only differs by a few translationally silent mutations.
However, these mutations, especially a C to T transition at position 6 in exon 7 (C6T),
cause SMN2 to exclude exon 7 during splicing in 90% of transcripts, leading to the
production of a truncated SMN protein that is rapidly degraded (Monani et al., 1999;
Lorson et al., 1999; Le et al., 2000; Cartegni et al., 2006; Lorson et al., 1998). This
mutation disrupts an exonic splicing enhancer known to bind SRSF1 and creates an
exonic splicing silencer, which has been shown to bind hnRNP Al and/or Sam68
(Lorson et al., 1999; Monani et al., 1999; Cartegni & Krainer, 2002; Cartegni et al.,
2006; Kashima & Manley, 2003; Kashima et al., 2007; Pedrotti et al., 2010). Various
therapeutic strategies have been developed to restore SMN2 exon 7 inclusion (Section
1.3.2). One strategy involves a bifunctional targeted oligonucleotide enhancer of
splicing (TOES) named GGA, which was designed to anneal from position 2-16 on
SMN2 exon 7 and recruit activator proteins with an enhancer tail extending from
position 16 (AGGAGGACGGAGGACGGAGGACA) (Skordis et al., 2003). This sequence
has been successful in stimulating SMN2 exon 7 inclusion both in vitro and in vivo
(Skordis et al., 2003; Meyer et al., 2009). However, the precise mechanism of action of
this oligonucleotide was not proven. The purpose of this study was to investigate the
exact way in which GGA is able to restore SMN2 exon 7 inclusion, as this knowledge
would improve the therapeutic appeal of TOES and provide further insights into how

enhancer sequences in general function.



INTRODUCTION

1.1 Alternative Pre-mRNA Splicing

Historically, the view on gene expression was much simpler than today: one gene, one
protein. Then in the 1970’s RNA splicing was discovered, which led to a whole field of
research, ultimately revealing a much more complex system where one gene is
capable of producing many different messenger RNAs (mRNAs) and therefore many
different protein isoforms (Sharp, 2005; Berget et al., 1977; Chow et al., 1977). Pre-
mRNAs contain varying numbers of sequences known as exons and introns. Splicing
involves the removal of introns and joining together of exons to produce mRNA for
translation. Many pre-mRNA transcripts have the ability to be spliced in multiple
different patterns. This process of producing multiple uniqgue mRNAs from one pre-
mMRNA is called alternative splicing. Levels of alternative splicing and splicing in general
vary widely between different organisms, where higher levels of alternative splicing
are typically associated with higher levels of organism complexity (Schad et al., 2011).
For example, alternative splicing has provided a reassuring explanation for how a
simple water flea (Daphnia pulex) could have about 31,000 genes (Colbourne et al.,
2011), while humans have only around 21,000 (Harrow et al., 2012). Over the years,
the estimated number of human genes that are alternatively spliced has continued to
increase. Currently it is thought that around 94% of human genes are alternatively
spliced, clearly indicating the prevalence and significance of this amazing process

(Wang et al., 2008; Pan et al., 2008).

As with any other important biological process, alternative splicing involves a large
amount of regulation. However, the full extent and the precise mechanisms of

regulation are still not entirely understood (Roca et al., 2013). In addition to many



INTRODUCTION

regulatory proteins, which bind to the pre-mRNA or are associated with proteins that
do, there are other factors that influence splicing patterns. For example, as the splicing
process begins while the pre-mRNA is still being transcribed, the rate of transcription
can affect the pattern of splicing (Eperon et al., 1988; Roberts et al., 1998; Kornblihtt et
al., 2004; Dujardin et al., 2013). Therefore, chromatin structure, which can cause
pausing of the RNA polymerase, can also influence splicing (Schwartz et al., 2009;
Kolasinska-Zwierz et al., 2009; Andersson et al., 2009; Spies et al., 2009). Organisms
make the most of this dynamic system, using the regulation of alternative splicing to
produce different protein isoforms at different stages of development, in different
tissue and cell types, and in response to various external stimuli or to alterations in
cellular status (Boutz et al., 2007; Yeo et al., 2004; Stamm, 2002; Shin & Manley, 2004;

McGlincy et al., 2012).
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1.1.1 Basic Splicing Machinery and Mechanism

Pre-mRNA splicing is carried out by the spliceosome, a complex catalytic machine
composed of five core uridine-rich small nuclear ribonucleoproteins (snRNPs) along
with around 170 other associated proteins (Wahl et al., 2009). Unlike other cellular
machines, such as the ribosome, which are mostly pre-assembled for duty, the
spliceosome must be re-assembled on the pre-mRNA for each splicing event. Although
spliceosome assembly is a dynamic process, scientists have been able to study its
progression using various methods to stall the spliceosome at different stages for

analysis.

The spliceosome is responsible for identifying the exons and introns in the pre-mRNA
and catalyzing the excision of the intronic sequences via two sequential
transesterification reactions (Moore & Sharp, 1993). There are three key sequence
elements, which are involved in the transesterification reactions: the 5’ splice site
(5’ss), characterized by a conserved GU dinucleotide at the 5’ exon/intron boundary;
the 3’ splice site (3’ss), characterized by a conserved AG at the 3’ intron/exon
boundary; and the branch point sequence found in the intron, characterized by a
conserved adenosine (Staley & Guthrie, 1998). In the first transesterification reaction,
the 2’ OH group of the branch point adenosine performs a nucleophilic attack on
phosphate group at the 5’ss, resulting in the formation of an intronic lariat
intermediate and release of the 5’ exon (Figure 1.1). Subsequently, the newly
generated 2’ OH group at the 5’ss attacks the 3’ss, resulting in fusion of the two exons
and release of the intronic lariat (Figure 1.1) (Staley & Guthrie, 1998; Grabowski et al.,

1984; Ruskin et al., 1984; Konarska et al., 1985).
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Figure removed for copyright reasons.
Please see hard copy version of this thesis
or reference(s) below for the image.

Figure 1.1: Diagram of the transesterification reactions involved in pre-mRNA
splicing. (Staley & Guthrie, 1998)

The first transesterification reaction involves nucleophilic attack of the 2'OH of the
branch point adenosine on the phosphodiester bond at the 5’ss, generating the intron
lariat. Subsequently, the 5’ss joins the 3’ss in a similar reaction, releasing the lariat.

The spliceosome utilizes five uridine-rich snRNPs (U snRNPs), in addition to many
auxiliary factors, to locate and facilitate the two transesterification reactions necessary
for each splicing event. These U snRNPs are made up of structured snRNAs bound to a
circular core of seven Sm, or Sm-like in the case of U6, proteins as well as various other
RNPs associated with each specific U snRNP (Figure 1.2) (Hermann et al., 1995; Raker
et al., 1996; Mayes et al., 1999; Kiss, 2004). These U snRNPs do not have pre-formed
active sites, and they must work together to identify the correct splicing sequences,

often across vast expanses of intronic sequence, and bring them close enough together



INTRODUCTION

to catalyze the transesterification reactions (Hong et al., 2006). This dynamic process
involves many factors in addition to the core U snRNPs, which influence splice site
selection and aid in the necessary rearrangements of the U snRNPs to create a
functional spliceosome (Wahl et al., 2009). Although spliceosome assembly and
disassembly in reality should be viewed as a continuous and fluid process, in order to
understand the natural progression of this amazing process, several spliceosomal
complexes have been elucidated using various techniques to stall spliceosome

assembly at different stages (Figure 1.3).

Figure removed for copyright reasons.
Please see hard copy version of this thesis
or reference(s) below for the image.

Figure 1.2: U1 snRNP as an example of snRNP structure

(A) Diagram of U1 snRNP showing the U1 snRNA with its associated proteins, U1A,
U1C, and U1 70K as well as the core ring of proteins common to most U snRNPs. (B)
Ribbon diagram of the core sm proteins common to all of the major U snRNPs, except
U6. (Stark et al., 2001; Mura et al., 2001; Zieve & Khusial, 2003)
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Figure removed for copyright reasons.
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Figure 1.3: Spliceosome Assembly (Wahl et al., 2009)

This diagram shows the stepwise progression of spliceosome assembly through various
complexes that have been identified experimentally, focusing on the key interactions
of the U1 snRNPs.

The early spliceosomal complex, complex E, is characterized by the ATP-independent
binding of the U1 snRNP to the 5’ss through base pairing, which is stabilized by the
binding of additional factors, such as SR proteins (Reed, 1990; Wassarman & Steitz,
1992; Gérnemann et al., 2005; Huranova et al., 2010; Wahl et al., 2009). The 3’ss is
also identified in complex E by the binding of U2 auxiliary factor (U2AF), which is
composed of two subunits: U2AF65, which recognizes the polypyrimidine tract (PPT)
near the 3’ss, and U2AF35, which recognizes the AG dinucleotide of the 3’ss (Figure
1.4) (Kramer & Utans, 1991; Gaur et al., 1995; Rudner et al., 1998; Graveley et al.,
2001). Additionally, the branch point sequence (BPS) is bound by SF1, also known as

branch point binding protein (BBP) (Kramer & Utans, 1991; Berglund et al., 1998). The
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U2 snRNP has been found to be weakly associated through protein-protein
interactions in complex E, but it does not become fully engaged, replacing SF1 binding
at the BPS, until the progression to the ATP-dependent complex A (Figure 1.4) (Hong et
al., 1997; Wahl et al., 2009). This base-pairing interaction of the U2 snRNP to the BPS is
stabilized by SF3a and SF3b, which are associated with the U2 snRNP, as well as by the

serine-arginine rich domain (RS domain) of U2AF65 (Hastings & Krainer, 2001).

Figure removed for copyright reasons.
Please see hard copy version of this thesis
or reference(s) below for the image.

Figure 1.4: Key Interactions of Complexes E and A (Hastings & Krainer, 2001)
Initially, the 5’ss and 3’ss are recognized by the U1 snRNP and U2AF respectively.
Although the U2 snRNP has been found to be associated with some E complexes, it
does not base-pair to the branch point sequence until A complex.
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Progression to complex B involves the recruitment of the tri-snRNP consisting of U4
and U6 snRNPs, which base pair together, and the U5 snRNP (Bringmann et al., 1984;
Hashimoto & Steitz, 1984; Rinke et al., 1985; Wahl et al., 2009). The U6 snRNP then
breaks its connection with the U4 snRNP and replaces the U1 snRNP base pairing at the
5’ss, with the help of several auxiliary factors (Figure 1.3) (Maroney et al., 2000). Also,
the U6 snRNP forms base pairs with the U2 snRNP, and together with the U5 snRNP
forms the catalytically active B* complex (Madhani & Guthrie, 1992; Fortner et al.,
1994; Wahl et al., 2009). The first transesterification reaction between the branch
point adenosine and the 5’ss can then occur, progressing assembly to complex C.
Further rearrangements of the catalytic center formed by the U2, U6 and U5 snRNPs
are necessary prior to the final transesterification reaction, which joins the 5’ and 3’

splice sites and releases the intron lariat (Figure 1.3) (Wahl et al., 2009).

It is worth mentioning that a minor spliceosome also exists, which functions in a similar
way to the major spliceosome, but utilizes slightly different U snRNPs and is
responsible for splicing a very small set of different introns (Turunen et al., 2013). The
U5 snRNP is used in both the major and minor spliceosomes; however, in the minor
spliceosome, the U1, U2, U4 and U6 snRNPs are replaced by the U11, U12, U4atac and
U6atac snRNPs respectively (Schneider et al., 2002; Will & Liihrmann, 2005; Turunen et

al., 2013).

As spliceosome assembly is such a dynamic process, which is repeated for every
splicing event, it is subject to a large amount of regulation, especially in the early

stages of assembly. These key properties of flexibility, complexity and susceptibility to

10
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regulation allow splicing patterns to be altered by a wide range of different

circumstances.

1.1.2 Regulation of Splicing

Although pre-mRNAs contain key splicing sequences (5’ss, 3’ss, BPS, and PPT), which
are recognized by core splicing components, these interactions alone are not sufficient
for splice site selection. There are many cis-acting elements, which work together with
the core splicing components to promote or discourage the use of splice sites, both
constitutive and alternative. Additionally, splice site selection can be affected by
various circumstances, including exon and intron length, previous splicing events, pre-
mMRNA secondary structure, chromatin structure and modifications, and the rate of
transcription of the pre-mRNA. All of these factors combine to determine which splice

sites will be used and with what frequency.

1.1.2.1 Regulatory Proteins and Sequences

Traditional predictions of splice site usage based solely on the sequence strength of
the key splicing elements have not proven to be very accurate (Roca et al., 2013). This
is partially because these predictions ignored the wealth of regulatory sequences
throughout the pre-mRNA, which can have profound effects on splice site selection.
These sequences can be grouped into four main categories based upon their location
and behaviour. Sequences that promote splice site usage by recruiting activator
proteins are known as enhancers. They are found most often in exons (exonic splicing
enhancers — ESEs), but in some cases are also found in introns (intronic splicing

enhancers — ISEs). Conversely, sequences that recruit repressor proteins and inhibit

11
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splice site usage are typically found in introns (intronic splicing silencers —1SSs) and,
less frequently, in exons (exonic splicing silencers — ESSs) (Zhang & Chasin, 2004). ESEs
have been found to be enriched in exons with weak splice sites (Fairbrother et al.,
2002). Interestingly, intronic sequences are much more conserved around alternatively
used exons when compared to constitutive exons, suggesting that intronic regulatory
elements are important for alternative splicing (Sorek & Ast, 2003). Unfortunately,
large-scale identification and prediction of intronic regulatory elements is still rather

lacking in comparison to that of exonic regulatory elements.

Much research has gone into identifying the activator and repressor proteins that bind
these cis-regulatory elements and into determining the mechanisms by which they
influence splice site selection. The most prevalent and well-studied group of activator
proteins are the serine/arginine-rich proteins (SR proteins), and they often work
antagonistically with the most common group of repressor proteins, heterogeneous
nuclear ribonucleoproteins (hnRNPs) (Eperon et al., 2000; Zhu et al., 2001; Expert-
Bezancon et al., 2004; Okunola & Kraine, 2009). However, there are also other
important regulatory proteins in addition to SR proteins and hnRNPs, such as TIA-1,

Sam68, and the FOX and NOVA proteins (Chen & Manley, 2009).

SR proteins are characterized by C-terminal serine/arginine-rich domains (RS domains)
and one to two N-terminal RNA recognition motifs (RRMs) (Long & Caceres, 2009). In
addition to splicing, they have been found to be involved with a wide range of cellular
processes related to gene expression, including RNA transport, nonsense-mediated

decay (NMD), translation and potentially transcriptional elongation (Zhong et al.,

12
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2009). SR proteins have been shown to have several roles in splice site selection,
especially for exons with weak splice sites. Stabilization of U2AF35 binding to the 3’ss
via interaction of the RS domains of both U2AF35 and the SR protein is one important
mechanism, especially when the polypyrimidine tract is weak (Lavigueur et al., 1993;
Tian & Maniatis, 1993; Wu & Maniatis, 1993; Staknis & Reed, 1994; Wang et al., 1995).
Additionally, SR proteins have been shown to promote U1 snRNP binding, thus
influencing 5’ss selection (Eperon et al., 1993; Tarn & Steitz, 1994; Zahler & Roth,
1995). Studies on the well-known SR protein SRSF1 indicate that this interaction is
likely to be mediated by the RRM domains of the U1 snRNP associated protein U1 70K
and that of the SR protein (Eperon et al., 2000; Cho et al., 2011; Roca et al., 2013). The
ability of the RRM domain to participate in this interaction is regulated by
phosphorylation of its RS domain, where hypophosphorylation leads to inhibitory
binding of the RRM domain by the RS domain (Cho et al., 2011). SR proteins have also
been shown to play a role in later spliceosome assembly via direct contacts between
the RS domain and RNA duplexes formed between either the U2 snRNA and the BPS or
the U6 snRNA and the 5’ss (Shen & Green, 2006; Shen et al., 2004). SR proteins are

important not only for alternative splicing but also for constitutive splicing events.

HNnRNPs are a relatively diverse group of RNA-binding proteins involved in nucleic acid
metabolism. In addition to their role in the regulation of splicing, they have also been
shown to be involved in transcription, mRNA trafficking and the regulation of
translation (Han et al., 2010). HnRNPs contain RRM domains and a variety of auxiliary
domains, such as the glycine-rich RGG domain. Their role in the regulation of splicing is

typically an inhibitory one, which is achieved in two main ways. The first involves

13
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stabilization of U1 snRNP binding to such an extent that it halts the progression of
spliceosome assembly at A complex. This mode of action has been observed for
polypyrimidine tract binding protein (PTB), also known as hnRNP | (Sharma et al.,
2011). The second mechanism of inhibition involves the use of steric hindrance, either
by physically blocking the binding of other splicing factors (Tange et al., 2001; Sauliére
et al., 2006; Spellman & Smith, 2006; De Araujo et al., 2009) or by looping out sections
of RNA (Damgaard et al., 2002; Nasim et al., 2002; Sharma et al., 2005). Cooperative
binding of multiple units of the same hnRNP protein has been observed in some of
these cases and helps to facilitate this type of repression (Eperon et al., 2000; Zhu et
al., 2001; Spellman & Smith, 2006; Kashima et al., 2007). Of course there are
exceptions to any rule, and there have been a few cases where hnRNPs have had a
positive effect on splicing. For example, hnRNP H is known to stimulate exon inclusion
when bound to ISEs (Chou et al., 1999; Han et al., 2005). The absolute and relative
concentrations of regulatory factors such as hnRNPs and SR proteins are very
important in splice site selection and, therefore, the control of alternative splicing

(Mayeda et al., 1993; Zahler et al., 2004).

1.1.2.2 5’ Splice Site Recognition

In the early stages of spliceosome assembly, the 5’ss is recognized through base
pairing to U1 snRNP. Initially, this interaction was thought to be the main mode of
selection, indicating that superior complementarity to U1 snRNP would lead to use of a
particular splice site (Lerner et al., 1980; Rogers & Wall, 1980). However, it soon
became clear that many other sequences and splicing factors were involved in 5’ss

selection, allowing for the use of ‘weaker’ 5’ splice sites in addition to or in lieu of
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‘stronger’ ones (Treisman et al., 1983; Wieringa et al., 1983). In fact, it has recently
been found that there are over 9,000 5’ss variants in the human genome, and their
recognition can be aided by the bulging out of nucleotides to create greater
complementary to the U1 snRNP (Roca et al., 2012). In addition to the base pairing of
U1 snRNA to the 5'ss, interaction of the U1 snRNP-associated U1C protein with the
highly conserved GU nucleotides of the 5’ss is also important for the recognition of the

5’ss by the U1 snRNP (Du & Rosbash, 2002; Pomeranz Krummel et al., 2009).

Although U1 snRNP binding is clearly not the only factor involved in 5’ss selection, it is
still typically very important. There have been a few cases, however, where U1 snRNA
binding to the 5’ss has not been necessary for recognition (Fukumura et al., 2009;
Raponi et al., 2009). For example, in the absence of funtional U1 snRNP, splice site
usage was recovered by increased concentrations of SR proteins (Crispino et al., 1994;
Tarn & Steitz, 1994). In this situation, 5’ss selection has been shown to correlate with
complementarity to the U6 snRNP, which replaces U1 binding at the 5’ss in the later
stages of spliceosome assembly and forms part of the catalytic core of the spliceosome

(Crispino & Sharp, 1995). However, these cases make up the exception, not the rule.

Other factors such as pre-mRNA secondary structure and regulatory proteins can
influence 5’ss usage. Recognition of 5’ss sequences by the U1 snRNP can be hindered
by secondary structures in pre-mRNAs, and there have been many examples of
secondary structures influencing alternative splicing events (Eperon et al., 1986;
Eperon et al., 1988; Solnick, 1985; Jin et al., 2011). Regulatory proteins, such as SR

proteins and hnRNPs, often affect 5’ss selection by either promoting or disrupting U1
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snRNP binding (Roca et al., 2013). ESEs and tethered RS domains mimicking SR protein-
bound ESEs, when located between alternative 5’ splice sites, have been found to
promote the usage of the intron-proximal 5’ss (Bourgeois et al., 1999; Gabut et al.,
2005; Spena et al., 2006; Wang et al., 2006; Erkelenz et al., 2013). Interestingly,
introduction of an ESE at the 5’ end of a construct containing two identical alternative
5’ splice sites resulted in promotion of the nearest site, which was the intron-distal site
(Lewis et al., 2012). Alternatively, the repressor proteins hnRNP Al has been shown to
influence 5’ss selection in favor of the intron-distal site by disruption of U1 snRNP
binding (Mayeda & Krainer, 1992; Mayeda et al., 1993; Yang et al., 1994; Eperon et al.,
2000). Positioning of the binding sites for these regulatory proteins is clearly important
and may explain why some activator proteins have been shown to act as repressors

and some repressors as activators (Erkelenz et al., 2013).

Interestingly, U1 snRNP binding at a particular 5’ss does not ensure usage of that site
by the spliceosome. This is clearly illustrated by a recent study in which single molecule
methods were employed to show that a single pre-mRNA containing two strong 5’
splice sites was bound by two U1 snRNPs under E complex conditions (ATP depletion)
and that only one remained under A complex conditions (Hodson et al., 2012). There
are several potential factors that could affect how splice site recognition by U1 snRNP
ultimately results in the use of a 5" splice site, including binding affinity, positional
effects and concentrations of U1 snRNP, as well as regulatory factors. Further research
is necessary to determine which mechanism(s) are responsible for the final

commitment to a particular 5’ss choice (Roca et al., 2013).
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1.1.2.3 3’ Splice Site Recognition

Recognition of the 3’ss involves three key pre-mRNA sequences: the polypyrimidine
tract (PPT) near the 3’ss, the branch point sequence (BPS) located just upstream of the
the polypyrimidine tract (PPT) and the well-conserved AG dinucleotide at the 3’ss
(Reed, 1989). The BPS is recognized by the SF1 protein, which is later displaced by the
U2 snRNP (Kramer & Utans, 1991; Berglund et al., 1998; Wahl et al., 2009). The PPT
and AG dinucleotide are recognized by the U2 snRNP auxiliary factor (U2AF), consisting
of a larger subunit U2AF65, which binds the PPT, and a smaller subunit U2AF35, which
recognizes the AG dinucleotide (Zamore & Green, 1989; Wu et al., 1999). These three
sequences are the key components for 3’ss recognition. As seen with the 5’ss (Section
1.1.2.2), sequence strengths and regulatory factors play an important role in 3’ss

selection.

Binding of the PPT by U2AF65 is typically the most important factor in 3’ss recognition.
U2AF65 binds preferentially to stretches of uridines with its first two RRM domains
(Singh et al., 1995; Banerjee et al., 2003; Banerjee et al., 2004), stabilizes SF1 binding
to the BPS with its third RRM (Selenko et al., 2003) and promotes U2 snRNP base-
pairing to the BPS via its RS domain (Valcarcel et al., 1996). However, U2AF65 binding
and U2 snRNP binding are not always directly linked (De Araujo et al., 2009). The BPS
and AG dinucleotide as well as enhancer sequences become more important when the
PPT is short and/or low in uridine content, causing weak binding of U2AF65 (Reed,
1989; Roecigno et al., 1993; Coolidge et al., 1997). For example, U2AF65 binding to
weak PPT sequences has been found to be dependent on U2AF35 binding and

enhancer sequences (Tian & Maniatis, 1993; Wang et al., 1995; Zuo & Maniatis, 1996;
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Henscheid et al., 2008). Additionally, shortening of a strong polypyrimidine tract can
make recognition by U2AF65 enhancer-dependent (Tian & Maniatis, 1992; Graveley &
Maniatis, 1998; Zhu & Krainer, 2000). Likewise, enhancement of U2AF65 binding was
found to allow for 3’ss recognition of previously enhancer-dependent sites in the
absence of the SR proteins that would typically be required for recognition (Tian &
Maniatis, 1994; Lorson & Androphy, 2000; Graveley et al., 2001). SR proteins are
generally considered to promote 3’ss recognition by stabilizing U2AF35 binding via the
RS domains of both the SR proteins and U2AF35 (Lavigueur et al., 1993; Tian &
Maniatis, 1993; Wu & Maniatis, 1993; Wang et al., 1995). U2AF65 binding would then
be promoted via its interaction with U2AF35 (Zamore & Green, 1989; Kielkopf et al.,
2001; Henscheid et al., 2008). Another potential role of SR proteins in 3’ss recognition
is to block the binding of various repressor proteins, such as hnRNP A1, Sam68 and
PTB, which have been shown to antagonize U2AF65 binding (Kan & Green, 1999;
Eperon et al., 2000; Sauliére et al., 2006; Paronetto et al., 2011; Tavanez et al., 2012).
Also, SR proteins have been shown to stabilize U2 snRNA base-pairing to the BPS via RS
domain contacts, similar to the way in which U2AF65 is thought to stabilize U2 snRNP
binding (Shen et al., 2004; Shen & Green, 2004). Interestingly, it has been found that a
strong BPS can be required to compensate for a weak PPT, while the BPS is not
required for recognition of a strong PPT (Reed, 1989; Smith et al., 1989; Coolidge et al.,
1997). This flexibility allows for a wide variety of PPT and BPS sequences to be
recognized and provides further ways in which regulatory proteins can alter splice site

choices (Mount, 1982; Shapiro & Senapathy, 1987).
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1.1.2.4 Exon Definition vs. Intron Definition

The ability of the spliceosome to so precisely define exons and introns is rather
amazing, considering the length and variation of the sequences involved. The length of
exons and introns can vary significantly between different organisms and even within a
single pre-mRNA. Humans and other higher eukaryotes tend to have longer introns
and shorter exons, while the opposite is observed for lower eukaryotes (Zhang, 1998;
Hawkins, 1988; Sakharkar et al., 2005). The relative length of introns and exons has
been shown to affect the way in which exons and introns are defined. When exons are
short and introns are long, the exons are mapped out first by the basic factors
recognizing the 5’ and 3’ splice sites (U1 snRNP, U2AF) and associated factors, such as
SR proteins (Figure 1.5) (Robberson et al., 1990; Berget, 1995; Fox-Walsh et al., 2005).
After ‘exon definition’ occurs, the splicing factors must still make the transition to
communication across the introns; however, this process is poorly understood at
present (De Conti et al., 2013). When introns are short, then communication of the
splicing factors can more easily occur across the intron in the first instance, a process
known as intron definition (Figure 1.5) (Lang & Spritz, 1983; Berget, 1995; Sterner et
al., 1996). Ultimately, the mechanism of splicing is the same in both cases. In fact, exon
and intron definition could both occur for different splicing events within the same

pre-mRNA.
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Figure removed for copyright reasons.
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Figure 1.5: Diagram of Exon and Intron Definition (De Conti et al., 2013)
Exon definition (top) is favored when introns are long, while intron definition (bottom)
is favored when introns are small.

1.1.2.5 Types of Alternative Splicing

Alternative splicing is an important process for proteome diversity, whereby individual
pre-mRNA transcripts are spliced in different patterns to create multiple unique
mRNAs. There are several different types of alternative splicing that can be employed
to create this diversity. Exon skipping is the most obvious type of alternative splicing,
which involves the complete omission of an exon and its flanking introns (Figure 1.6A).

This type of alternative splicing is common in higher eukaryotes, but rare in lower
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eukaryotes (Sugnet et al., 2004; Alekseyenko et al., 2007; Kim et al., 2007). In some
pre-mRNAs, sets of exons are used mutually exclusively (Figure 1.6E). This strategy is
quite useful for creating proteins with one particular type of variable domain. For
example, the Dscam pre-mRNA contains three cassettes of variable exons, which are
used mutually exclusively to produce thousands of different protein combinations,
with each final protein containing three variable Ig domains (Wojtowicz et al., 2007).
Some exons contain more than one potential 3’ or 5’ splice site. Alternative use of
these splice sites gives rise to two of the other main types of alternative splicing,
alternative 3’ss selection (Figure 1.6B) and 5’ss selection (Figure 1.6C). In some
alternative splicing cases, introns are retained in the final mRNA (Figure 1.6D). This
type of alternative splicing is rare in humans and higher eukaryotes, but is quite
common in lower eukaryotes where intron lengths tend to be shorter (Sugnet et al.,
2004; Alekseyenko et al., 2007; Kim et al., 2008). Other rare events include variable
promoters or polyadenylation sites at the extreme 5’ or 3’ ends of the pre-mRNA
(Figure 1.6F and G) and trans-splicing, which involves the joint splicing of two separate
RNA molecules (Suzuki et al., 2001; Beaudoing et al., 2000; Murphy et al., 1986;
Flouriot et al., 2002). All of these types of alternative splicing illustrate the flexibility of

the spliceosome and highlight its impressive role in creating diversity.
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Figure removed for copyright reasons.
Please see hard copy version of this thesis
or reference(s) below for the image.

Figure 1.6: Diagram of the Different Types of Alternative Splicing (Keren et al., 2010)
(A) Exon skipping — An entire exon with flanking intronic sequences is omitted by the
spliceosome. (B) Alternative 3’ splice site selection — Multiple 3’ splice sites within an
exon can be used to generate differently spliced products. (C) Alternative 5’ splice site
selection — Multiple 5’ splice sites within an exon can be chosen, resulting in
alternatively spliced products. (D) Intron retention — This form of alternative splicing is
common in lower eukaryotes, where intron lengths tend to be shorter. (E) Mutually
exclusive exons — A set of two or more exons that are included mutually exclusively
into the final MRNA. This type of alternative splicing can be used, for example, to
generate protein isoforms containing one particular variable domain. (F) Alternative
promoters — Multiple promoter sites allows for variation at the 5" end of the mRNA.
(G) Alternative polyadenylation — Alternative polyadenylation can be achieved as
depicted above with variable 3’ exons or by various other mechanism. The study of
polyadenylation is a field of research in itself.

22



INTRODUCTION

1.2 Alternative Splicing and Disease

Pre-mRNA splicing is a very complex process involving many levels of regulation,
ultimately leading to the location and union of exons across vast expanses of intronic
sequences. Equally impressively, the catalytic macromolecular machine responsible for
this amazing process, the spliceosome, must be reassembled on every pre-mRNA
transcript, unlike other cellular machinery, such as ribosomes, which process many
transcripts before being recycled (Wang & Burge, 2008; Wahl et al., 2009). Given this
complexity and the fact that an estimated 94% of human genes are alternatively
spliced, it is no wonder that up to 50% of disease-causing mutations are thought to

affect splicing (Wang et al., 2008; Pan et al., 2008; Loépez-Bigas et al., 2005).

Research to date has discovered many diseases, both genetic and acquired, involving
problems related to splicing. As splicing is such a complex process, there are many
different ways that mutations could result in adverse effects. Mutations in either the 5’
or 3’ splice sites are possibly most obvious and make up roughly 10% of disease-
causing mutations (Krawczak et al., 2007). That is approximately one fifth of the
estimate for all splice-altering mutations resulting in disease (Lopez-Bigas et al., 2005;
Krawczak et al., 2007). Mutations affecting recognition or function of the branch point
sequence, the other fundamental splicing sequence vital to the first of the two
transesterification reactions responsible for intron excision, could also be devastating.
As alternative splicing, and splicing in general, involves the use of many different
regulatory sequences in exons (ESEs, ESSs) and introns (ISEs, ISSs), the whole pre-

mMRNA could be seen as a mutation minefield, where one point mutation could
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eliminate or create enhancing and silencing sequences, thus changing the natural

patterns of exon skipping or inclusion.

The function of the disrupted protein will obviously affect the nature of the resultant
disease. Alterations in behaviour or expression levels of splicing regulatory proteins or
machinery could have widespread effects. Many cancers have been shown to involve
changes to the alternative splicing or expression of tumor suppressors and proto-
oncogenes (Skotheim & Nees, 2007; Ghigna et al., 2008; Kaida et al., 2012). For
example, the splicing activator protein SRSF1 is actually considered to be a proto-
oncogene due to the fact that its overexpression in many types of cancer leads to all
sorts of changes in alterative splicing, ultimately resulting in or promoting a cancerous
cell state (Karni et al., 2007). Just one of the known effects of SRSF1 overexpression is
increased cell motility and metastasis due to SRSF1 induced skipping of exon 11 in the
proto-oncogene Ron (Ghigna et al., 2005). Another example, which illustrates the
power of a single change to the alternative splicing of a gene, involves the apoptotic
regulator gene Bcl-X. It has two alternative splice products: Bcl-Xs, which is pro-
apoptotic, and Bcl-X,, which is anti-apoptotic and overexpressed in many cancers (Ma
et al., 2010). The balance between these two isoforms is controlled by many splicing
regulatory proteins, such as hnRNP K and Sam68, further illustrating how important
and delicate the balance of splicing factors is to the maintenance of healthy cells

(Paronetto et al., 2007; Revil et al., 2009).

Even though splicing is a very intricate process, not all mutations will be as severe as

others. Some may only disrupt the balance slightly, resulting in production of a lower
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percentage of the correct splice product rather than complete loss. Also, even if an
exon is skipped out in 100% of transcripts or a premature stop codon is generated,
there is still a chance that the protein produced will retain some functionality. As
different isoforms are produced in different abundances dependent upon cell type and
developmental stage, it is important to understand the natural patterns of splicing
prior to investigation of the effects of mutations. Once these things are understood, it

is possible to develop specific therapeutic strategies.

1.2.1 Therapeutic Strategies to Influence Alternative Splicing

As the number of understood links between splicing and disease grows, so too does
the potential for the development of splice-altering therapeutic strategies. As there
are many different ways that disease-causing mutations can affect the splicing or
subsequent translation of pre-mRNAs, many different strategies of intervention could
be imagined and explored. This section covers the two main strategies for
manipulation of alternative splicing; however, there are other potentially useful RNA
based therapeutic strategies targeting other aspects of mRNA processing (Cooper et
al., 2009). Practical considerations such as cost, ease of delivery, and specificity have a
great impact on the viability of any promising potential therapy. This is certainly the
case for splice-altering therapies involving small molecules or antisense

oligonucleotides, both having their own set of advantages and disadvantages.

1.2.1.1 Small Molecules
Splicing regulatory proteins, such as SR proteins and hnRNPs, are prime targets for

small molecules as they influence most splicing events. The balance between these
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proteins often has the power to determine the outcome of a splicing event, so small
molecules that influence their expression levels or behaviour could have significant
effects on alternative splicing. Small molecule inhibitors of SR proteins and the kinases
that regulate their phosphorylation, and therefore function, have already been
identified and shown promise (Muraki et al., 2004; Soret et al., 2005; Fukuhara et al.,
2006; Graveley, 2005). The obvious downside to this approach is the lack of selectivity
and potential for many off-target effects. However, in some cases a widespread
reduction in activity may be ideal. For example, in cancers where the SR protein SRSF1
is overexpressed, affecting the alternative splicing of many different pre-mRNAs,
inhibition using small molecules could be appropriate and help to return the
alternative splicing patterns to a more normal state (Wang & Manley, 1995; Karni et
al., 2007). For example, the pro-metastatic alternative splicing event in Ron, which is
promoted by SRSF1, has been shown to be corrected by the use of indole derivatives,
which inhibit SRSF1 activity (Ghigna et al., 2010). Small molecules targeting other
splicing-related proteins, such as SF3b, which is part of the U2 snRNP, have shown
promise as anti-tumor agents, even progressing to clinical trials (Fan et al., 2011; Kaida
et al., 2007; Kong & Yamori, 2012; Kotake et al., 2007). Other benefits of small
molecule strategies, compared to antisense oligonucleotide strategies for example,

include easier delivery and lower costs.

1.2.1.2 Antisense Oligonucleotides
Antisense oligonucleotide based strategies for splice-altering therapies are becoming
increasingly more promising and represent a more targeted, specific approach in

comparison to small molecule strategies (Eperon, 2012). The use of antisense
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oligonucleotides to alter splicing patterns is different from the traditional gene-
silencing application of antisense oligonucleotides in that the goal is not to induce
RNAse H digestion. The mRNA needs to remain intact, so chemically modified
oligonucleotides are used, which are resistant to RNAse H digestion. Figure 1.7 shows
some of the main chemical modifications, which can provide various benefits in
addition to RNAse H resistance, such as increased binding affinity, resistance to
nuclease degradation and improved uptake (Deleavey & Damha, 2012). Chemical
modifications can have significant effects on the functionality of splice-altering
oligonucleotides, so it is important to take this into account during development
(Owen et al., 2011). In fact, recently a group discovered that an oligonucleotide
sequence, which stimulated a splicing event by blocking a repressor protein, had an
inhibitory effect after 2’ F modification. This was found to be due to recruitment of the
inhibitory interleukin enhancer-binding factor 2 and 3 (ILF2/3) complex by the 2’ F
oligonucleotide, which was not recruited by the same sequence when 2’ MOE modified
(Rigo et al., 2012). This finding, whilst potentially providing a new strategy for the

induction of exon skipping, also stresses the importance of oligonucleotide chemistry.
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Figure 1.7: Types of chemical modifications for oligonucleotides

Phosphodiester bonds are used link together bases in natural DNA and RNA. Various
chemical modifications have been developed to modify the properties of synthetic
oligonucleotides. Because RNA oligonucleotides are prone to degradation and RNAse H
digestion, modifications such as 2" OMe and 2’ MOE, provide stability.
Phosphorothioate modifications are also used to provide protection and stability.
Other modifications such as morpholino and peptide nucleic acid affect the entire
backbone structure and can provide other benefits such as improved delivery in vivo.
The locked nucleic acid modification affects the secondary structure of the
oligonucleotide, locking it into a rigid position that favors annealing.

Figure 1.8 illustrates the four main ways that antisense oligonucleotides are used to
alter splicing patterns, all of which involve manipulation of the binding of regulatory
proteins. In order to induce exon inclusion, antisense oligonucleotides can either be
used to block the binding of a repressor protein (Figure 1.8A) or recruit an activator
protein (Figure 1.8B). Stimulation of splicing using targeted bifunctional
oligonucleotide enhancers of splicing (TOES), which have an annealing region for
targeting to the correct location and a non-annealed tail containing an enhancer
sequence for recruitment of an activator protein, is a strategy that was first developed

in 2003 (Skordis et al., 2003). Bifunctional oligonucleotides can also be used to induce
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exon exclusion if the tail is composed of a silencer sequence that recruits a repressor
protein (Figure 1.8D). Exon skipping can also be achieved by blocking of an enhancer
sequence with an antisense oligonucleotide (Figure 1.8C). The ability to induce exon
exclusion has the potential to be very powerful, especially for diseases where
mutations have introduced premature stop codons or shifted the reading frame, as
removal of one damaged exon could allow for the production of a protein that still
retained some functionality. An antisense oligonucleotide that causes skipping of an
exon containing a premature stop codon is in phase 2 clinical trials for the treatment of
Duchene muscular dystrophy (Kinali et al., 2009; Goemans et al., 2011; Cirak et al.,
2011). Also in clinical trials is an antisense oligonucleotide that blocks a silencer
sequence in the SMN2 gene, providing a promising therapy for spinal muscular atrophy

(ClinicalTrials.gov Identifier NCT01494701).
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Figure 1.8: Splice-Altering Antisense Oligonucleotide Strategies

The main antisense oligonucleotide-base strategies for the manipulation of alternative
splicing involve either the blocking or recruitment of regulatory proteins using RNase
H-resistant ASOs. There are two ways to induce exon inclusion: (A) anneal over a
silencing sequence, thus blocking the binding of a repressor protein or (B) recruit an
activator protein using a bifunctional oligonucleotide with an enhancer tail. Likewise,
there are two ways to induce exon skipping: (C) block an enhancer sequence, thus
preventing the binding of an activator protein or (D) recruit a repressor protein using a
bifunctional oligonucleotide with a silencer tail.

As all of the sequences and proteins that regulate alternative splicing are not fully
understood, finding the best annealing location for therapeutic antisense
oligonucleotides requires some effort or good luck. This, as well as the cost of
synthesis of these oligonucleotides, makes them more expensive as potential
therapeutics than small molecules. However, they have the potential to be much more

specific and reduce or eliminate the many potential side effects associated with small
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molecule treatments. Efficient delivery into the right tissues and cellular
compartments is also a challenge facing some antisense strategies, especially those
requiring delivery across the blood-brain barrier. The use of viral vectors capable of
transporting materials across the blood-brain barrier is one way that this could be
overcome, but this strategy requires further optimization (Baughan et al., 2006; Geib &
Hertel, 2009; Donnelly & Boulis, 2012). Chemical techniques, such as oligonucleotide
modifications (Zhou et al., 2013), specialized PEG/PEI capsules for traversing the blood-
brain barrier (Vinogradov et al., 2004), triggered-release cages (Venkatesh et al., 2009),
and the use of various types of nanoparticles (Yang et al., 2009; Rimessi et al., 2009;
Kim et al., 2011), are also potential solutions to the issue of delivery. Despite these
challenges, antisense oligonucleotide base splice-altering therapies are very promising.
With splicing being at the root of so many genetic and acquired diseases, the
understanding, optimization and use of these strategies can only improve and increase

over time.

1.3 Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is the leading genetic cause of infant death, with one in
every 6,000 babies born being affected (Lunn & Wang, 2008; Pearn, 1980; Feldkotter
et al., 2002). It is characterized by degeneration of motor neurons, caused by greatly
reduced levels of the ubiquitously expressed SMN protein, especially in the spinal cord
(Lunn & Wang, 2008; Coovert et al., 1997). SMN is important for the biogenesis of
snRNPs, has been found to be associated with splicing regulatory proteins, and plays a
role in the formation of spliceosomal complex E (Mourelatos et al., 2001; Makarov et

al., 2012). SMN is involved in a range of other cellular activities beyond those related
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to splicing, including transcription, apoptosis, RNA stability and axonal RNA trafficking
(Burghes & Beattie, 2009). The loss of two key roles of the SMN protein: snRNP
biogenesis and motor axon growth/function, have been independently implicated in
the progression of spinal muscular atrophy (Carrel et al., 2006; Coady & Lorson, 2011).
To fulfill its role in snRNP biogenesis, SMN functions in the SMN complex, comprised of
9 factors: SMN, Gemins 2—8 and STRAP (aka UNR-IP) (Otter et al., 2007). Restoration of

SMN protein levels is vital to the treatment of SMA.

The reduction in SMN protein associated with SMA is typically caused by a
homozygous deletion of the SMN1 gene, which produces SMN; however, in a few
cases mutations are to blame (Wirth, 2000; Hamilton & Gillingwater, 2013; Monani,
2005). Fortunately, all SMN patients have at least one copy of a very similar gene,
SMN2, which is capable of making functional SMN protein; however, silent mutations
cause mis-splicing of 90% of pre-mRNA transcripts, leading to the production of a non-
functional truncated protein that is rapidly degraded (Le et al., 2000; Monani et al.,
1999; Cartegni et al., 2006; Lorson et al., 1998). The 10% of functional SMN produced
is still beneficial, leading to a reduction in severity of disease that is correlated with
increasing copy numbers of the SMN2 gene (Feldkotter et al., 2002; McAndrew et al.,
1997; Taylor et al., 1998). As SMN2 pre-mRNA has the potential to code for functional
SMN protein when spliced correctly, it is an ideal target for splice-altering therapies.
Knowledge of the splicing regulatory elements of SMN1 and SMN2 is necessary for the

development of targeted therapeutic strategies.
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1.3.1 Splicing of SMN1 and SMN2

The SMN1 and SMN2 genes are greater than 99% homologous, having only a few
nucleotides different between them (Skordis et al., 2001). However, a change from C
to T in SMN2 exon 7 is critical to the splicing of SMIN2, leading to skipping of exon 7 in
SMN2 (Lorson et al., 1999; Monani et al., 1999). Two mechanisms have been proposed
to explain the effect that this mutation at the 6™ nucleotide of exon 7 has on the
splicing of SMIN2. One model suggests that disruption of an exonic splicing enhancer
(ESE), which binds the activator protein SRSF1 is responsible (Cartegni & Krainer, 2002;
Cartegni et al., 2006). Another model suggests that the mutation produces an exonic
splicing silencer (ESS), which is bound by hnRNP A1 and/or Sam68 (Kashima & Manley,
2003; Kashima et al., 2007; Pedrotti et al., 2010). In reality, these models are likely to
both be valid (Cartegni et al., 2006). In fact, SMN2 has been shown to have a reduced
level of U2AF65 binding to the 3’ splice site of intron 6, compared to SMN1, and a
reduced capacity for recruitment of the U2 snRNP, which is consistent with both
models as SRSF1 promotes, while hnRNP Al antagonizes, binding of these factors (De
Araujo et al., 2009). Although in this case, another enhancer region in exon 7, known
to bind Tra2-B, was also found to be necessary for U2 recruitment. Given the dramatic
impact of this C6T mutation site on SMN2 splicing, it would clearly make a good

therapeutic target.

There are also splicing elements common to both SMN1 and SMN2 that could be
exploited to alter SMN2 splicing. An ESE in the middle of exon 7, which is bound by
Tra2-B, has been shown induce SMN2 exon 7 inclusion under conditions of over-

expression of Tra2-B (Hofmann et al., 2000). Alternatively, an intronic splicing silencer
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found near the 5’ end of intron 7 (ISS-N1) has been shown to have a strong negative
effect on exon 7 inclusion, and blocking of this site with an antisense oligonucleotide
resulted in increased SMN2 exon 7 inclusion (Singh et al., 2006). Another ISS found in
intron 6 has also been found to inhibit exon 7 inclusion (Miyajima et al., 2002). A weak
5’ splice site containing an inhibitory secondary structure has also been found to
influence the splicing of exon 7 (Singh et al., 2004; Singh et al., 2007). Understanding
the key splicing features and regulatory elements of both SMN1 and SMIN2 is essential

for the development of targeted therapeutic strategies for SMA.

1.3.2 Therapeutic Approaches

The fact that spinal muscular atrophy affects so many babies provides a clear incentive
for the development of therapies. This, combined with the understanding of the cause
of the disease, loss of SMN1, and identification of a potential substitute, the SMIN2
gene, makes SMA such an appealing therapeutic target. Mouse models of SMA with
varying degrees of severity have been created for the study of potential therapies prior
to clinical trials in humans (Bebee et al., 2012). Many different potential therapeutic

strategies have been developed, each with their own strengths and weaknesses.

Various small molecule strategies have shown some promise, including HDAC
inhibitors (Kernochan et al., 2005; Avila et al., 2007; Garbes et al., 2009; Hauke et al.,
2009), a readthrough-inducing aminoglycoside (Mattis et al., 2006; Mattis et al., 2009),
a pH altering Na+/H+ exchanger inhibitor (Yuo et al., 2008), and various polyphenol
botanical compounds that were found to increase levels of SMIN protein in SMA

patient fibroblasts (Sakla & Lorson, 2008). However, all of these strategies are non-
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specific and therefore could have many undesirable off-target effects. For example,
the HDAC inhibitor valproic acid was found to actually decrease motor neuron growth
and function in a mouse model of SMA, clearly a highly counterproductive side-effect
(Rak et al., 2009). One clear benefit of small molecule therapies, however, is the ease
of delivery. This is especially important for SMA because of the nature of the disease

and the need for treatments to be able to cross the blood-brain barrier.

Viral vectors, such as the self-complementary adeno-associated virus 9 (scAAV9)
vector, have shown great promise for the delivery of a replacement SMN1 gene across
the blood-brain barrier in mouse models of SMA (Foust et al., 2010; Azzouz et al.,
2004; Valori et al., 2010; Dominguez et al., 2011; Passini et al., 2010). Also, viral
delivery of expression vectors for targeted antisense oligonucleotides, which are
designed to promote exon 7 inclusion in SMN2 pre-mRNA, looks encouraging in mice
(Baughan et al., 2006; Geib & Hertel, 2009). However, establishing the safety and
delivery of these viral vectors and convincing the general public of their safety are the

biggest challenges currently facing these promising methods.

Another strategy involves the transplantation of motor neuronal stem cells derived
from embryonic stem cells. Intrathecal injection of these stem cells did lead to a
modest improvement in a mouse model for SMA, but further optimization would be
required in order to make it a competitive strategy (Corti et al., 2010). Also, this
method is quite invasive, and similar approaches have shown potential safety hazards,

such as the development of brain tumors (Amariglio et al., 2009).
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Some of the most promising therapeutic strategies involve specifically targeting the
various splicing regulatory elements of SMN2 in order to induce exon 7 inclusion,
thereby restoring the production of functional SMN protein. Typically this involves the
use of antisense oligonucleotides, but in one case it involved a synthetic RS domain,
designed to mimic the activating role of SR proteins, which was specifically targeted to
exon 7 by a tethered antisense moiety (Cartegni & Krainer, 2003). There are two main
antisense oligonucleotide strategies for the alteration of SMN2 splicing. The most
simple strategy involves blocking of the various silencer elements in SMN2 with an
annealed antisense oligonucleotide, thereby allowing exon 7 inclusion by removing
repression (Hua et al., 2008; Singh et al., 2009; Hua et al., 2007; Hua et al., 2010;
Passini et al., 2011; Porensky et al., 2012; Williams et al., 2009). Another strategy
involves actively stimulating exon 7 inclusion using bifunctional oligonucleotides that
contain an annealing region for targeting to the exon, which in some cases blocks a
silencer site, and a non-annealed tail region, which contains an enhancer sequence for
recruitment of positive splicing factors (Skordis et al., 2003; Owen et al., 2011;
Baughan et al., 2009; Meyer et al., 2009; Baughan et al., 2006; Osman et al., 2012).
Both the blocking antisense oligonucleotides and the bifunctional targeted
oligonucleotide enhancers of splicing (TOES) have shown great promise both in vitro
and in vivo. In fact, one of the blocking antisense oligonucleotides named ISIS SMNg,,
which targets ISS-N1, has shown success in phase 1 clinical trials in infants with SMA
(ClinicalTrials.gov Identifier NCT01494701) and represents the current most promising
strategy for the treatment of spinal muscular atrophy (Rigo et al., 2012). In October
2013, ISIS SMNg, was administered to the first patient in a small phase 2 clinical trial

designed to assess the optimal dosing for a larger phase 3 clinical trial expected to
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begin in early 2014 (News-medical.net, 2013). As many antisense oligonucleotides
cannot cross the blood-brain barrier, delivery is more difficult. Injections bypassing the
blood-brain barrier, although invasive, are a viable option for treatment. However,
there are various, less invasive strategies being developed to facilitate this type of
delivery. In fact, systemic delivery of a morpholino modified antisense oligonucleotide
blocking ISS-N1 into neonatal SMA model mice was found to increase SMN2 exon 7
inclusion in the central nervous system (CNS), indicating that the oligo was able to
cross the blood-brain barrier (Zhou et al., 2013). Also, ISIS SMNg, was found to have
superior results in a mouse model of SMA with simple subcutaneous injections
compared to direct delivery into the CNS. However, in this case splicing in the CNS was
not affected and the result was attributed to higher levels of expression of insulin-like
growth factor 1 (IGF1) in the liver (Hua et al., 2011; Rigo et al., 2012). Therefore, it is
more difficult to predict if a similar result would be seen in humans, given the
differences in liver metabolism between mice and humans. Improving delivery of
therapeutic antisense oligonucleotides across the blood-brain barrier is important for
diseases involving the central nervous system. The specificity of antisense
oligonucleotide splice-altering strategies makes them ideal candidates for therapeutic

applications in spinal muscular atrophy and other splicing-related diseases.

In addition to being useful therapeutic agents, antisense oligonucleotides capable of
modifying splicing patterns can also be used to study the regulatory mechanisms of
alternative splicing. The main objective of this thesis is to investigate the precise
mechanism of action of the first bifunctional TOES developed for the treatment of SMA

named GGA, using a wide variety of biochemical strategies (Skordis et al., 2003).

37



INTRODUCTION

1.4 G-Quadruplexes

GGA consists of a 15 nucleotide annealing region and a 23 nucleotide enhancer tail.
The tail sequence of GGA (AGGAGGACGGAGGACGGAGGACA) has recently been shown
to be able to form a G-quadruplex structure (Smith et al., manuscript submitted).
When this was discovered, the effect of this structure on the function of GGA as an

enhancer of splicing was unknown.

The field of G-quadruplex research is rapidly growing as more and more biological
processes are shown to involve G-quadruplexes. Perhaps the most widely-known G-
guadruplexes are DNA quadruplexes found at the ends of telomeres where they
provide a structural barrier to the telomerase enzyme, thus ensuring eventual cell
mortality (Fletcher et al., 1998). DNA G-quadruplexes have also been shown to play a
role in the regulation of gene expression at the level of transcription, adding to the list
of secondary structures involved in the regulation of transcription (Huppert &
Balasubramanian, 2007). G-quadruplex prediction software estimates that there are up
to 376,000 potential G-quadruplex forming motifs in the human genome. G-
guadruplexes are also associated more heavily with different categories of genes,
indicating a regulatory role (Huppert & Balasubramanian, 2005; Todd et al., 2005). For
example, G-quadruplexes were found to be over-represented in proto-oncogenes and
under-represented in tumor suppressor genes (Eddy & Maizels, 2006). The role of G-
guadruplexes in telomere maintenance, as well as their association with oncogenes,
makes them prime cancer drug targets. This has led to the development of various G-
guadruplex stabilizing ligands that, in addition to being potential therapeutics, could

also be useful tools for further investigations into G-quadruplexes (Dlichler, 2012).
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It is now known that RNA also can form G-quadruplexes, both in vitro and in vivo
(Millevoi et al., 2012; Wieland & Hartig, 2007). In fact, RNA G-quadruplexes form more
readily, due to the single stranded nature of RNA, and are stronger than DNA G-
quadruplexes (Sacca et al., 2005). RNA G-quadruplexes have been suggested to be
involved in a wide range of cellular processes including transcription termination and
polyadenylation of mRNA transcripts (Huppert et al., 2008; Zarudnaya et al., 2003),
translation initiation (Huppert et al., 2008; Beaudoin & Perreault, 2010; Morris et al.,
2010), telomere processing (Gros et al., 2008), mRNA targeting (Subramanian et al.,
2011) and alternative splicing (Kostadinov et al., 2006; Kikin et al., 2008). It is easy to
envisage how the strong G-quadruplex structures could have inhibitory effects by
forming a physical barrier to the binding of proteins. However, the spectrum of G-
guadruplex involvement seems to be much more complex than this. A growing number
of proteins have been found to either bind G-quadruplex structures or the sequences
that can form them (Millevoi et al., 2012; Fry, 2007). From the evidence found thus far,
it does seem that G-quadruplexes play a largely negative role in the regulation of
translation initiation, but not exclusively (Huppert et al., 2008; Beaudoin & Perreault,
2010; Morris et al., 2010). Also, RNA G-quadruplexes in various pre-mRNAs have been
found to have both silencing (Gomez et al., 2004) and enhancing effects on alternative
splicing (Marcel et al., 2011; Didiot et al., 2008). It is important that research into the
function of G-quadruplexes assesses the effect of surrounding sequences that could
alter G-quadruplex formation and takes into account the structural state when various
proteins are bound. Unfortunately, this has not always been done studies thus far.

Further research is needed to better understand, and therefore potentially
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manipulate, the wide variety of RNA and DNA G-quadruplex structures, which are

highly prevalent and involved in many different regulatory processes.

Many different types of proteins, including helicases, exoribonucleases, chaperone
proteins, transcription factors and splicing regulatory proteins, have been found to be
associated with sequences that can form G-quadruplexes (Fry, 2007; Millevoi et al.,
2012). Some of these proteins promote the formation and/or stabilization of the G-
guadruplex structure, while others promote unfolding. The number of proteins known
to be involved with G-quadruplexes will no doubt continue to grow. The wide range of
G-quadruplex associated proteins reflects the ubiquitous, yet variable, nature of G-

guadruplexes.

1.4.1 G-quadruplex Structure

There is a significant amount of variation in G-quadruplex structures and the
sequences that form them. However, there are several key features that define G-
guadruplexes. As the name suggests, they are formed by planar stacks of four guanine
bases called G-tetrads (Figure 1.9A), which form Hoogsteen hydrogen bonds between
each other, with a stabilizing monovalent cation coordinated in the middle of or
between the G-tetrads (Figure 1.9B) (GELLERT et al., 1962; Bochman et al., 2012). Once
formed, this bonding arrangement is much more stable than typical base pairing and
requires either high temperatures or the binding of specific proteins to destabilize it
(Simonsson, 2001; Pilch et al., 1995; Harrington et al., 1997; Lane et al., 2008).
Potassium ions confer the greatest level of stability, followed by sodium (Jim et al.,

1992). Therefore, the ions present in physiological conditions favor G-quadruplex
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formation. G-quadruplexes can vary in the number of stacked G-tetrads, with a
minimum of two (Huppert, 2010). Also, the loops between the G-runs can vary in
length and sequence, leading to a large number of potential G-quadruplex forming
sequences (Patel et al., 2007). The stability of G-quadruplexes is affected by both the
number of G-tetrads and the length of the adjoining loops, with longer G-runs and
shorter loops providing the most stability (Huppert, 2010). G-quadruplex formation is
not limited to single stranded (intramolecular) folding either. Intermolecular G-
quadruplexes can form between two separate strands, each contributing two G-runs,
or even between four individual strands. The orientation of each strand, parallel verses
antiparallel, can also vary, further increasing the complexity of G-quadruplex
structures (Simonsson, 2001). It has been shown that individual G-quadruplex motifs
are also able to stack together to form higher order complexes (Lu et al., 1992; Sen &
Gilbert, 1992). The variability of G-quadruplex structures helps to explain their
prevalence throughout the genome and transcriptome, and sparks interest into the

types of proteins that bind to these sequences and their roles within the cell.
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Figure 1.9: Basic G-quadruplex Structure

(A) G-quadruplexes are formed by sequences containing runs of G’s with intervening
sequences, which become loops. These G-runs assemble into stacks of G-tetrads (grey
boxes) with adjoining loops. This drawing of an intramolecular G-quadruplex with
three G-tetrads is just an example of a much wider range of possible structural
arrangements. (See (Simonsson, 2001) for review) (B) A top-down view of a single G-
guartet shows the Hoogsteen hydrogen bonding between the four guanines as well as
the coordinated cation in the middle, which provides stability (Huppert &
Balasubramanian, 2005).

G-quadruplexes have been shown to have both positive and negative effects on
various cellular processes. It was therefore interesting to investigate the possible
influence that a G-quadruplex structure could have on the function of the enhancer tail
of GGA as part of a wider investigation into the overall mechanism of action of GGA.

This knowledge would improve the therapeutic potential of GGA and other TOES.
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1.5 Specific Aims

The overall aim of this study was to determine the mechanism of action of a tailed
oligonucleotide enhancer of SMN2 exon 7 splicing. This oligonucleotide, named GGA,
was first designed and shown to be successful in stimulating exon 7 inclusion in
fibroblasts from patients with spinal muscular atrophy in 2003 (Skordis et al., 2003).
The same sequence when incorporated into a U7 snRNP and transgenically expressed
in SMA model mice provided a remarkable improvement essentially giving them the
abilities and longevity of a normal mouse (Meyer et al., 2009). Therefore, the potency
and potential of GGA have been clear for some time; however, it was still unclear
precisely how this stimulation was achieved. Many different in vitro biochemical
techniques were employed in this study, including various splicing assays, UV
crosslinking, FeBABE experiments, single molecule experiments, electrophoretic
mobility shift assays, and biotin affinity purification with photocleavage, an improved
technique developed during this study. Although GGA was the main focus of this study,
two other antisense oligonucleotide strategies for the stimulation of SMN2 exon 7
splicing were also briefly investigated using in vitro splicing. The ultimate goal of
understanding the mechanism by which GGA enhances splicing would be to provide
insights into how enhancer sequences in general work and how they could best be

exploited in future therapeutic oligonucleotide designs.
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2 MATERIALS AND METHODS

2.1 In vitro Protein Techniques

2.2 In vitro RNA Techniques

2.3 Cell Culture and Nuclear Extract Preparation

2.4 Single Molecule Techniques

2.5 Techniques Related to Fe-BABE Experiments
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2.1 Invitro Protein Techniques

2.1.1 Biotin Affinity Purification Methods

2.1.1.1 Biotin Affinity Purification with a-U1 Oligonucleotide

A third of the sample volume of NeutrAvidin® agarose beads (5 ul, 50% slurry, Thermo
Scientific) were pre-washed at 4 °C with 1 ml SDS wash buffer (100 mM Tris-HCl pH 7.5,
1% SDS, 10 mM DTT), followed by 3 x 1 ml buffer (100 mM NaPO4 pH 7.2, 150 mM
NaCl), then resuspended in 1 ml chilled binding buffer (100 mM NaPO4 pH 7.2, 150 mM
NaCl, and either no detergent, 0.01% Triton-X 100 or 0.05% NP-40). Meanwhile, 15 pl
samples containing 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP,
50 mM K/glu, 250 nM a-U1 2’OMe oligonucleotide (Section 8.2.4) and 40% commercial
Hela nuclear extract (Cilbiotech) were set up and incubated at 30 °C for 20 min.
Precipitated proteins were then removed from the samples by centrifugation at 13000
RPM for 1 min before addition of supernatant to the prewashed beads in binding
buffer at 4 °C. Binding was allowed to proceed with constant mixing at 4 °C overnight.
Then the entire sample was placed onto a column with a frit to retain the beads (Bio-
Rad) and washed with 30 ml chilled buffer with salt (100 mM NaPO, pH 7.2, 150 mM
NaCl, 0.1% Triton-X 100) followed by 5 ml chilled buffer without salt (100 mM NaPQO,
pH 7.2, 0.1% Triton-X 100). Samples were eluted from beads on the column by adding

50 pl SDS dyes and heating at 90 °C for 5 min. SDS PAGE was used for analysis.

2.1.1.2 Biotin Affinity Purification using a Photocleavable Linker
Samples of 60 pl, 300 wl or 1 mL were purified using the following method. A third of

the sample volume of NeutrAvidin® agarose resin (50% slurry, Thermo Scientific) was
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pre-washed at 4 °C with 1 ml SDS wash buffer (100 mM Tris-HCI pH 7.5, 1% SDS, 10
mM DTT), followed by 3 x 1 ml sodium phosphate buffer (100 mM NaPO,4 pH 7.2, 150
mM NaCl, 0.05% NP-40), then resuspended in 1 ml chilled sodium phosphate buffer.
Meanwhile, samples containing 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53
mM rATP, 50 mM K/glu, 250 nM GGA PC Bio (Section 8.2.1) and 40% commercial HelLa
nuclear extract (Cilbiotech) were set up and incubated at 30 °C for 20 min in the dark.
Samples were protected from light from this point until after UV cleavage step.
Precipitated proteins were then removed from the samples by centrifugation at 13000
RPM for 1 min before addition of the supernatant to the prewashed beads in binding
buffer at 4 °C. Binding was allowed to proceed with constant mixing at 4 °C for 2 hours
or overnight. Then the entire sample was placed onto a column with a frit to retain the
beads (Bio-Rad) and washed with 40 ml chilled sodium phosphate buffer followed by
40 ml chilled sodium phosphate buffer without the salt. Cleavage of the
photocleavable linker of GGA PC Bio was achieved by application of 365 nm UV light
(UVP Bio-Lite) to moist beads on the column at 4 °C for 2.5 min followed by elution
with chilled sodium phosphate buffer (100 ul). This was done a total of 4 times, and all
elutions were combined with an extra 100 ul elution done at the end of the process,
TCA-precipitated, and dissolved in a suitable volume of SDS dyes. The remainder of the
sample left on the beads was eluted on the column by adding a suitable volume of SDS

dyes and heating at 90 °C for 5 min. SDS PAGE was used for analysis.

2.1.1.2.1 Affinity Purification of Intact GGA PC Bio Tail Complex
Beads (20 ul of slurry) were prepared as described in Section 2.1.1.2. Then 10 ul of

approximately 1 uM (less due to gel purification losses) 5’ radiolabelled GGA PC Bio
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was pre-bound to the beads for 1 h at 4 °C before addition of the remaining sample
ingredients to a final volume of 45 ul with final concentrations of 20 mM CrPi, 3.2 mM
MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, 40% pre-cleared (13000
RPM, 1 min) NE. The sample was incubated on ice for 20 min with periodic mixing,
then placed onto column. The sample was washed and eluted as described in Section
2.1.1.2 except that elution was done with 25 mM Tris base, 200 mM glycine buffer and
an extra 100 ul final wash was omitted. Control samples were set up as for native
polyacrylamide gel electrophoresis and diluted (25 mM Tris base, 200 mM glycine) as
necessary to give comparable radioactivity to the eluted sample. The remainder of the
elution was separated in half and concentrated with either a 3 kDa or 10 kDa Microcon
microconcentrator (Millipore) at 13000 RPM, 4 °C before electrophoresis. An equal
volume of native gel dyes was added to all samples before running on a pre-chilled
10% native polyacrylamide gel (25 mM Tris base, 200 mM glycine, 10% glycerol) at 4 °C
for 1 h at 150 V. The gel was then fixed (10% acetic acid, 10% IMS), dried and exposed

to a phosphorimaging screen.

2.1.1.2.2 Affinity Purification of B-globin complex using GGA PC Bio
NeutrAvidin® beads were pre-washed as described in Section 2.1.1.2. Radiolabelled B-
globin RNA (5 pl), which was modified with the addition of an annealing site for the
photocleavable tail of GGA PC bio at its 3’ end (Section 8.1.4), was pre-annealed to
GGA PC Bio (1.5 pl of 5 uM) in a final volume of 10 ul by heating at 80 °C for 1 min, 30
°C for 10 min, then placing on ice for 2 min. Nuclear extract and remaining splicing
components were pre-incubated with an oligonucleotide against the U6 snRNP

(Dénmez et al., 2007) in a final volume of 20 pl for 30 min at 30 °C to cause stalling at
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splicing complex A. The samples were then combined, giving a final volume of 30 ul
and final concentrations of 250 nM GGA PC Bio, 20 mM CrPi, 3.2 mM MgCl,, 20 mM
Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, 1 uM a-U6 oligo, and 40% commercial
Hela nuclear extract (Cilbiotech), and incubated a further 30 min at 30 °C to allow for
the formation of splicing complex A. The sample was then bound to beads and washed
as described in Section 2.1.1.2. Release of the complex from the beads was achieved
by application of 365 nm UV light (UVP Bio-Lite) for 5 min followed by a 100 pul elution
(50 mM Tris base, 50 mM glycine). This was repeated and followed by an additional
100 pl elution. All three elutions and remaining spin-through from column (~400 pl)
were combined and concentrated to ~ 40 pl using a 10 kDa Microcon
microconcentrator (Millipore) at 13000 RPM and 4 °C for 38 min. The sample was
separated into halves, and one half was treated with 0.2 mg/ml heparin. Control
samples for the native gel analysis were chilled and diluted (~150x in 50 mM Tris base,
50 mM glycine) after treatment with 0.8 mg/ml heparin until a sample of 20 pl was
comparable in radioactivity to the purified sample. Then 5 pl of glycerol with dyes
(bromophenol blue, xylene cyanol) was added and samples were loaded on a pre-
chilled 2% native low melting point (LMP) agarose gel and run at 100 V for 4 hrs at 4 °C.

The gel was then compressed, dried and exposed to a phosphorimaging screen.

2.1.2 Trichloroacetic Acid Precipitation of Proteins

Samples were chilled on ice for 30 min after addition of trichloroacetic acid to a final
concentration of 20%. After centrifugation at 13,000 RPM for 10 min, the pellets were
washed with 100 pul chilled ethanol and dried. Samples were dissolved in a suitable

volume of SDS dyes.
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2.1.3 SDS PAGE

All SDS PAGE gels consisted of a resolving gel (370 mM Tris Base pH 8.6, 12%
acrylamide (ProtoGel, National Diagnostics), 0.1% SDS polymerized with 0.1% AMPS,
0.0013% TEMED) with a small amount of stacking gel on top (125 mM Tris Base pH 6.8,
4% acrylamide, 0.1% SDS polymerized with 0.1% AMPS 0.002% TEMED). Gels were run
in SDS PAGE running buffer (125 mM Tris Base, 0.96 M Glycine, 0.1% SDS, pH 8.3) at 80
V through the stacking gel, then at 150 V for the remainder of the run time. Precision
Plus Protein™ Kaleidoscope protein marker (Bio-Rad) was used to track the
progression of the samples through the gel. Gels were then stained or transferred to

nitrocellulose as required.

2.1.3.1 Silver Staining

SDS PAGE gels were soaked for at least 5 min, at most overnight, in 50 ml of a 50%
acetone solution with 0.37% formaldehyde and 0.04% trichloroacetic acid. The gels
were rinsed 3 times with DI water, washed for 5 min in 50 ml water, then rinsed 3
more times, soaked in 50 ml of 50% acetone solution for 5 minutes, rinsed 3 times in
water, then soaked for 1 min in 50 ml of 0.011% Na,S,05 solution. After 3 more water
rinses, gels were soaked for 8 min in 50 ml of 0.28% AgNOs (w/v) with 0.74%
formaldehyde. After rinsing 3 times in water, gels were developed with 50 ml of a
solution containing 2% Na,COs (w/v), 0.0027% Na,S,03 and 0.016% formaldehyde and
quenched by removing the developing solution and quickly adding 50 ml of a 50%

acetone solution containing 1% acetic acid.
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2.1.3.2 Semi-dry Transfer of SDS PAGE Gel to Nitrocellulose

After electrophoresis, gels were soaked briefly in approximately 50 ml of transfer
buffer (48 mM Tris base, 39 mM glycine, 0.0375% SDS, 10% methanol) then placed
onto nitrocellulose (Amersham™ Hybond™ - ECL, GE Healthcare) on a stack of 8 pieces
of 3MM chromatography paper (Whatman), damp with transfer buffer. Transfer buffer
was added at each stage of assembly to ensure sufficient moisture and to prevent
bubbles. Another similar stack of paper was placed on top of the gel, and transfer was

done by running (Biometra Fast-Blot B33) at 10 W for 30 min.

2.1.4 Western Blot Analysis

Samples were run on an SDS PAGE gel and transferred to nitrocellulose. The
nitrocellulose membrane was blocked overnight at 4 °C in blocking buffer consisting of
5% milk, 0.1% Tween-20, 1xTBS (20 mM Tris-HCL pH 7.5, 150 mM NacCl). It was then
incubated for 1 h at 4 °Cin the relevant dilution of primary antibody in blocking buffer.
After washing the membrane 3 times for 5-10 min with 10 ml blocking buffer, the
secondary antibody (1:1000 dilution in blocking buffer of Protein A/G HRP conjugate)
was added and allowed to bind for 1 h at 4 °C. The blot was then washed three more
times, as previously, before developing with ECL reagents (Pierce) according to the
protocol provided. X-ray film (Fuji) was used to detect the ECL reaction. It is important
to note that T7 tag western blots did not require a secondary antibody step as the HRP

was conjugated directly to the anti-T7 antibody (Pierce).
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2.1.5 UV Crosslinking with Oligonucleotides

Samples (5 or 10 ul) containing 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53
mM rATP, 50 mM K/glu, 40% nuclear extract, and the desired amount of 5’ or 3’
radiolabelled oligonucleotide, were set up and incubated at 30 °C for 10 min, or as long
as indicated for time-courses. Samples were then moved to a microtitre plate, if
necessary, and 254 nm UV light (UVP SpotCure) was applied for 5 min. An equal
volume of SDS dyes was added and samples were heated to 80 °C for 30 seconds
before running on an SDS PAGE gel. Gels were then transferred to nitrocellulose or
fixed (10% IMS, 10% acetic acid, 20 min) and dried before exposure to a

phosphorimaging screen.

2.1.5.1 UV Crosslinking with GGA during SMN2 Splicing

Initially, half of the final reaction volume was set up containing 150 nM 3’ radiolabelled
GGA, 125 nM cold SMN2, 100 mM K/glu, 40 mM Hepes pH 7.5, and annealing was
achieved by incubation at 30 °C for 30 min. Then the CrPi, MgCl,, rATP, and commercial
Hela nuclear extract (Cilbiotech) were added, giving the final concentrations described
in Section 2.1.5. The sample was incubated at 30 °C, and 5 pl aliquots were taken into a
microtitre plate for 254 nm UV application at various timepoints. Sample analysis was

subsequently carried out as described in Section 2.1.5.

2.1.5.2 UV Crosslinking with G-quadruplex Stabilizing Ligands
G-quadruplex stabilizing ligand (50 uM GQC-05, GSA-0820, or GSA-0902 in 10% DMSO)
was pre-incubated with an equal volume of the desired 5’ radiolabelled

oligonucleotide for 30 min at 30 °C (1 ul final volume). Simultaneously, the remaining
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ingredients, as described in Section 2.1.5, were pre-incubated at 30 °C for 30 min (9 pl
final volume). Samples were then combined, giving the final concentrations mentioned
in Section 2.1.5, with the addition of 2.5 uM ligand, and incubated at 30 °C for a
further 10 min before 254 nm UV application. Sample analysis was subsequently
carried out as described in Section 2.1.5. All handling was done in silanized plasticware,

and commercial Hela nuclear extract (Cilbiotech) was used.

2.2 Invitro RNA Techniques

2.2.1 Purification Techniques

2.2.1.1 Purification of Oligonucleotides using DNA/RNA Shadowing
Typically around 500 pmoles of the DNA or RNA to be purified was mixed 50% v/v with
formamide dyes, heated to 80 °C for 1 min and run on a denaturing polyacrylamide gel
(6% to 15% acrylamide, depending on the size of oligonucleotide and the resolution
needed). The gel was transferred from the glass plates into Saran wrap and placed on
top of a piece of thin layer chromatography (TLC) paper. The band(s) of DNA/RNA were
visualized for excision by using a wand to apply long wave UV light, which caused the
DNA/RNA to appear as a purple shadow against the TLC paper. Elution from the gel
was carried out overnight in 350 pl sterile deionized water at 4 °C. The gel was then
removed and the sample was precipitated with ethanol and dissolved in a suitable
volume of TE.1. The concentration of the purified DNA/RNA was determined using a

Nanodrop. Samples were stored at -20 °C or -80 °C as appropriate.
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2.2.1.2 Gel Purification of Radiolabelled RNA and Oligonucleotides
Samples were heated to 80 °C for 30 sec —1 min and run on a 6% denaturing
polyacrylamide gel. Purification from the gel was done using x-ray film (Fuji) and
phosphorescent stickers to locate the desired band for excision. RNA was eluted out of
the gel slice overnight at 4 °C in 350 pl elution buffer (500 mM Na acetate pH 5.2, 0.2%
SDS, 1 mM EDTA pH 8), for large trancripts, or in 350 pl sterile deionized water for
small oligonucleotides. The gel slice was then removed and the RNA was precipitated
with ethanol, dissolved in the desired quantity of sterile deionized water and stored at

-80 °C.

2.2.1.3 Proteinase K Treatment
Samples were treated with 0.4 mg/ml proteinase K (Roche) in proteinase K buffer (100
mM Tris-HCl pH 7.5, 12.5 mM 0.5 M EDTA pH 8.2, 150 mM NaCl, 1% SDS) at 37 °C for

15 min. To purify splicing reaction samples, 50 ul of this solution was used.

2.2.1.4 Precipitation with Ethanol

Unless a sample already contained a suitable salt content, sodium acetate was added
to a final concentration of 300 mM. Then 2-3 volumes of ethanol were added, as
appropriate. Typically samples were kept at room temperature during centrifugation
(10-15 min). However, small oligonucleotides were pre-chilled by placement at -80 °C
for 30 min prior to centrifugation at 4 °C (30 min). After initial centrifugation, pellet
was washed with a suitable volume of ethanol (typically 200 pl, chilled if using for small

oligonucleotides), then centrifuged again for 5-10 min before drying.
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2.2.2 Oligonucleotide Techniques

2.2.2.1 Analysis of Complex Formation on Oligonucleotides using
Native Polyacrylamide Gel Electrophoresis
Samples of 5 or 10 ul were set up containing 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes
pH 7.5, 1.53 mM rATP, 50 mM K/glu, 40% nuclear extract, and the necessary amount
of 5’ radiolabelled oligonucleotide, and incubated at 4 °C for 30 min, or at 30 °C for 10
min, or as indicated. An equal volume of native gel dyes (25 mM Tris base, 200 mM
glycine, 40% glycerol, bromophenol blue, xylene cyanol) was added before running on
a pre-chilled native polyacrylamide gel (6-10% acrylamide, 25 mM Tris base, 200 mM
glycine, with 10% glycerol in some cases) at 4 °C. Gels were fixed (10% acetic acid, 10%
IMS, 20 min), as necessary, and dried before exposure to a phosphorimaging screen.
Note that the native gels analyzing the effects of G-quadruplex stabilizing ligands
(GQC-05, GSA-0820, GSA-0902) were set up exactly as for UV crosslinking (1/2 of the

same exact samples in fact).

2.2.2.2 5’ Radiolabelling of DNA/RNA Oligonucleotides

Equimolar amounts of the oligonucleotide to be labeled and [y->*P] rATP (10 mCi/ml,
3000 Ci/mmol) (Perkin EImer) were incubated in buffer (50 mM Tris pH 7.5, 10 mM
MgCl,, 1 mM DTT) with 5% T4 polynucleotide kinase (NEB) in a final volume of 10 ul for
30 min at 37 °C. Then the enzyme was deactivated by heating at 70 °C for 10 min.
When necessary, unreacted [y->2P] rATP was removed using either a G25 spin column

(GE Healthcare) or denaturing polyacrylamide gel purification.
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2.2.2.3 3’ Radiolabelling of DNA/RNA using [5'-32P]pCp (cytidine-3',5'-
bis-phosphate)
Initially, 12 pmol of radioactive pCp was made by incubating 12 pmol of [y-32P] rATP
(10 mCi/ml, 3000 Ci/mmol) (Perkin Elmer) and 12 pmol of 3’ cytidine monophosphate
in buffer (50 mM Tris pH 7.5, 10 mM MgCl,, 1 mM DTT) with 5% T4 polynucleotide
kinase (10 units/pl, NEB) in a final volume of 10 pl at 37 °C for 30 min. The enzyme was
deactivated by heating at 70 °C for 10 min. Then the 3’ radiolabelling was done
overnight at 4 °C by adding to the chilled pCp sample: 10 pmol of the DNA/RNA to be
labeled, Hepes pH 7.5 (37.5 mM final concentration), MgCl, (15 mM), DTT (2.25 mM),
DMSO (10%) and 2 units of T4 RNA ligase (10 units/ul, Promega), giving a final volume

of 20 ul. The sample was then gel purified.

2.2.2.4 Reverse Transcription on Oligonucleotides

Initially, samples were annealed by slow cooling from 80 °C to room temperature in a
volume of 5 ul containing final concentrations of 40 nM 5’ radiolabelled GGA DNA
primer, 400 nM bifunctional oligonucleotide of interest and 1 x M-MuLV Reverse
Transcriptase Reaction Buffer (NEB). Samples were placed on ice for 10 min, then
moved to room temperature before addition of 0.2 pl 5 mM dNTPs and 0.2 pul M-MuLV
reverse transcriptase (200 units/pl, NEB M0253). Samples were left at room
temperature for 20 min. Then samples were rapidly placed at 80 °C for 1-2 min after
addition of 5 ul of formamide dyes. Samples were run on a 15% denaturing
polyacrylamide gel at 36 W, then fixed with a solution of 10% acetic acid, 10% IMS for

20 min before drying. Radioactivity was detected by exposure to a phosphorimaging
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screen, which was read by a Cyclone or Typhoon™ phosphorimager and visualized

using OptiQuant™ software.

2.2.2.5 Preparation of Small Molecular Weight Radioactive Marker

The small molecular weight marker was generated by digestion of pBR322 plasmid (1
ug, Fermentas) with Haelll restriction enzyme (5 units, NEB) for 30 min at 37 °Cin 1 x
Buffer 4 (NEB) in a final volume of 5 ul. The sample was then made up to 10 pl final
volume for treatment with antarctic phosphatase (5 units, NEB) in 1 x antarctic
phosphatase buffer (NEB) at 37 °C for 15 min. Enzymes were deactivated by heating at
65 °C for 15 min. Then 1 pul of sample was 5’ radiolabelled by incubating with 1 pl [y-
32p] rATP (10 mCi/ml, 3000 Ci/mmol) (Perkin Elmer) in buffer (50 mM Tris pH 7.5, 10
mM MgCl,, 1 mM DTT) with 5% T4 polynucleotide kinase (10 units/ul, NEB) for 30 min
at 37 °C. The enzyme was deactivated by heating at 70 °C for 10 min. Samples were

diluted with formamide dyes, as necessary, and stored at -80 °C.

2.2.3 Glycerol Gradients

2.2.3.1 Glycerol Gradients with Radiolabelled GGA

Initially, 7 ul samples containing 86 nM 3’ radiolabelled GGA, 107 nM K/glu, and 43 nM
Hepes, pH 7.5 were set up with and without 107 nM cold SMN2, and annealing was
allowed to progress at 30 °C for 30 min. Meanwhile, the nuclear extract was pre-
incubated with an oligonucleotide against the U6 snRNP (D6nmez et al., 2007), CrPi,
MgCl,, and rATP for 30 min at 30 °C. Then 8 pl of the nuclear extract mix was combined

with the 7 ul annealed sample, giving final concentrations of 20 nM GGA, (50 nM
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SMN2), 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM
K/glu, 1 uM a-U6 oligo, and 40% commercial HelLa nuclear extract (Cilbiotech), and
incubated for a further 30 min at 30 °C to allow for the formation of splicing complex
A. Samples were then UV crosslinked, chilled, and loaded onto a glycerol gradient (10 —
50% glycerol, 20 mM Hepes pH 8, 0.2 mM EDTA, 1 mM DTT, 100 mM KCl) (Gradient
Master ip 107, BioComp). The gradient was centrifuged for 16 % hours at 4 °C using a
Sorval rotor (660) at 23400 RPM. Gradients were fractionated on ice (175 ul fractions),
and the radioactivity in each fraction was measured using Cherenkov scintillation

counting. Protein was precipitated with TCA and analyzed by SDS PAGE.

2.2.3.2 Glycerol Gradient with Radiolabelled 3-Globin RNA

Initially, nuclear extract was pre-incubated with an oligonucleotide against the U6
snRNP (Dénmez et al., 2007), CrPi, MgCl,, and rATP for 30 min at 30 °Cin a final
volume of 8 pl. Then a 7 pl sample of radiolabelled B-globin RNA, K/glu and Hepes pH
7.5 was added, giving final concentrations of 20 mM CrPi, 3.2 mM MgCl,, 20 mM
Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, 1 uM a-U6 oligo, and 40% commercial
Hela nuclear extract (Cilbiotech). The sample was incubated a further 30 min at 30 °C,
before being chilled and loaded onto a glycerol gradient (10 — 50% glycerol, 20 mM
Hepes pH 8, 0.2 mM EDTA, 1 mM DTT, 100 mM KCl)(Gradient Master ip 107,
BioComp). The gradient was centrifuged for 16 7 hours at 4 °C using a Sorval rotor
(660) at 23400 RPM. It was then fractionated on ice (175 ul fractions), and the

radioactivity in each fraction was measured using Cherenkov scintillation counting.
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2.2.4 In vitro Transcription

2.2.4.1 Invitro Transcription of RNA without Radiolabelling (‘Cold’
Transcription)
A 100 pl transcription reaction containing 40 mM Tris pH 7.5, 20 mM MgCl,, 10 mM
NaCl, 2 mM spermidine HCI, 10 mM DTT, 4 mM rNTPs, 10 ng/ul linear DNA template
(prepared by PCR), 5% RNase OUT (Invitrogen), 5% T7 polymerase (1:20) was
incubated at 37 °C for 4 hrs. To stop the transcription, the reaction volume was
doubled with the addition of 10x DNase buffer (Promega) to a final concentration of
1x, DNase (Promega, 1 unit/ul) to a final concentration of 10% v/v, and water. The
sample was incubated for 30 min at 37 °C, then quenched with the addition of 10% of
the reaction volume of stop solution (Promega) and incubation at 65 °C for 10 min.
DNA fragments were removed using an S-300 column (GE Healthcare), and the
remaining material was extracted with phenol-chloroform and precipitated using
ethanol. The sample was dissolved in 20% of the original reaction volume of TE.1. The
concentration of RNA was determined using a Nanodrop, and sample quality was

checked by polyacrylamide gel. RNA was stored at -80 °C.

2.2.4.2 Invitro Transcription of 32P Radiolabelled RNA (‘Hot’
Transcription)

A 10 ul transcription reaction containing 40 mM Tris HCl pH 7.5, 6 mM MgCl,, 2 mM

spermidine HCI, 10 mM NaCl, 0.5 mM rATP, 0.5 mM rCTP, 0.5 mM rUTP, 0.05 mM

rGTP, 1 mM Diguanosine Triphosphate Sodium [G(5')ppp(5')G] (GE Healthcare), 5 mM

DTT, 5 ng/ul linear DNA template (prepared by PCR), 5% RNase OUT (Invitrogen), 0.33
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UM [a->?P] rGTP (10 mCi/ml, 3000 Ci/mmol) (Perkin Elmer), 5% T7 polymerase (1:20)
was set up at room temperature, then incubated at 37 °C for 1-2 hrs. The transcript
was purified in a denaturing gel, recovered by elution and precipitation, and dissolved
in about double the original reaction volume of sterile purified water. Sample was

stored at -80 °C.

2.2.5 In vitro Splicing

Samples of 10 or 15 pl containing a suitable amount of radiolabelled RNA transcript, 20
mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, and 40%
nuclear extract were set up at 4 °C then incubated at 30 °C for 2 hrs. Aliquots of 1.5 or
2 ul were taken into a microtitre plate on dry ice at designated timepoints, typically O,
30, 60, and 120 min. The plate was then thawed and samples were proteinase K (PK)-
treated, ethanol-precipitated to purify the RNA, and dissolved in 10 pl formamide
dyes. The samples were heated at 80 °C for 30 sec, then run on a 6% denaturing
polyacrylamide gel, which was subsequently dried and exposed to a phosphorimaging
screen. Quantification of pre-mRNA and both mRNA products was done using
OptiQuant software, and intensities were adjusted to account for the number of

radioactive guanosines in each molecular species.

2.2.5.1 Invitro Splicing with Oligonucleotides

Oligonucleotide at the desired concentration was pre-annealed to the radiolabelled
RNA transcript in 100 mM K/glu, 40 mM Hepes pH 7.5 by slow cooling in a PCR
machine (80 °C 5 min, 70 °C 5 min, 60 °C 5 min, 50 °C 5 min, 40 °C 5 min, 30 °C 5 min).

One annealing mix was made for all similar samples in order to give a decent volume
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for the slow cooling procedure. This mix was then aliquotted (2.5 or 5 pl) and an equal
volume of a mix of remaining ingredients was added on ice, giving a final volume of 5
or 10 ul and final concentrations of 20 mM CrPi, 3.2 mM MgCl;, 20 mM Hepes pH 7.5,
1.53 mM rATP, 50 mM K/glu, and 40% nuclear extract. Samples were then incubated

and analyzed as described in Section 2.2.5.

2.2.5.2 In vitro SMN2 Splicing with GGA PC Bio Cleavage

GGA PC Bio (500 nM) was pre-annealed to the radiolabelled SMN2 transcript in a final
volume of 22.5 ul in 100 mM K/glu, 40 mM Hepes pH 7.5 at 30 °C for 10 min. A mock
annealing lacking GGA PC bio was also done. Then an equal volume of a mix of
remaining ingredients was added on ice, giving a final volume of 45 pul and final
concentrations of 250 nM GGA PC Bio (not in control sample), 20 mM CrPi, 3.2 mM
MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, and 40% commercial Hela
nuclear extract (Cilbiotech). Samples were separated into 5 pl aliquots in 1.5 ml tubes
for each cleavage timepoint and incubated at 30 °C for 2 hrs in the dark. Cleavage of
GGA PC Bio was achieved by application of 365 nm UV light from a UVP Bio-Lite
machine for 5 minutes in a 30 °C block at the designated timepoints. Samples were

then processed as described in Section 2.2.5.

2.2.5.3 In vitro SMN2 Splicing with G-quadruplex Stabilizing Ligands
GGA (500 nM) in the presence of the desired concentration of G-quadruplex stabilizing
ligand (GQC-05, GSA-0820, GSA-0902 in 10% DMSO) was pre-annealed to the
radiolabelled SMN2 transcript in 100 mM K/glu, 40 mM Hepes pH 7.5 at 30 °C for 10

min. One annealing mix was made for all similar samples. Then 2.5 pl aliquots were
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taken and an equal volume of a mix of remaining ingredients was added on ice, giving
a final reaction volume of 5 ul with final concentrations of 250 nM GGA, 20 mM CrPi,
3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, 40% commercial
Hela nuclear extract (Cilbiotech), and either 25 nM, 250 nM or 2.5 uM ligand (final
concentration of DMSO was 0.5%). Samples were then incubated at 30 °C for 2 hrs and
processed as described in Section 2.2.5. All handling was done in silanized plasticware.
G-quadruplex stabilizing ligands were kindly provided by Professor Laurence Hurley,

University of Arizona.

2.2.5.4 In vitro SMN2 Splicing with Purified hnRNP F Domains

GGA was pre-annealed to radiolabelled SMN2 in 167 mM K/glu, 67 mM Hepes pH 7.5
by slow cooling in a PCR machine (80 °C 5 min, 70 °C 5 min, 60 °C 5 min, 50 °C 5 min, 40
°C 5 min, 30 °C 5 min). One annealing mix was made for all similar samples in order to
give a decent volume for the slow cooling procedure. Splicing samples were set up by
combining 1 ul of a suitable concentration of purified hnRNP F domain(s) (Dominguez
& Allain, 2006) in the designated buffer, 2.5 ul nuclear extract mix (containing CrPi,
MgCl, and rATP), and 1.5 pl pre-annealed SMN2/GGA in that specific order, giving final
concentrations of 250 nM GGA, 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53
mM rATP, 50 mM K/glu, 40% commercial HelLa nuclear extract (Cilbiotech). Samples

were incubated at 30 °C for 2 hrs and processed as described in Section 2.2.5.

2.2.5.5 Invitro Splicing with Gold Nanoparticles
Initially, the desired concentration of gold nanoparticle or control oligonucleotide was

pre-incubated with radiolabelled RNA transcript in a final volume of 1.5 ul at 30 °C for
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10 min to allow for annealing. Then 3.5 pl of a mix of remaining splicing ingredients
was added on ice, giving final concentrations of 20 mM CrPi, 2 mM MgCl,, 20 mM
Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, and 40% commercial HelLa nuclear extract
(Cilbiotech), which was previously dialyzed to remove DTT (10% glycerol, 20 mM Hepes
pH 8, 0.2 mM EDTA, 100 mM KCl). Samples were incubated at 30 °C for 2 hrs and
processed as described in Section 2.2.5. However, samples were not heated prior to

gel electrophoresis.

2.2.5.6 In vitro SMN2 Splicing with Morpholino Oligonucleotides

The desired concentration of morpholino oligonucleotide (PMO-18, PMO-20, PMO-25
(Zhou et al., 2013)) was pre-annealed to the radiolabelled SMN2 in 2/5 of the final
reaction volume by incubation at 30 °C for 10 min in silanized tubes. A mix of the
remaining splicing components was added, giving a final volume of 5 pl and final
concentrations of 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50
mM K/glu, and 40% commercial HelLa nuclear extract (Cilbiotech). Samples were

incubated at 30 °C for 2 hrs and processed as described in Section 2.2.5.

2.2.5.7 Preparation of Normal Radioactive Marker

The marker was generated by digestion of pBR322 plasmid (2 pug, Fermentas) with HPA
I restriction enzyme (10 units, NEB) for 30 min at 37 °Cin 1 x Buffer 1 (NEB) in a final
volume of 10 pl. Sample was then made up to 20 ul final volume for treatment with
antarctic phosphatase (10 units, NEB) in 1 x antarctic phosphatase buffer (NEB) at 37
°C for 15 min. Enzymes were deactivated by heating at 65 °C for 15 min. Then 1 ul of

sample was 5’ radiolabelled by incubating with varying amounts (0.2 pl - 1 pl,
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depending on level of radioactivity desired) of [y—32P] rATP (10 mCi/ml, 3000 Ci/mmol)
(Perkin Elmer) in buffer (50 mM Tris pH 7.5, 10 mM MgCl,, 1 mM DTT) with 5% T4
polynucleotide kinase (10 units/pul, NEB) for 30 min at 37 °C. The enzyme was
deactivated by heating at 70 °C for 10 min. The sample was diluted with formamide

dyes, as necessary, and stored at -80 °C.

2.2.6 Analysis of Splicing Complexes A, B and C by Native

Agarose Gel Electrophoresis

Samples were set up and timepoints taken as described in Section 2.2.5. Samples were
then treated with 0.8 mg/ml heparin for 30 mins at room temperature. An equal
volume of loading dyes (50 mM tris, 50 mM glycine, 40% glycerol, xylene cyanol,
bromophenol blue) was added before running samples on a 2% native LMP agarose gel
(50 mM Tris base, 50 mM glycine) at 100 V for 4 hrs at 4 °C (Das & Reed, 1999). The gel
was then compressed overnight between two sheets of 3MM chromatography paper
(Whatman) surrounded by paper towels, in order to remove excess liquid and make it
thin enough to be dried and exposed to a phosphorimaging screen. To stall the splicing
reaction at A complex, an oligonucleotide against the U6 snRNP (Dénmez et al., 2007)
was pre-incubated with the nuclear extract in the presence of ATP for 30 min at 30 °C,

giving a final concentration of 1 uM in the final splicing reaction.

2.2.7 Quantification of Gels with Radioactive RNA/DNA

The radiation from various types of dried gels was detected using a storage phosphor
imaging system. The gels were exposed to a phosphorimaging screen for a suitable

length of time dependent upon the level of radioactivity. Then the screens were read
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by a Cyclone or Typhoon™ phosphorimager and visualized using OptiQuant™ software.
This software was also used to quantify the radioactive intensity of certain gel bands
when necessary. A background baseline level of radioactivity was subtracted from the
intensity of any given band prior to analysis. Also, for splicing gels, intensities were
adjusted to account for the number of radioactive guanosines in each molecular

species.

2.3 Cell Culture and Nuclear Extract Preparation

2.3.1 Transfection of HEK 293T Cells

Cells were seeded onto 15 cm? plates (Corning) with a density of 5 x 10* cells per plate,
as determined using a haemocytometer with 1 mm? grids. Cells were allowed to grow
to 50% confluency in 20 ml complete media (DMEM (Gibco®), 10% FBS (Gibco®), 1%
PenStrep (Gibco®)). Then the medium was changed 4 hrs before beginning calcium
chloride transfection. The desired amount of plasmid (12-24 pg) in TE.1 was mixed on
ice with 10 x the volume of CacCl, solution (1 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 300
mM CaCl,). An equal volume of pre-chilled HBS solution (342.23 mM NaCl, 12.41 mM
KCl, 1.76 mM Na,HPQ,4 (anhydrous), 13.88 mM glucose, 52.45 mM Hepes pH 7.5) was
added and incubated on ice for 10 minutes. The mix (3.5 ml) was carefully added
dropwise to the plate before 16-24 h incubation. Cells were then shocked for 3 min
with 20 ml| DMSO-DMEM solution (75% DMEM, 25% DMSO), washed twice with 8 ml

complete medium, and then incubated for 16-24 h in 20 ml fresh complete medium.
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2.3.2 Nuclear Extract Preparation

After transfection, cells were harvested from the plates in 10 ml chilled PBS (137 mM
NaCl, 2.7 mM KCl, 10 mM Na;HPO,, 1.8 mM KH,PO, pH 7.4), pelleted, washed with 1
ml PBS and collected by centrifugation. The packed cell volume (PCV) was estimated,
and cells were resuspended in one PCV of Buffer A (10 mM Hepes pH 8, 1.5 mM MgCl,,
10 mM KCI, 1 mM DTT, 0.06% NP40). After swelling on ice for 15 min, cells were lysed
by vortexing vigorously for 10 seconds. Nuclei were pelleted by centrifugation for 30
sec at 13000 RPM at 4 °C, then resuspended in 0.7 x PCV Buffer C (20 mM Hepes pH 8,
25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 1 mM DTT). Sample was incubated for 30
min at 4 °C with mixing using small magnetic fleas, and then centrifuged at 13000 RPM
for 5 min to remove debris. Nuclear extract was dialyzed against Buffer D (10%
glycerol, 20 mM Hepes pH 8, 0.2 mM EDTA, 1 mM DTT, 100 mM KCl), snap-frozen with

liquid nitrogen and stored at -80 °C.

2.3.3 Dialysis of Nuclear Extract

Nuclear extract was dialyzed against the desired buffer for 2 hrs at 4 °Cin 50 ul drops

on dialysis membranes (0.025 um, Millipore) floating in petri dishes.

2.4 Single Molecule Techniques

2.4.1 Preparation of the Sample Chamber

Glass slides were sonicated for 10 min in purified water, dried by aspiration, and then
cleaned further with 100% argon plasma at a pressure of 0.15 mbar at 80 W for 2 min

(MiniFlecto-PC-MFC). A sample chamber was then constructed using double-sided tape
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to make a 5 mm wide channel down the middle of the slide (22 mm long, ~200 um
thick), which was sealed with a small glass coverslip. The binding surface was
generated by application of a biotin-BSA solution (20 pg/ml in PBS, Thermo Scientific)
for 10 min, followed by a wash with SM buffer (100 mM NaCl, 50 mM Hepes pH 7.5, 20
units/ml RNase OUT (Invitrogen)), and then a 10 min incubation with a streptavidin
solution (10 pg/ml in PBS, Invitrogen). All solutions were pre-chilled at 4 °C, but sample
chamber was kept at room temperature. The surface was washed again with SM buffer

to remove excess streptavidin.

2.4.2 Single Molecule Experiment

2.4.2.1 Labelling RNA with B-globin 5’ Cy5 Oligonucleotide

SMN2 RNA at a concentration of 1 uM was labelled with Cy5 using an oligonucleotide
complementary to the 5’ end of the B-globin exon 2 in the SMN2 construct (B-globin 5’
Cy5, Section 8.2.4). Various concentrations of B-globin 5’ Cy5 were used, starting at a
ratio of 1:1 with the SMN2 RNA and descending. The 5 pl annealings were done in 100
mM NaCl, 10 mM Hepes pH 8.0 by slow cooling in a hot block from 80 °C to 45 °C, then
placing on ice. Samples were analyzed by native polyacrylamide gel electrophoresis (1
x TBE, 6% acrylamide) to determine which sample(s) contained no free B-globin 5’ Cy5.
A Typhoon™ Imager was used to detect fluorescence originating from the Cy5 in the
gel. No dyes were used in the samples, as they would cause interference with the

imaging.
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2.4.2.2 Sample Preparation

Initially, 167 nM labelled SMN2 RNA was pre-incubated with 833 nM NT
oligonucleotide (Section 8.2.1), or just water, for 30 min at 30 °C to allow for
annealing. Meanwhile, the remaining splicing components, in a final volume of 3.5 pl,
were pre-incubated at 30 °C for 30 min to allow a-U6 oligonucleotide to bind (D6nmez
et al., 2007). Then 1.5 pl of the RNA sample was added, giving final concentrations of
50% eGFP-Sam68 + T7-CNBP HEK 293T NE, 50 nM SMN2, (250 nM NT), 20 mM CrPi, 3.2
mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, 1 uM a-U6
oligonucleotide and 3 units RNase OUT (Invitrogen). The sample was incubated a
further 30 min at 30 °C to allow formation of splicing complex A, then chilled on ice
prior to serial dilution with pre-chilled SM buffer (100 mM NaCl, 50 mM Hepes pH 7.5,
20 units/ml RNase OUT (Invitrogen)). First, the most dilute sample (1:6000) was placed
into the sample chamber, which was mounted on the microscope, and allowed to bind
for 5 min. The concentration of Cy5 and eGFP spots on the surface of the slide was
briefly assessed, and more concentrated samples were added if necessary. Once a
suitable sample concentration was obtained, imaging buffer (2 mM PCA, 0.1 uM PCD, 8
units (0.16 U/ul) RNase OUT (Invitrogen)) was added to the sample chamber and left

for 5 min prior to data acquisition.

2.4.3 Data Acquisition and Analysis

A custom-built, objective-based total internal reflection (TIRF) microscope was used for
imaging. Lasers of 488 nm, for detection of eGFP, and 640 nm, for detection of Cy5,
with the same beam path were used. The lasers were set up in such a way as to

achieve total internal reflection, resulting in limited illumination of approximately 100
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nm above the surface of the sample chamber. Therefore, only fluorophores in
complexes attached to the surface were excited and detected. Control of the lasers
and acquisition of the data were achieved using a LabVIEW program. Image frames of
250 x 250 pixels, with each pixel being approximately 160 nm wide, were obtained
using an electron-multiplying charge-coupled device (EMCCD). Frames, each
representing 100 milliseconds, were generated by integrating intensity over time.
Initially, the 640 nm laser was used to detect the Cy5 labelled RNA for 50 frames. Then
the 488 nm laser was used to detect the eGFP-labelled protein, and acquisition was
continued until all proteins of interest were bleached (typically around 120 seconds).
The data, stored as a multi-page TIFF file, was analyzed using a MATLAB program
written by colleague Mr R. Weinmeister. The program generated a single time-
averaged image for each of the wavelengths, showing each fluorophore as a visible
spot. All Cy5-labelled RNA spots were counted, and compared with the overlaid eGFP
labelled protein image to determine co-localization. The program identified spots as
being co-localized if they were within 2 pixels of each other, and these results were
confirmed by eye to be valid and logical. The number of eGFP bleaching steps for each
co-localized spot was also assessed by the program and confirmed by eye, using
background-corrected intensity traces. At least 100 co-localized spots were analyzed in
this way for each experiment, giving a final assessment of percentage of co-localization
between the Cy5-labelled RNA and the eGFP-labelled protein as well as a distribution

of the number of eGFP-labelled proteins bound per RNA.
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2.5 Techniques Related to Fe-BABE Experiments

2.5.1 Synthesis of Fe-BABE Modified Oligonucleotides

2.5.1.1 Synthesis of Thiol Modified Oligonucleotides
Oligonucleotides were synthesized using SynBase™ CPG cartridges, phosphoramidite
bases, C6 S-S CE thiol-modifier phosphoramidite, and synthesis reagents from Link

Technologies using automated solid phase synthesis.

2.5.1.2 Deprotection of Dithiol Protection Group on Oligonucleotides
The dithiol protection group on the modified oligonucleotides was removed by
incubation of 800 pmol of oligo with 10 mM TCEP in 100 mM Tris pH 8.5 for 1 h at 30
°C. These conditions were confirmed using reverse phase HPLC. Excess TCEP was
removed by dialyzing sample into sterile purified water for 30 min at room

temperature, using a dialysis membrane (0.025 um, Millipore).

2.5.1.3 Fe-BABE Conjugation

Initially, Fe-BABE was generated by incubation of 14.7 mM BABE (Dojindo) with 11.8
mM ammonium Fe(ll) sulfate hexahydrate and 80 mM sodium acetate (not pHed) for
35 min at room temperature prior to use. A yellow color change was observed as the
Fe was coordinated. The deprotected thiol-modified oligonucleotide sample (800
pmol) was then combined with 10 pl of the Fe-BABE mix and incubated for 1 h at 37 °C
in the presence of 40 mM potassium phosphate pH 8.0. The sample was extracted with
TE.1 saturated phenol to remove unreacted Fe-BABE then ethanol-precipitated.

Samples were resuspended in sterile purified water at an estimated concentration of
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10 uM, assuming a 50% loss throughout the procedure. More accurate determination
of concentration using UV absorption was impossible due to interfering absorption of

Fe-BABE at 260 nm.

2.5.2 Fe-EDTA experiments

Samples of 5 pl volume were set up containing 50 nM 5’ radiolabelled GGA-O (Section
8.2.1), 20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu,
and 50% of either Buffer D (20 mM Hepes pH 8.0, 100 mM KCl, 10% glycerol, 0.2 mM
EDTA, 1 mM DTT), Glycerol-free Buffer D (20 mM Hepes pH 8.0, 100 mM KCl, 0.2 mM
EDTA, 1 mM DTT), or PEG Buffer D (20 mM Hepes pH 8.0, 100 mM KCI, 10% dimethyl
PEG solution (70% w/v in H,0, approx. 2000 MW), 0.2 mM EDTA, 1 mM DTT). Samples
were incubated at 30 °C for 10 min prior to initialization of cleavage with 1/5 reaction
volume of Fe-EDTA mix (equal volumes of 50 mM ammonium Fe(ll) sulfate
hexahydrate (Fe(NH;),(SO4), 6H,0), 100 mM EDTA, 250 mM ascorbate, 2.5% hydrogen
peroxide (H,0,) added in the order indicated), which was mixed immediately prior to
addition to the sample. After 10 min at 30 °C, the reaction was quenched by addition
of thiourea to a concentration of 500 mM. Then an equal volume of formamide dyes
was added and samples were heated at 80 °C for 2 min prior to running on a 20%
denaturing polyacrylamide gel. The gel was fixed, dried, and exposed to a

phosphorimaging screen.
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2.5.3 Fe-BABE experiments

2.5.3.1 Sample Preparation and Cleavage

Initially, 250 nM SMN2 was pre-annealed to ~500 nM Fe-BABE modified
oligonucleotide in the presence of 100 mM K/glu and 40 mM Hepes pH 7.5 in a final
volume of 20 ul by slow cooling in a PCR machine (80 °C 5 min, 70 °C 5 min, 60 °C 5
min, 50 °C 5 min, 40 °C 5 min, 30 °C 5 min). Then 5 pl H,O was added and free Fe-BABE
modified oligo (and buffer) was removed using an S300 spin column (GE Healthcare).
Samples of 30 ul were set up containing pre-annealed Fe-BABE oligo/SMN2 (~50 nM),
20 mM CrPi, 3.2 mM MgCl,, 20 mM Hepes pH 7.5, 1.53 mM rATP, 50 mM K/glu, and
40% of either Glycerol-free Buffer D, commercial HeLa NE dialyzed in Glycerol-free
Buffer D. When experiment involved the use of nuclear extract, 1 uM a-U6 oligo was
also added (Donmez et al., 2007). Samples were incubated at 30 °C for 20 min prior to
initialization of free radical production, which was achieved by simultaneous mixing of
the sample with 2 individual 0.6 pl drops of 250 mM ascorbate and 2.5% H,0, in a
microtitre plate. Cleavage was allowed to progress at 30 °C for 10 min before reaction
was quenched by the addition of 5 ul of 80% glycerol. Samples were treated with PK,
and the RNA was precipitated with ethanol after the addition of 1 ul Pellet Paint® Co-

precipitant (Millipore).

2.5.3.2 Reverse Transcription and Analysis

Ethanol precipitated samples were re-dissolved in 11 pl H,0 and 2.25 pl of this was
was pre-annealed to each of four 5’ radiolabelled SMN2 primers (0.25 pl of 1 uM) by

heating to 80 °C then placing directly onto ice. For control reactions, cold SMN2 at the
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same concentration as the primers was used. Samples were placed at room
temperature prior to addition of an equal volume of reverse transcription master mix,
giving final concentrations of 1 x reverse transcription buffer (Promega: 50mM Tris-HCI
pH 8.3, 75 mM KCl, 3 mM MgCl,,10 mM DTT), 0.25 mM dNTPs (and 0.25 mM ddNTP
when indicated), 5 units RNase OUT (Invitrogen), and 38 units M-MLV Reverse
Transcriptase, RNase H Minus (M530A, Promega). Reverse transcription was allowed
to progress at 42 °C for 1 h. Then the enzyme was inactivated by incubation at 70 °C for
15 min. Condensation on the lid of the sample tube was collected by brief
centrifugation. Then the RNA template was degraded by addition of sodium hydroxide
to a final concentration of 200 mM followed by heating at 70 °C for 10 min. An equal
volume of formamide dyes were added and samples were heated briefly at 80 °C prior
to running on a 6% denaturing polyacrylamide gel. The gel was then dried, exposed to

a phosphorimaging screen, and imaged using a Typhoon™ imager.
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3.1 Introduction

The oligonucleotide of interest in this study, named GGA, was first developed in 2003
as a potential therapy for spinal muscular atrophy (Skordis et al., 2003). It dramatically
increases the level of SMN2 exon 7 inclusion during splicing by annealing to SMN2
exon 7 and recruiting positive splicing factors with its enhancer tail. The concept is
relatively simple, but determining how exactly the enhancer tail works required further
investigation. The most obvious starting point was to determine what proteins were

binding. Commonly this has been done using affinity purification techniques.

Biotin affinity purification is a robust traditional purification method that exploits the
very strong binding affinity of the small molecule biotin to avidin or similar proteins.
There are several different ways to conjugate biotin to DNA, RNA or proteins of
interest, making the method quite versatile as well. The limitation of this method
arises as a result of the strong binding affinity, the quality that also makes it such a
powerful tool. This is because the only way to harvest the sample at the end of the
purification procedure is through the use of harsh conditions, usually elevated
temperature. These conditions cause all background proteins bound to the resin to be
released into the sample of interest and prevent further analysis of the sample in a
biologically relevant state. These problems might be avoided by using a biotinylated
oligonucleotide with a photocleavable linker, which can be easily cleaved using 365 nm
UV light (UVP Bio-Lite) under gentle, biologically relevant conditions. This chapter

describes experiments done to test this approach.
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3.2 Design of Oligonucleotide with Photocleavable Linker

As mentioned in the introduction, the photocleavable linker technique has the

potential to reduce background and potentially allow for elution of intact complexes.

In addition, the use of the photocleavable linker in this situation allowed for the
enhancer tail to be eluted separately from the annealing region, as shown in Figure

3.1. This modified version of GGA was named GGA PC Bio (Section 8.2.1).
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Figure 3.1: Design of GGA PC Bio, oligonucleotide for biotin affinity purification with

photocleavable linker.
(A) Cartoon diagram of GGA PC Bio. (B) Diagram of GGA PC Bio including sequence

information and photocleavable linker chemistry (Smith et al., manuscript submitted)

3.3 Optimization of Method

Before optimization of the photocleavage technique was embarked upon, the
conditions for traditional biotin affinity purification were optimized using a

biotinylated 2’0OMe oligonucleotide designed to anneal to the U1 snRNP (a-U1 Bio,

Section 8.2.4). This was chosen as it was readily available and the target proteins to be

75



RESULTS CHAPTER 3

purified were already known (Seiwert & Steitz, 1993). Many tests of buffer and
washing conditions were done. However, the only condition found to be extremely
important for the reduction of background protein binding was the presence of

detergent during all steps involving the NeutrAvidin® beads (Figure 3.2).

0.05% NP40 - - - -
0.01% Triton X-100 - - + i

+
a-UlBio_- + -

Beads/Elution

<— Neutravidin

Figure 3.2: Detergent is vital for clean affinity purifications.

This silver stained SDS PAGE gel of test affinity purifications from commercial Hela
nuclear extract using 250 nM a-U1 Bio, a biotinylated 2’OMe oligo targeting the Ul
snRNP (Section 8.2.4), showed that addition of either 0.01% Triton X-100 or 0.05%
NP40 to the buffers for the procedure was sufficient to dramatically reduce the
background. NP40 can be used in splicing reactions, so it was chosen for further
affinity purifications.

After suitable conditions for traditional affinity purification were determined, the

photocleavage procedure was developed using GGA PC Bio. As the affinity purification

procedure up to the point of UV cleavage was done in the dark to avoid unwanted

cleavage, the washing steps were done using columns with frits to hold the beads. This

introduced the challenge of applying UV to the samples on the column. This was

overcome by assembly of a homemade contraption capable of holding the columns in

a chilled environment, with a small glass plate to block out any unwanted short wave
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UV, as this could cause unwanted crosslinking. The Perspex holder for the 365 nm UV
wands (UVP Bio-Lite) was placed on the glass plate (Figure 3.3). Unfortunately, the
spacing of the column holder and the UV wand holder were not the same, so only two

samples could be cleaved simultaneously.

uv uv

Wand Wand Perspex

Holder

| Glass Plate |

Ice Bucket

Figure 3.3: Diagram of the assembly used for UV application to affinity purified
samples in columns.

The columns (blue) were used to contain the Neutravidin bead, facilitating easy and
thorough washes under minimal red light conditions without losing any beads.
Subsequent release of the purified samples by photocleavage using 365 nm UV was
achieved on the column while the beads were chilled and moist (but not suspended in
liquid), using the assembly shown above. A small glass plate was placed between the
samples and the UV wands to block out any unwanted short wavelength UV that might
have caused unwanted crosslinks to form.

Conditions for irradiation with 365 nm UV were optimized using 5’ radiolabelled GGA
PC Bio. Three samples were tested with different patterns of 365 nm UV irradiation
totaling 10 minutes. The first sample had 10 minutes of UV followed by a 400 ul
elution. The second had two 5 minute applications of UV with a 200 pul elution in-

between and one at the end. The third had four 2.5 minute applications of UV with 100
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ul elutions in-between and one at the end. As show in Figure 3.4, 10 minutes was
sufficient for complete cleavage. The procedure involving four 2.5 minute UV
applications was chosen for future experiments, as it allowed for more thorough

elution in the same volume and kept the sample more moist throughout.
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Figure 3.4: Optimization of photocleavage of 5’ radiolabelled GGA PC bio while
attached to Neutravidin beads, using set-up described in Figure 3.3.

This denaturing polyacrylamide gel shows that 4 consecutive 2.5 min UV applications
followed by 100 ul elutions increases the yield of eluted GGA PC Bio tail compared to
one application of UV for 10 min followed by a 400 pl elution. Also, application of 365
nm UV light for 10 min is sufficient to completely cleave the GGA PC Bio.

The optimizations of the affinity purification procedure and the UV cleavage process
were combined to obtain very clean samples for mass spectrometry, the results of
which are discussed in Chapter 4. As shown in Figure 3.5, the photocleavage procedure

allows for selective elution of proteins associated with the enhancer tail of GGA PC bio.
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This method also avoids contamination with NeutrAvidin® and non-specific proteins

bound to the beads, which are released into samples that have been heated for elution

(Figure 3.5).
A
uv + - + + - + - - - uw + -+ + -+ - - -
GGAPCBio - + + - + + -+ o+ GGAPCBio - + + - + +
M Beads ” Elution I l Input I M ’ Beads —” EIution—l
20° b1 e m=
150 - L 1+% 150 -
100 - - - -~ _4 ;1 100-
5. 4 4 e
50 - 50- I'1 B
37 - 37- . :
<= “—
- HEN
20— 20— e

Figure 3.5: Affinity purification using a photocleavable linker improves the purity of
eluted samples.

(A) Coomassie stained SDS PAGE gel of affinity purification from Hela nuclear extract
using GGA PC Bio shows that background is reduced after elution, and contamination
with neutravadin (arrow) is eliminated. (B) Silver stained SDS PAGE gel of the same
samples in Figure 3.5A shows with greater sensitivity the increased purity after elution
by photocleavage. Arrow indicates the large amount of neutravadin that is left behind
on the beads after elution.

3.4 Extension of Method to Purify Intact Complexes

The next goal was to use the gentle cleavage conditions provided by the photocleavage
elution method for biotin affinity purification to elute an intact complex on the tail of
GGA PC Bio. Native polyacrylamide gel electrophoresis of 5’ radiolabelled
oligonucleotides was used to assess the eluted complex, allowing for comparison with
the complex that is formed before purification. As show in Figure 3.6A, a complex of

the expected size was successfully purified and eluted intact using the optimized
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photocleavage method. One limitation of the method was the inevitable dilution of the
complex after purification. However, the use of microconcentrators allowed the
complex to be concentrated significantly (Figure 3.6B).

A B
NE -+ -+ - 4 -+ Elutlon NE -+ - 4 -+ - 3kDa 10kDa

GGA PC Cleaved GGA PC l l
-

Cleaved
GGA PC Bio

GGA* ’ TO

Bio GGA PC Bio Bio

GGA*
Wells -..... ' ' ' - '

Figure 3.6: The gentle photocleavage method of elution using GGA PC Bio allows for
elution of an intact complex on the GGA tail. (A) Native polyacrylamide gel using 5’
radiolabelled oligonucleotides and Hela nuclear extract shows that the affinity purified
GGA PC Bio tail complex (arrow) migrates at the same size as the TO and unpurified,
pre-cleaved GGA PC Bio complexes. (B) The eluted tail complex can be concentrated
using either 3 kDa or 10 kDa MW cut-off microconcentrators (Millipore).

After successful purification of an intact small complex on the tail of GGA PC Bio,
efforts were turned to purification of a much larger complex, spliceosomal complex A.
Despite not being designed for this purpose, GGA PC Bio was used for financial
reasons. The pre-mRNA used was B-globin exons 2-3 (Section 8.1.3), a traditional
splicing substrate. A 23 nt extension on the 3’ end of the B-globin construct was
necessary to provide a binding site for the tail of GGA PC Bio (Section 8.1.4). In vitro
splicing and complex formation checks of the modified B-globin construct were
performed in the presence of 250 nM GGA PC Bio to ensure that the modifications
were not disruptive (Figure 3.7A and C). Affinity purification with photocleavage was
then attempted on samples that were stalled in spliceosomal A complex using an a-U6

snRNP oligonucleotide (D6nmez et al., 2007). The procedure was successful in
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selectively purifying some sort of complex, but it was not A complex. It seems from the
control samples, which had to be diluted because of the weakness of the eluted
sample, that A complex was not durable enough to withstand the dilutions necessary
for this procedure (Figure 3.7B). Further optimizations were not attempted. However,
it seems possible that this method, with some optimizations, could be useful for the
purification of large complexes that are stable enough to withstand the necessary

dilution.
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Figure 3.7: Affinity purification of B-globin splicing complex A using GGA PC Bio
annealed at the 3’ end of B-globin RNA was not successful (A) Denaturing PAGE of in
vitro splicing in Hela nuclear extract of radiolabelled B-globin + GGA anneal site
(Section 8.1.4) with GGA PC Bio shows that the addition of a binding site for GGA PC
Bio on the 3’ end of the B-globin RNA did not inhibit splicing. (B) Native agarose gel
with radiolabelled B-globin RNA (Section 8.1.3) shows the attempted affinity
purification of B-globin splicing complex A using GGA PC Bio. Unfortunately, even the
control samples, which had to be diluted to a level of radioactivity comparable to the
eluted sample, did not remain as well-formed splicing complexes. Some complex was
cleanly eluted, but it was not A complex. (C) Native agarose gel with radiolabelled RNA
shows what the undiluted splicing complexes should look like and proves that the
modifications made to B-globin did not inhibit formation of splicing complex A.
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3.5 Discussion

Traditional biotin affinity purification is a very useful method with many applications.
This method was improved by the introduction of a photocleavable linker into the
biotinylated substrate. The gentle elution conditions provided by photocleavage
allowed for a stable complex on the enhancer tail of GGA PC bio to be eluted intact
from NeutrAvidin® beads after purification for further analysis. This elution method
also greatly reduced the contamination of samples with non-specifically bound
proteins and NeutrAvidin® released during traditional harsh heating methods of
elution. The increased purity of the eluted samples allowed for lower, more
biologically relevant, concentrations of biotinylated substrate to be used.
Concentrations as low as 50 nM were successfully tested (data not shown), which is a
great improvement in comparison with typical concentrations used, such as 1 uM. The
photocleavage method of elution makes biotin affinity purification a much more

powerful tool.

A range of photocleavable linkers are now commercially available, extending the
applications of traditional biotin affinity purification. Variable positioning of the
photocleavable linker in DNA/RNA allows for a range of new applications. Also,
biotinylated photocleavable linkers can be added to primary amines of proteins,
extending the benefits of photocleavage to experiments with protein substrates.
Photocleavable linkers can even be used in oligonucleotide-peptide conjugates.
Traditional biotin affinity purification is a robust method with wide applications, and
the improvements provided by photocleavable linkers make this method even more

powerful and versatile.
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4.1 Introduction

GGA is a targeted oligonucleotide enhancer of splicing (TOES), which was developed
for the treatment of spinal muscular atrophy (Skordis et al., 2003). Spinal muscular
atrophy (SMA) is a genetic disease resulting from the loss of the SMN1 gene (Pearn,
1980; Lunn & Wang, 2008; Feldkotter et al., 2002). Fortunately, SMA patients have at
least one copy of SMIN2, a very similar gene that only differs by a few translationally
silent mutations. However, these mutations, especially a C to T transition at position 6
in exon 7 (C6T), lead to skipping of exon 7 in 90% of transcripts, causing production of
a truncated SMN protein that is rapidly degraded (Monani et al., 1999; Lorson et al.,
1999; Le et al., 2000; Cartegni et al., 2006; Lorson et al., 1998). This C6T mutation
generates an exonic splicing silencer (ESS), which has been shown to bind hnRNP Al
and/or Sam68, and disrupts an exonic splicing enhancer known to bind SRSF1 (Lorson
et al., 1999; Monani et al., 1999; Cartegni & Krainer, 2002; Cartegni et al., 2006;
Kashima & Manley, 2003; Kashima et al., 2007; Pedrotti et al., 2010). GGA targets the
C6T mutation site by annealing from position 2-16 on SMN2 exon 7, and it was
designed to recruit activator proteins with a non-annealed enhancer tail extending
from position 16 (AGGAGGACGGAGGACGGAGGACA). Although this sequence has
shown success both in vitro and in vivo (Skordis et al., 2003; Meyer et al., 2009),
further investigation into the mechanism by which GGA restores SMN2 exon 7
inclusion was necessary in order to improve its therapeutic potential and provide

knowledge that could be beneficial for the design of future TOES.
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4.2 Complexes and Bound Proteins

The first step to understanding the mechanism of action of GGA was to determine
which proteins were being recruited by its enhancer tail. The enhancer sequence of
the tail was designed with the consensus binding site for SRSF1 (GAAGARR) in mind
(Sanford et al., 2009). However, it was necessary to prove that this protein was indeed
recruited. Investigation into protein binding on GGA revealed a more complex situation

than previously expected.

4.2.1 Identification of Proteins

The modified biotin affinity purification procedure, allowing the GGA tail and
associated proteins to be eluted selectively with 365 nm UV light (Chapter 3), was used
to gather a large enough sample for identification of the proteins by mass
spectrometry. The entire sample, as well as a control sample lacking GGA PC bio, was
run about 5 mm into an SDS PAGE gel. Then the whole, unseparated protein bands for
the GGA PC bio sample and for the control, were submitted to the University of
Leicester’s Protein and Nucleic Acid Chemistry Laboratory (PNACL) for trypsin digest
and analysis by liquid chromatography - tandem mass spectrometry (LC MS/MS) using
the LQT Orbitrap velos mass spectrometer (Thermo). This sensitive method identified,
with 100% protein identification probability, 42 proteins unique to the +GGA PC Bio
sample (Figure 4.1). The list of proteins contains many splicing regulatory proteins as
well as a few core splicing components, such as U1A and SF3B2. Also abundant in the
list are transcriptionally related proteins. It is clear from this list that the enhancer tail
of GGA is capable of recruiting, or associating to, a spliceosomal complex. It seems

likely given the large number of proteins found that, although no SMN2 RNA was
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added to this affinity purification, GGA was able to associate, probably through
protein-protein interactions, with transcripts present in the nuclear extract. While this
is not a quantitative method, ranking the identified proteins by percent coverage may
give some indication of relative abundance (Silva et al., 2006). Notably, SRSF1, ranked
9" overall, was the highest ranked splicing activator protein. However, it was
necessary to investigate further which proteins were bound directly to GGA. UV light
of 254 nm was used to covalently crosslink bound proteins to 5’ radiolabelled GGA and
an oligonucleotide consisting of only the enhancer tail sequence of GGA, named TO
(Section 8.2.1, Figure 4.2B). Further investigations, discussed later in this section, led to
the indicated protein assignments. Figure 4.2A is a silver stained SDS PAGE gel of a
small aliquot of the affinity purification sample sent for the analysis that produced
Figure 4.1. Possible protein assignments have been made in Figure 4.2A, based on the
work covered in this chapter. However, it is important to note that no specific bands

were sent for identification by mass spectrometry from this experiment.
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Accession Percent
Rank ldentified Proteins Mw

Number Coverage
1 |lsoform 4 of Cellular nucleic acid-binding protein {CNBP) P62633-4 20 kDa 60%
2 |CDKNZ2A-interacting protein (CDKNZAIP) Q9NXVE 61 kDa 58%
3 |Heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) FBVRQ1 (+4) |33 kDa 55%
4 |Probable ATP-dependent RNA helicase DHX36 (DHX36) QsHzu1 115 kDa 53%
5 |5'-3' exoribonuclease 2 (XRNZ2) QSHOD6 109 kDa 53%
6 |Heterogeneous nuclear ribonucleoprotein H, N-terminally processed (HNRNPH1) [G8ILB6 (+1) |51 kDa 51%
7 |Heterogeneous nuclear ribonucleoproteins A2/B1 (HNRNPAZB1) P22626 (+1) |37 kDa 51%
8 |Heterogeneous nuclear ribonucleoprotein H2 (HNRNPHZ2) P55795 49 kDa 47%
9 |Serine/arginine-rich splicing factor 1 (SR5F1) Q07955 28 kDa 46%
10 [Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 (PLOD1) Q02809 84 kDa 41%
11 [Heterogeneous nuclear ribonucleoprotein U-like protein 1 (HNRNPUL1) B7Z4B8 (+3) |86 kDa 40%
12 [Heterogeneous nuclear ribonucleoprotein U (HNRNPU) Q00839 91 kDa 40%
13 |Interleukin enhancer-binding factor 3 (ILF3) COJFVS (+7) |83 kDa 40%
14 |Heterogeneous nuclear ribonucleoprotein A3 (HNRNPA3) E7ERI4 (+2) |34 kDa 37%
15 |RMA-binding protein 45 (REM45) Q8IUH3 (+1) |54 kDa 37%
16 [Nucleolin (NCL) P19338 77 kDa 33%
17 |Transcriptional activator protein Pur-alpha (PURA) Qpos77 35 kDa 32%
18 [Nuclease-sensitive element-binding protein 1 [YBX1) P67809 36 kDa 32%
19 [Heterogeneous nuclear ribonucleoprotein F {HNRNPE) P52597 46 kDa 30%
20 [Interleukin enhancer-binding factor 2 (ILF2) Q12905 43 kDa 28%
21 [Transcriptional activator protein Pur-beta (PURB) Q96QR8 33 kDa 28%
22 |RNA-binding protein FUS [FUS} BADRYO (+2) |45 kDa 27%
23 [Serine/arginine-rich splicing factor 2 (SRSF2) Q01130 (+1) |25 kDa 22%
24 [Serine/arginine-rich splicing factor 9 (SRSF9) Q13242 26 kDa 22%
25 |DNA-binding protein A (CSDA) P15989 (+2) |40 kDa 21%
26 |[Serine/arginine-rich splicing factor 5 (SRSF5) 013243 31 kDa 20%
27 |HCG2044799 (hCG_2044799) H3BQZ7 (+1) |85 kDa 19%
28 [Small nuclear ribonucleoprotein Sm D3 (SNRPD3) BADJPT (+1) |13 kDa 16%
29 [TAR DNA-binding protein 43 (TARDBP) Q13148 (+1) |45 kDa 15%
30 |U1 small nuclear ribonucleoprotein A (SNRPA) PO9012 31 kDa 13%
31 [Serine/arginine-rich-splicing factor 7 (SRSF7) COJAB2 (+4) |27 kDa 13%
32 [Heterogeneous nuclear ribonucleoprotein Q (SYNCRIP) 060506 (+3) |70 kDa 12%
33 |[TATA-binding protein-associated factor 2N (TAF15) 92804 (+1) |62 kDa 11%
34 [Heterogeneous nuclear ribonucleoprotein R (HNRNPR) 043390 71 kDa 10%
35 |[Splicing factor 3B subunit 2 (Fragment] (SF3B2) EQPJO4 (+4) |39 kDa 9%
36 [Serine/arginine-rich splicing factor 6 (SRSFG) Q13247 (+1) |40 kDa 7%
37 [5'-3' exoribonuclease 1 (XRN1) QBIZH2 (+1) |194 kDa 7%
38 |Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 (DHX15) |FSHGKO (+1) (90 kDa 6%
39 |Heterogeneous nuclear ribonucleoprotein D-like (HNRPDL) 014979 (+2) |46 kDa 5%
40 |Probable ATP-dependent RNA helicase DDX5 (DDX5) EVETLY (+1) |62 kDa 5%
41 |General transcription factor II-1 (GTF2I) BADHS2 (+4) (112 kDa 2%
42 [Thyroid hormone receptor-associated protein 3 ([THRAP3) Q9Y2wi1 109 kDa 2%

Figure 4.1: List of specific proteins found to be associated with the GGA enhancer tail
after biotin affinity purification from Hela nuclear extract using with GGA PC Bio and
the photocleavage method of elution (See Chapter 3). Proteins were identified by LC

MS/MS using a LQT Orbitrap velos mass spectrometer (Thermo) and ranked according
to percentage peptide coverage (Silva et al., 2006).
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Figure 4.2: Comparison of proteins found to be associated with the tail of GGA PC Bio
by affinity purification with proteins found to bind directly to GGA and the GGA tail
(TO). (A) Silver stained SDS PAGE gel of a small amount of the GGA PC Bio affinity
purification sample, analyzed in Figure 4.1, with potential protein assignments. (B) SDS
PAGE gel transferred to nitrocellulose shows the proteins bound directly to 5’
radiolabelled GGA and TO in Hela nuclear extract using UV crosslinking. Potential
protein assignments have been made.

Figure 4.3 represents a large scale biotin affinity purification where individual bands
from the Coomassie stained gel (Figure 4.3A) were sent for identification by MALDI-
TOF mass spectrometry after in-gel trypsin digest, performed by PNACL. Figure 4.3B is
a silver stained SDS PAGE gel of a small proportion of the same samples used in Figure
4.3A. Only two bands, indicated by arrows, were identified successfully. The top band
was identified as a 5’-3’ exoribonuclease, and the lower band was identified as
nucleolin. It is clear from the silver stained gel that many other proteins were purified
as well, but nucleolin was by far the most abundant. This result was somewhat
puzzling as nucleolin is not a known splicing activator. It is important to note that the
size of nucleolin did correspond well with the largest protein found by UV crosslinking

(Figure 4.2B) to bind directly to GGA and TO, bearing in mind that the size of the
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crosslinked oligos, 38 nt and 23 nt respectively, affects the mobility. It was not clear
how either of these proteins could be responsible for the stimulatory effect of GGA on
SMN2 exon 7 inclusion. Therefore, it was necessary to investigate further the other,

less abundant, proteins recruited by the GGA tail.

It was unfortunate that in the experiment for Figure 4.3 the gels were run too far to
detect CNBP, which we know must have been present from the Orbitrap mass spec
experiment (Figure 4.1). The size of CNBP corresponds well with the smallest protein
found to bind directly to GGA and TO (Figure 4.2B). To further confirm CNBP binding, a
splicing functional nuclear extract was made from HEK 293T cells expressing T7-tagged
CNBP (Figure 4.4A and B). Figure 4.4C compares UV crosslinking of GGA and TO in the
control 293T extract to crosslinking in the T7-CNBP 293T NE. Unfortunately, the T7 tag
was quite small (MASMTGGQQMG), so it was difficult to detect the shift in size. For
GGA it was impossible to detect the shift produced by the T7 tag because of the
additional size of the crosslinked oligo. However, a small shift can be observed for TO
(Figure 4.4C). Additionally, for both GGA and TO the relevant crosslinked band is
brighter in the overexpressed T7-CNBP NE than the control, also implicating CNBP as

the bound protein.

The binding of nucleolin and CNBP to the tail of GGA was a strong indication that the
tail could be forming a G-quadruplex, as both nucleolin and CNBP are known to bind
sequences which can form G-quadruplexes (Armas et al., 2008; Michelotti et al., 1995;
Liu et al., 1998; Borgognone et al., 2010; Bates et al., 1999; Gonzélez et al., 2009). NMR

and CD studies on the GGA tail sequence done by colleagues from the University of
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Nottingham (Mr A. Cousins, Prof. M. Searle), with the help of Mr A. Perrett (University
of Leicester), proved that the GGA tail does have the ability to form a G-quadruplex
(Smith et al., manuscript submitted). As shown in Figure 4.2B, nucleolin binding is
more prevalent with GGA than TO. This indicates that nucleolin may bind at the
junction between the G-quadruplex and the annealing region, which is not part of the
G-quadruplex. This type of binding has been observed previously for another G-
quadruplex binding protein, FMRP (Phan et al., 2011; Ramos et al., 2003). Further

investigation into the G-quadruplex nature of the GGA tail can be found in Section 4.3.
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Figure 4.3: Affinity purification with GGA PC Bio revealed 5’-3’ exoribonuclease 2 (top
arrow) and nucleolin (bottom arrow) binding. (A) Coomassie stained SDS PAGE gel of
affinity purification with GGA PC bio from Hela nuclear extract. Individual bands were
sent for MALDI-TOF mass spectrometry, two of which were identified successfully. (B)
Silver stained SDS PAGE gel of the same samples from Figure 4.3A.
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Figure 4.4: CNBP binds directly to the enhancer tail of GGA. (A) Denaturing PAGE of in
vitro splicing with radiolabelled SMN2 RNA showing that the T7-CNBP HEK 293T
nuclear extract is functional. (B) a-T7 western blot showing expression of T7-CNBP.

(C) SDS PAGE gel transferred to nitrocellulose, indicating T7-CNBP binding to 5’
radiolabelled GGA and related tail-only oligo (TO — Section 8.2.1) by UV crosslinking.
For GGA, only an increase in intensity of the CNBP band, due to binding of CNBP and
the over-expressed T7-CNBP, can be observed due to the relatively small additional
mass of the T7 tag. However, a shift from the T7 tag, as well as an increase in intensity,
is observed when the TO oligo is crosslinked (arrow), as the additional mass of the
crosslinked TO is less than for GGA.
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While identification of nucleolin and CNBP as two of the main proteins bound directly
to GGA may be explained by the ability of the GGA tail to form a G-quadruplex, this still
did not explain the positive effect of GGA on SMN2 exon 7 splicing. As mentioned
previously, GGA was designed to bind the splicing activator protein SRSF1. Also, SRSF1
was found to be associated with the tail of GGA through affinity purification (Figure
4.1). However, it was necessary to prove that SRSF1 was binding directly to GGA. This
was done using UV crosslinking to 5’ radiolabelled GGA and TO in nuclear extracts
containing eGFP-labelled SRSF1 (Figure 4.5). Figure 4.5A-D were all derived from the
same experiment where GFP-SRSF1 NE from Hela cells was used. It is clear from the
appearance of a new crosslinked band for both GGA and TO in the samples containing
GFP-SRSF1 that GFP-SRSF1 is capable of binding directly to the tail of GGA (top arrows
in Figure 4.5A). The bottom arrows in Figure 4.5A indicate the bands potentially
corresponding to unlabelled, crosslinked SRSF1, based on size comparisons made with
the anti-SRSF1 western blot (Figure 4.5C). Figure 4.5B shows the location of the bands
from western blot (Figure 4.5C) when overlaid with UV crosslinking image. The
observed shift in size is due to the additional size of the crosslinked oligos. It is strange
that the ratio of labelled to unlabelled SRSF1 in the western blot does not seem to
correspond well with the ratio of the GFP-SRSF1 crosslinked band to the proposed
SRSF1 crosslinked band. However, it is clear that GFP-SRSF1 does bind. Figure 4.5D is a
native polyacrylamide gel of the same samples used for Figure 4.5A-C, indicating that
the relevant complexes were forming on GGA and TO in the GFP-SRSF1 NE. Figure 4.5E
shows another UV crosslinking experiment where NE from HEK 293T cells expressing
GFP-SRSF1 was used. In this case a more dramatic shift to binding almost exclusively

GFP-SRSF1 is observed for both GGA and TO. This is likely due to the fact that
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endogenous SRSF1 expression, and overexpression of GFP-SRSF1, is higher in 293T cells
than Hela cells. It also indicates that there is likely competitive binding between the
quadruplex binding proteins (CNBP, nucleolin) and SRSF1. It seems likely from these
findings that the stimulatory effect of GGA on SMN2 exon 7 splicing is due to direct
binding of SRSF1 to the enhancer tail of GGA, followed by protein-protein interactions,

ultimately resulting in recruitment of the splicing machinery.
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Figure 4.5: SRSF1 binds directly to the enhancer tail of GGA (TO). (A) UV crosslinking
samples with 5’ radiolabelled GGA and TO in Hela nuclear extracts, including GFP-
SRSF1 NE, which were run on an SDS PAGE gel transferred to nitrocellulose. The new
band that appeared in the GFP-SRSF1 nuclear extract, indicated by the leftward
pointing arrows, is consistent with the size expected for GFP-SRSF1. Rightward facing
arrows indicate a band of the right size to be SRSF1. (B) Same image as Figure 4.5A
with red lines indicating the position of the SRSF1 bands identified by western blot
(Figure 4.5C). The shift in size due to the mass of the crosslinked oligos is consistent
with expectations. (C) a-SRSF1 western blot of the nitrocellulose from Figure 4.5A,
showing GFP-SRSF1 expression. (D) Native polyacrylamide gel of the same samples
used in Figure 4.5A. (E) GFP-SRSF1 becomes the predominantly bound protein, as
assessed by UV crosslinking to 5’ radiolabelled GGA and TO, when highly over-
expressed in HEK 293T nuclear extract.
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4.2.2 Binding Specificity and Strength

As multiple proteins were found to bind to GGA, investigations into the relative binding
specificity and strength of these proteins were done. Figure 4.6 shows that a 50 fold
excess of GGA can successfully compete off proteins, such as nucleolin and CNBP,
bound specifically to the tail of GGA PC Bio in an affinity purification experiment.
Interestingly, a 50 fold excess of a different oligonucleotide, named AAC (Section
8.2.4), was unable to disrupt CNBP binding, but did seem to disrupt nucleolin binding
(Figure 4.6). Unfortunately, other protein bands were too weak to analyze in this

experiment.

50x AAC - -
50xGGA - -
GGAPCBio - +

+
+
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Figure 4.6: Silver stained SDS PAGE gel of affinity purification with GGA PC Bio from
Hela nuclear extract shows that addition of 50 x GGA successfully competes off the
proteins specifically bound to GGA PC Bio. Competition with 50 x AAC oligonucleotide
disrupted nucleolin binding (top arrow), but CNBP binding was unaffected (bottom
arrow). See section 8.2 for oligonucleotide details.

Comparison of protein binding to the enhancer tail, determined by UV crosslinking,
with complex formation, determined by native polyacrylamide gel electrophoresis,

often reveals a similarity in pattern (Figure 4.7A and B). With all of the experiments
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done to date, there is no way to be sure of the protein composition in the native gel
bands. However, it seems likely that the predominant GGA tail complex band (smallest
band) is due to CNBP binding. Figure 4.2B showed that CNBP was the most abundant
protein crosslinked to the tail of GGA (TO). Likewise, the 2’0OMe version of TO, O-TO,
also shows CNBP crosslinking (Figure 4.7A). Comparison of the crosslinking pattern of
proteins to O-TO (Figure 4.7A) to the complexes seen in the native gel (Figure 4.7B)
indicates that the smallest complex band could be CNBP. It is therefore likely that the
smallest complex band on GGA-O, the 2’OMe version of GGA, is also due to CNBP
binding. Interestingly, as the concentration of nuclear extract is reduced, binding to the
tail of GGA-O is favored (Figure 4.7C). It is important to note that this strong tail band,

which is likely CNBP, is also found on the tail of GGA (Figure 3.6).

NE- + - + - + -+ - + - 4+ %NE_O 40 20 10 5
A |GGA-O|O-TO|O-NT| B | GGA-O | O-TO | O-NT | C | GGA-O |
130- -
i a
50- ; -
37— 3 .
25— . ®

Figure 4.7: Analysis of protein binding to GGA-O, O-TO and O-NT by UV crosslinking
and native polyacrylamide gel electrophoresis

(A) SDS PAGE gel of 5’ radiolabelled GGA-O, O-TO and O-NT UV crosslinked in Hela
nuclear extract. (See Section 8.2.1 for oligonucleotide details.) (B) Native
polyacrylamide gel of 5’ radiolabelled oligos in HelLa nuclear extract shows a similarity
to the pattern observed by UV crosslinking (Figure 4.7A), especially for O-TO. (C) Native
polyacrylamide gel showing that as the concentration of nuclear extract is reduced,
binding to the enhancer tail of GGA-O is favored, as determined by comparison with
the nature of the O-TO complex in Figure 4.7B.
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Native gel experiments investigating SRSF1 binding, done using T7 tagged SRSF1
purified from E.Coli, found that while SRSF1 does bind to GGA-O, binding is very
sensitive to handling and electrophoresis conditions (Figure 4.8). Of the many
conditions tested, only the sample incubated at 4 °C in normal splicing buffers, which
was never placed at 30 °C or -80 °C, showed binding of the purified SRSF1, and even
then only under one of the four tested electrophoresis conditions (Figure 4.8C). As 5%
glycerol in the native gel was found to be beneficial in retaining SRSF1 binding (Figure
4.8C), 10% glycerol was subsequently tested and found to be even more beneficial,
stabilizing SRSF1 binding even in samples that had been placed at room temperature
or frozen at -80 °C (Figure 4.9). It is possible that the weak binding was due to the
instabilities of having a purified protein. Also, any G-quadruplex structure of the tail of

GGA-O is likely to have made it more difficult for the purified SRSF1 to bind.
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Figure 4.8: Purified SRSF1 binding to 5’ radiolabelled GGA-O analyzed by native gel
Binding is very sensitive to incubation conditions and electrophoresis conditions. All
parts of this figure are different electrophoresis conditions for the same samples.
(A) No SRSF1 binding retained (B) SRSF1 binding detected, but only the sample that
was never incubated at 30 °C or frozen at -80 °C. (C) Addition of 5% glycerol to the
native polyacrylamide gel stabilizes the SRSF1 binding observed in part B. (D) Native
agarose gel with same buffer as part A was similarly unsuccessful in retaining SRSF1
binding.
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Figure 4.9: Detection of purified SRSF1 binding to 5’ radiolabelled GGA-O by native
polyacrylamide gel electrophoresis is further improved by increasing the amount of
glycerol in the gel from 5% (A) to 10% (B).

4.2.3 Protein Binding to GGA is Unchanged in Presence of

SMN2 RNA

Many experiments were done looking at protein binding to GGA under splicing
conditions but without SMN2 RNA. It was necessary to determine if GGA bound the
same proteins in the same ratios when in the presence of SMN2 under splicing
conditions. To this end, 3’ radiolabelled GGA was incubated with an approximate 2 fold
excess of cold SMN2 RNA under splicing conditions, and protein binding was
monitored by UV crosslinking at various timepoints (Figure 4.10B). Quantification of
the ratios of the three clear crosslinked protein bands revealed a loss over time of
nucleolin binding with an increase in SRSF1 binding. CNBP binding was less affected.

However, the same trend was seen in the absence of SMN2 RNA (Figure 4.10A).
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Therefore, this effect was attributed to some other changes, such as phosphorylation

or other protein modifications, which would vary over time.
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Figure 4.10: Timecourse of UV crosslinking of GGA in HeLa nuclear extract +/- SMN2
The composition of proteins bound to GGA in Hela nuclear extract is unchanged in the
presence of SMN2 RNA. However, over time in nuclear extract at 30 °C the relative
level of nucleolin binding to GGA is reduced while the level of SRSF1 is slightly
increased. (A) SDS PAGE gel of UV crosslinking over time with 3’ radiolabelled GGA
under splicing conditions, but without the SMN2 RNA transcript. Below is a graph of
the relative percentage of the three main crosslinked proteins, determined by
guantification with OptiQuant software of the intensity of radiation from each band,
which was detected using a phosphorimaging screen and Cyclone reader (Section
2.2.7). (B) SDS PAGE gel of UV crosslinking with 3’ radiolabelled GGA over time under
splicing conditions with the SMN2 RNA transcript. Below is a graph of the relative
percentage of the three main crosslinked proteins, determined by quantification of the
intensity of radiation from each band.

In order to determine the effect of phosphorylation status on the proteins binding to

GGA, affinity purification using GGA PC Bio was done comparing normal (+ATP) and -
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ATP conditions (Figure 4.11). Strikingly, nucleolin binding was greatly reduced when
ATP was depleted, indicating that phosphorylation of nucleolin may be necessary for
binding to GGA. For the most part, the binding of other proteins, including CNBP, was
unaffected by ATP depletion. It seems likely that the reduction in nucleolin binding
over time, observed in Figure 4.10, is due to a reduction in ATP levels. The increase in

SRSF1 binding could be somewhat opportunistic, as nucleolin becomes unable to bind.

ATP + + - - + + + + - - -
250mM GGA PC Bio - + - + - + - + -+ -+
M Input Beads | Elution |Beads | Elution

Figure 4.11: Nucleolin binding is greatly reduced when ATP is depleted.

This silver stained SDS PAGE gel of affinity purification with GGA PC Bio from Hela
nuclear extract shows that CNBP (bottom arrow) and most other protein binding is
unaffected by ATP depletion conditions, but nucleolin binding (top arrow) is greatly
reduced.

In an attempt to separate GGA molecules in SMIN2 splicing complexes from free GGA,
and to then compare the proteins bound in each state, glycerol gradients were
performed on UV crosslinked samples containing 3’ radiolabelled GGA with and
without roughly 2 fold excess cold SMN2 RNA. In order to create a uniform sample, an

oligonucleotide against the U6 snRNP was used to stall at the splicing complex A
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before the crosslinking step (D6nmez et al., 2007). The fractions from the gradients
were measured using Cherenkov scintillation counting, before being TCA precipitated
and analyzed by SDS PAGE (Figure 4.12A-C). A control gradient using radiolabelled B-
globin RNA, stalled at A complex, was done simultaneously to give an indication of the
expected fractionation pattern for A complex (Figure 4.12D). The fractionation and
crosslinking patterns for the GGA gradients were very similar, indicating that protein
binding was not significantly altered in the presence of SMN2. Unfortunately,
comparison of the scintillation readings for the GGA gradients with the B-globin
gradient revealed that even when SMN2 was present, GGA was not remaining
annealed during the gradient process (Figure 4.12C and D). As the SMN2 construct is
essentially the same as the 2 exon B-globin construct with SMN2 exon 7 and flanking
sections of intron inserted, the various possible A complexes for the SMN2 construct
would likely be as large as, or larger than, the B-globin A complex, which peaks in
fraction 8 of the glycerol gradient. Both GGA gradients peak in the very early fractions
(2-3) and have tailed off by fraction 8. Therefore, the majority of the GGA in the +

SMN2 sample was not travelling through the gradient with the SMN2 complexes.
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Figure 4.12: Protein binding to GGA in HelLa nuclear extract is unchanged in the
presence of SMN2 RNA, which has been stalled at splicing complex A. GGA does not
remain associated with the SMN2 RNA when analyzed by glycerol gradient. (A) SDS
PAGE gel of glycerol gradient fractions from — SMN2 experiment with 3’ radiolabelled
GGA. (B) SDS PAGE gel of glycerol gradient fractions from + SMN2 experiment with 3’
radiolabelled GGA. (C) Graph of the scintillation counts of the gradients from A and B.
(D) Scintillation counts of a glycerol gradient with radiolabelled B-globin RNA stalled at
splicing complex A.
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The weak annealing of GGA observed in the glycerol gradient experiments was not
entirely surprising, as the sequence is very A/U rich (Section 8.2.1). Also, many
difficulties had been experienced previously during the optimization of the primer
annealing step for the GGA tail reverse transcription experiments. This case is slightly
different, as the GGA is annealing to a short complementary DNA sequence, but still
very relevant. The GGA DNA primer would not even stay annealed to GGA-O during
native polyacrylamide gel electrophoresis at room temperature. However, annealing
could be detected by electrophoresis at 4 °C (Figure 4.13). GGA-L/O, a version of GGA
with LNA modifications in the annealing region, was capable of stronger annealing, as
would be expected. However, GGA-L/O does not enhance SMN2 exon 7 splicing as well
as GGA (Section 8.2.1, (Owen et al., 2011). In fact, easy dissociation may be key to the
function of GGA, as it anneals only one nucleotide away from the 5’ end of SMIN2 exon
7. Although the ability of GGA to readily dissociate from SMN2 may be useful for

splicing, it makes many types of experiments that involve dilution unfeasible.
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Figure 4.13: The 15 nucleotide annealing region of GGA is very weak.

A 5’ radiolabelled DNA oligonucleotide complementary to the annealing region of GGA
(GGA DNA primer, Section 8.2.3) would not remain annealed to GGA-O during native
gel electrophoresis unless carried out at 4 °C. A version of GGA with a stronger locked
nucleic acid (LNA) annealing region, GGA-L/O (Section 8.2.1) was capable of remaining
annealed at room temperature.

4.3 G-quadruplex Nature of the GGA Tail

As mentioned in Section 4.2.1, the 23 nucleotide tail sequence of GGA, show in Figure
4.14, is capable of forming a G-quadruplex, based on CD and NMR studies using only
the tail sequence (Smith et al., manuscript submitted). This data suggested a parallel
G-quadruplex, possibly involving two strands of GGA (Mr A. Cousins and Prof. M.
Searle, University of Nottingham). Based on similarities of the CD data and
oligonucleotide sequence to previous findings in the literature, the bimolecular G-
guadruplex would likely consist of two single G-quadruplexes stacked face to face, with
the intervening adenosine bases creating stabilizing hexad arrangements in
conjunction with the G-tetrads (Liu et al., 2002; Uesugi et al., 2003; Mashima et al.,

2013).
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Figure 4.14: Diagram of GGA oligonucleotide with G’s capable of forming a G-
quadruplex indicated in red.

Regardless of the exact folding structure of the G-quadruplex formed, it was necessary
to investigate whether or not the G-quadruplex form of GGA was present in nuclear
extract. Also, it was important to investigate whether the G-quadruplex form of GGA
was the ‘active’ form, i.e. whether the splicing activator protein(s) responsible for the
stimulation of SMN2 exon 7 inclusion binds to the G-quadruplex form of GGA or to the
melted form. To this end, a series of experiments were done using three potential G-
qguadruplex stabilizing ligands, which were kindly provided by Prof. Laurence Hurley
(University of Arizona). The structures of the three ligands GQC-05, GSA-0820 and GSA-
0902 can be seen in Figure 4.15. CD analysis of the GGA tail sequence in the presence
of GSA-0820 and GSA-0902 indicated that they did have a stabilizing effect (Mr A.
Cousins and Prof. M. Searle, University of Nottingham, personal communication). GQC-

05 was not analyzed in this way due to a lack of material.
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Figure 4.15: Structures of three G-quadruplex stabilizing ligands. (A) GQC-05 (B) GSA-
0820 (C) GSA-0902

In order to investigate the role of the G-quadruplex form of GGA, a series of in vitro
splicing assays were performed using the three G-quadruplex stabilizing ligands. Some
optimization was required initially as the DMSO used to dissolve the ligands, producing
a concentration of 5% DMSO in the final splicing reactions, caused a significant
reduction in splicing efficiency. This was overcome by reducing the level of DMSO in
the stocks to 10%, giving a final concentration of 0.5% DMSO in the splicing reactions,
which did not have a significant negative effect on splicing efficiency (Figure 4.16).
Also, the GQC-05 ligand caused RNA to stick to the sample tubes, especially in samples
lacking the GGA oligonucleotide (Figure 4.16). This was overcome by the use of
silanized plasticware for all future experiments involving the G-quadruplex stabilizing
ligands. In vitro splicing of SMN2 with and without 250 nM GGA was done in triplicate
for a series of concentrations of GQC-05: 10 times less than GGA, equimolar to GGA
and 10 times greater than GGA. This showed that as the concentration of GQC-05 was
increased, the level of SMN2 exon 7 inclusion decreased (Figure 4.17). The same was

done for GSA-0820 and GSA-0902, and likewise SMN2 exon 7 inclusion was reduced
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with increasing ligand concentration (Figure 4.18 and Figure 4.19). In all three
experiments, exon 7 inclusion was also reduced somewhat in the control samples
lacking GGA. In order to determine whether or not the ligands were having a more
significant effect in the presence of GGA, the ratio of SMN2 exon 7 inclusion/exclusion
from the samples containing ligand were normalized to the control samples lacking
ligand (Figure 4.20). This showed clearly that for GSA-0820 and GSA-0902 the ligands
were having a more significant effect in the presence of GGA (Figure 4.20B and C).
However, for GQC-05, the effect was not as clear, and if anything seemed to be more
significant in the samples lacking GGA. The difference in behaviour of GQC-05 can be
explained in part by its difference in structure. GSA-0820 and GSA-0902 are very
similar in structure to each other. In conclusion, the in vitro splicing experiments with
GSA-0820 and GSA-0902 suggest that stabilization of the G-quadruplex structure of the
tail of the GGA oligonucleotide has a negative effect on its ability to stimulate SMN2
exon 7 inclusion, indicating that the relevant activator protein(s) probably bind to the

melted form of the GGA tail.

109



RESULTS CHAPTER 4

A 250nM GGA* - - - 4+ 4+ 4 - - - 4 4 4+ - - - 4 + 4 - - - 4+ 4 + - - - 4+ 4+ % - - - + + %+
5% DMSO | control(H,0) | o05%DMsSO | 25nMGQC-05 | 250nMGQC05 | 2.5uM GQC-05

e e —

- — —miunanm'—q—.nm—.._.m . !!.
- —-~fﬁ---!’.-w---m~__m... e - - -
. - I I ] ol By ok e L A e ] . :
L e et e L - R — [T — [ pa— 3
B 08 SMN2 Exon 7 Inclusion/Exclusion
M- GGA*
0.6 = 1 I .
= + GGA*
0.4
0.2 t
0 J = . emeem [ . =
Control Control Control 25nM GQC-05 250nM GQC-05 2.5uM GQC-05
(5% DMSO) (H20) (0.5% DMSO) (0.5% DMSO) (0.5% DMSO) (0.5% DMSO)

Figure 4.16: (A) Denaturing PAGE of triplicate in vitro splicing in HeLa nuclear extract after 2 hrs with radiolabelled SMN2 RNA in the presence
of the G-quadruplex stabilizing ligand GQC-05 causes an overall loss of RNA, especially in samples without GGA. This was due to sticking of the
RNA to the plasticware used during the experiment, rather than degradation. All further experiments with G-quadruplex stabilizing ligands
were done in silanized plasticware to prevent this effect. (B) Quantification of the gel in part A (See Section 2.2.7).
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Figure 4.17: GQC-05 reduces SMN2 exon 7 inclusion. (A) Denaturing PAGE of triplicate in vitro splicing in HelLa nuclear extract after 2 hrs with
radiolabelled SMN2 RNA with and without GGA in the presence of increasing concentrations of GQC-05 G-quadruplex stabilizing ligand. (B)
Quantification of the gel in part A (See Section 2.2.7).
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Figure 4.18: GSA-0820 reduces SMN2 exon 7 inclusion. (A) Denaturing PAGE of triplicate in vitro splicing in HeLa nuclear extract after 2 hrs
with radiolabelled SMN2 RNA with and without GGA in the presence of increasing concentrations of GSA-0820 G-quadruplex stabilizing ligand.
(B) Quantification of the gel in part A (See Section 2.2.7).
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Figure 4.19: GSA-0902 reduces SMN2 exon 7 inclusion. (A) Denaturing PAGE of triplicate in vitro splicing in HelLa nuclear extract after 2 hrs
with radiolabelled SMN2 RNA with and without GGA in the presence of increasing concentrations of GSA-0902 G-quadruplex stabilizing ligand.
(B) Quantification of the gel in part A (See Section 2.2.7).
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Figure 4.20: GSA-0820 and GSA-0902, both similar in structure, have a greater
inhibitory effect on SMN2 exon 7 inclusion in the presence of GGA, indicating a specific
effect on the G-quadruplex tail of GGA. However, GQC-05 has a negative effect on
SMN2 exon 7 inclusion in the absence of GGA, which is similar or greater than the
effect seen in the presence of GGA. (A) Graph indicating the relative change in the
ratio of SMN2 exon 7 inclusion/exclusion, generated by normalizing the in vitro SMN2
splicing data with GQC-05 from Figure 4.17 to the relevant control samples. (B) Graph
indicating the relative change in the ratio of SMN2 exon 7 inclusion/exclusion,
generated by normalizing the in vitro SMN2 splicing data with GSA-0820 from Figure
4.18 to the relevant control samples. (C) Graph indicating the relative change in the
ratio of SMN2 exon 7 inclusion/exclusion, generated by normalizing the in vitro SMN2
splicing data with GQC-05 from Figure 4.19 to the relevant control samples.
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The next step was to look into the effects of the G-quadruplex stabilizing ligands on
protein binding to 5’ radiolabelled GGA and TO. For 2.5 uM GQC-05, GSA-0820 and
GSA-0902, native polyacrylamide gel electrophoresis was used to assess the effect on
complex formation (Figure 4.21A, Figure 4.22A, and Figure 4.23A respectively). In all
cases, complex formation was not affected. Interestingly, the GQC-05 samples lacking
nuclear extract show a clear upwards shift. This could be evidence of bimolecular G-
guadruplex formation. This effect is not seen with GSA-0820 or GSA-0902. Further
evidence for a bimolecular G-quadruplex in the presence of 2.5 uM GQC-05 can be
found in Figure 4.21B, a UV crosslinking SDS PAGE gel showing crosslinking of GGA to
itself in the presence of GQC-05. Again this phenomenon is only observed for GQC-05.
No significant changes in protein binding to GGA or TO, as assessed by UV crosslinking,
were observed in the presence of 2.5 uM GQC-05, GSA-0820 or GSA-0902 (Figure
4.21B, Figure 4.22B and Figure 4.23B respectively). This suggests that GGA and TO
typically exist in G-quadruplex form, as stabilization of this form does not significantly
alter protein binding to free GGA and TO. However, this does not explain the negative

effects on GGA function observed in the SMN2 in vitro splicing experiments.
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A

Nuclear Extract
2.5 uM GQC-05 -
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Figure 4.21: Protein binding to GGA and TO is unaffected by 2.5 puM GQC-05.

(A) Native polyacrylamide gel with 5’ radiolabelled GGA and TO in Hela nuclear
extract, showing that in the presence of nuclear extract, complex formation is
unchanged by GQC-05. However, without nuclear extract, GQC-05 causes a significant
shift in both GGA and TO, possibly indicating the formation of a multi-strand G-
quadruplex. (B) SDS PAGE gel of UV crosslinking in HelLa nuclear extract with 5’
radiolabelled GGA and TO, showing no significant changes to the pattern of protein
binding in the presence of GQC-05. Interestingly, for GGA without nuclear extract, a
band most likely representing crosslinking of GGA to itself can be seen in the presence
of GQC-05, further indicating the potential formation of a multi-stranded G-
guadruplex.
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Figure 4.22: Protein binding to GGA and TO is unaffected by 2.5 uM GSA-0820.

(A) Native polyacrylamide gel with 5’ radiolabelled GGA and TO in Hela nuclear
extract, showing that in the presence of nuclear extract, complex formation is
unchanged by GSA-0820. (B) SDS PAGE gel of UV crosslinking in HeLa nuclear extract
with 5’ radiolabelled GGA and TO, showing no significant changes to the pattern of
protein binding in the presence of GSA-0820.
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Figure 4.23: Protein binding to GGA and TO is unaffected by 2.5 puM GSA-0902.

(A) Native polyacrylamide gel with 5’ radiolabelled GGA and TO in Hela nuclear
extract, showing that in the presence of nuclear extract, complex formation is
unchanged by GSA-0902. (B) SDS PAGE gel of UV crosslinking in HelLa nuclear extract
with 5’ radiolabelled GGA and TO, showing no significant changes to the pattern of
protein binding in the presence of GSA-0902.
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Another assay was developed to investigate the G-quadruplex nature of the GGA tail in
nuclear extract, reverse transcription along the tail of GGA. Initially the idea was to use
SHAPE chemistry (Merino et al., 2005; Wilkinson et al., 2006) to investigate the
secondary structure of the tail. However, it soon became evident that the termination
pattern from reverse transcription step alone was sufficient to assess the secondary
structure. As show in Figure 4.24A, the termination was most prevalent immediately
before pairs of G’s in the template, especially the first and third pairs of G’s, consistent
with a G-quadruplex structure. Notably, this pattern is unchanged in the presence of
nuclear extract, further indicating that the tail of GGA exists as a G-quadruplex not only
in solution, but also in a biologically relevant setting. Figure 4.24B explains that
removal of the 5’ radiolabel on the primer is why the sample containing nuclear extract

in Figure 4.24A is fainter than the control lacking nuclear extract.
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Figure 4.24: Secondary structure analysis of the enhancer tail of GGA is consistent
with the formation of a G-quadruplex, even in the presence of nuclear extract.

(A) Reverse transcription along the tail of GGA, using 5’ radiolabelled GGA DNA primer
(Section 8.2.3) showing termination at the nucleotides just prior to the pairs of G’s
involved in G-quadruplex formation, as can be seen by the template GGA tail sequence
to the right of the image. In the presence of Hela nuclear extract, the pattern is
unchanged. The sample is fainter due to loss of the 5’ radiolabel in the presence of
nuclear extract, as illustrated in part B. Reverse transcription was done at room
temperature. (B) Native polyacrylamide gel with 5’ radiolabelled GGA-O showing how
quickly the 5’ radiolabel is removed in the presence of nuclear extract when heated to

30 °C.
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4.4 Actions of hnRNP F

Investigations in Section 4.3 were focused around stabilization of the G-quadruplex
structure of the GGA tail. In this section, in vitro splicing with purified RNA binding
domains of hnRNP F, a protein which has been shown to antagonize G-quadruplexes,
was used to investigate the G-quadruplex structure of GGA in an opposite manner
(Dominguez & Allain, 2006). HnRNP F and hnRNP H, a protein with significant
homology to hnRNP F, are known to favor G tracts and were both found in the large
scale affinity purification with GGA PC Bio, so it is not inconceivable that they could
bind directly to the GGA tail and either melt or block the formation of the G-

quadruplex structure (Figure 4.1) (Caputi & Zahler, 2001; Dominguez et al., 2010).

In the first in vitro splicing of SMN2, done with increasing concentrations of RRM 1&2
of hnRNP F, the domains seemed to be having a positive effect (Figure 4.25). However,
it was later determined that this effect was due entirely to the control buffer differing
somehow from the buffer in the stock hnRNP F. The buffer being used initially (20 mM
NaPQO,4, 50 mM NaCl, 0.1% B-mercaptoethanol, pH 7) was clearly detrimental to
splicing, so the hnRNP F RRM 1&2 stock was dialyzed into Buffer D, a potassium based
buffer used to store nuclear extract. Unfortunately, this also had a negative effect on
splicing because it was still raising the concentration of solutes, like potassium, in the
reaction (Figure 4.26). To avoid adding any additional buffer or salt to the splicing
reaction, the hnRNP F domains were dialyzed into 100 mM potassium glutamate
(K/glu) and 40 mM Hepes pH 7.5 with 0.1% B-mercaptoethanol. The amount of K/glu
and Hepes normally added to in vitro splicing reactions was reduced to account for the

K/glu and Hepes being added with the hnRNP F domains. Therefore, the only addition
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to the splicing reaction was the 0.1% B-mercaptoethanol necessary for stabilization of
the hnRNP F domains. This strategy was successful in greatly reducing the negative
effects on splicing, allowing for the true, very slightly negative, effect of the hnRNP F
domains to be visualized (Figure 4.27). Next, hnRNP F RRM3, the strongest of the
binding domains, was tested using this method. Again the results showed a negative
effect with increasing concentration of hnRNP F (Figure 4.28). To be sure the original
positive effect was false, a new batch of hnRNP F RRM 1&2 was prepared in the
sodium phosphate buffer. This time the in vitro splicing showed the same slightly

negative trend as all of the other experiments, except the first (Figure 4.29).

These experiments did not provide any proof in favor of the model where GGA is active
in the ‘melted’ form. However, it is entirely possible that the slight negative effect seen
with the addition of the hnRNP F domains was due to competition of the domains with
either full length hnRNP F or H, or with an activator protein, such as SRSF1. Therefore,

no real conclusions can be drawn one way or the other.
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Figure 4.25: (A) Denaturing PAGE of triplicate in vitro SMN2 splicing in HelLa nuclear extract with GGA at 2 hrs with purified hnRNP F RNA
recognition motifs 1 & 2 showing an apparent increase in exon 7 inclusion. However, this was later shown to be due to a mishap with the
control buffer. (B) Graph showing the quantification of SMN2 exon 7 inclusion/exclusion from the image in part A (See Section 2.2.7). It is clear
that the sodium phosphate buffer has an inhibitory effect on splicing.
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Figure 4.26: (A) Denaturing PAGE of triplicate in vitro SMN2 splicing in HelLa nuclear extract with GGA at 2 hrs with purified hnRNP F RRMs 1 &
2 in Buffer D shows that although all of the components of Buffer D are safe for splicing, the total increase in solutes was still inhibitory. (B)
Quantification of the gel in part A (See Section 2.2.7) indicates that the hnRNP F domains are not having a positive effect under these
conditions. In fact, a slight reduction in exon 7 inclusion is observed.
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Figure 4.27: (A) Denaturing PAGE of triplicate in vitro SMN2 splicing in HelLa nuclear extract with GGA at 2 hrs with purified hnRNP F RRMs 1 &
2 in K/glu + Hepes buffer, giving final concentrations as for a normal splicing reaction with the addition of 0.1% B-mercaptoethanol. Only very
slight inhibition of splicing is observed. (B) Quantification of the gel in part A (See Section 2.2.7) shows a small negative effect of hnRNP F RRMs
1 & 2 on the ratio of SMN2 exon 7 inclusion/exclusion.

125



RESULTS CHAPTER 4

A 250nMGGA* - - - 4+ 4 4 - - - 4 4 4 - - - 4 4 4 - - - 4 4 4 - - - + 4 4
Control (-B-merc) | Control (+B-merc) | 3.5 uM hnRNPF RRM3 | 7 uM hnRNPF RRM3 | 14 uM hnRNPF RRM3 |

D et b vt e — Sl a8y Ao oy
B . SMN2 Exon 7 Inclusion/Exclusion B GGA* -
1 GGA* +
1 I =
I

0.5

0 ,,4%——'———'—— r s
Control (-B-merc) Control (+B-merc) 3.5 UM hnRNP FRRM3 7 uM hnRNP F RRM3 14 uM hnRNP F RRM3

Figure 4.28: (A) Denaturing PAGE of triplicate in vitro SMN2 splicing in HeLa nuclear extract with GGA at 2 hrs with purified hnRNP F RRM 3 in
K/glu + Hepes buffer, giving final concentrations as for a normal splicing reaction with the addition of 0.1% B-mercaptoethanol. (B)
Quantification of the gel in part A (See Section 2.2.7) shows a negative effect of hnRNP F RRM3 on the ratio of SMN2 exon 7
inclusion/exclusion.
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Figure 4.29: (A) Denaturing PAGE of triplicate in vitro SMN2 splicing in Hela nuclear extract with GGA at 2 hrs with a new batch of purified
hnRNP F RRMs 1 & 2 in fresh sodium phosphate buffer further proves that the results from Figure 4.25 were false. (B) Quantification of the gel
in part A (See Section 2.2.7) shows a slight negative effect of hnRNP F RRMs 1 & 2 on the ratio of SMN2 exon 7 inclusion/exclusion, as was
observed in all related experiments (except for Figure 4.25).
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4.5 Importance of Oligonucleotide Chemistry

A study published in 2011 determined, after investigation of many different
oligonucleotide sequences and chemistries, that GGA (oligonucleotide 1) was the best
of those tested at increasing SMN2 exon 7 inclusion (Owen et al., 2011). Ironically, this
is the same sequence and chemistry as was originally used in 2003 when the method
was developed (Skordis et al., 2003). This section takes a brief look at a few different
oligonucleotides with the same sequence as GGA, but different chemistries, to
investigate the effects of oligonucleotide chemistry on protein binding and secondary

structure. (See Appendix — Section 8.2.1 for oligonucleotide information).

Figure 4.30 shows that variations in oligonucleotide chemistry affect protein binding
and complex formation. UV crosslinking to the 5’ radiolabelled oligonucleotides
revealed variations in the composition and concentrations of proteins bound (Figure
4.30A). Native polyacrylamide gel electrophoresis of the same samples confirms
variations in complex formation (Figure 4.30B). These variations in protein binding are
likely due, at least in part, to variations in secondary structure induced by the chemical
alterations. Reverse transcription on the tail of various GGA-related oligos indicates
variations in secondary structure, consistent with this hypothesis (Figure 4.31). GGA-A,
GGA-B, GGA-H, and GGA* are all commercially obtained batches of GGA, which should
theoretically be identical in sequence and chemical modifications. Strangely, GGA-A
and GGA-B have a different reverse transcription pattern to GGA* despite all three
being different batches of the same oligonucleotide with the same modifications.
Further investigations of these three batches of GGA, as well as another batch (GGA-

H), revealed that loss of phosphorothioate modifications over time could be to blame.
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Reverse transcription on the tails of the four batches shows that all are full length
(Figure 4.32A). However, high resolution polyacrylamide gel electrophoresis of the
oligos shows variations in size, which must therefore be due to loss of
phosphorothioate modifications (Figure 4.32B). Figure 4.32C, used with permission
from the thesis of colleague Dr L. Smith, shows that loss of phosphorothioate
modifications leads to a loss of functionality (Smith, 2012). GGA-A and GGA-B showed
the most severe loss of phosphorothioates and likewise showed the least ability to
stimulate SMN2 exon 7 inclusion. GGA*, which shows very little to no
phosphorothioate loss, performs the best in the SMN2 in vitro splicing assay. Most
telling perhaps is GGA-H, which has suffered partial phosphorothioate loss and,
consequently, partial loss of functionality when compared to GGA*. Clearly, the
modifications of GGA* are very important for oligonucleotide secondary structure,

protein binding and overall functionality.
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Figure 4.30: Oligonucleotides with the same sequence as GGA, but different chemical
modifications (See Section 8.2.1 for detailed oligonucleotide chemical modifications),
show significant variations in protein binding. Note: O-TO is the 2’0OMe version of the
tail-only oligo and O-NT has no tail (annealing region only).

(A) SDS PAGE gel of UV crosslinking with 5’ radiolabelled GGA-related oligonucleotides.
The various chemistries, such as phosphorothioate (GGA-S), LNA (GGA-L/0), and
2’0OMe modifications (GGA-O), cause significant variations in the pattern and identity
of proteins bound. (B) Native polyacrylamide gel electrophoresis of 5’ radiolabelled
GGA-related oligonucleotides shows variations in complex formation with the varying
chemical modifications.
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Figure 4.31: Oligonucleotides with the same sequence as GGA, but different chemical
modifications (See Section 8.2.1 for details) show variations in secondary structure, as
assessed by denaturing PAGE of reverse transcription along the enhancer tails of these
oligonucleotides using 5’ radiolabelled primer complementary to the 15 nt annealing
region of the oligos. Interestingly, different commercial batches of GGA, which should
have had exactly the same chemical modifications (GGA-A, GGA-B and GGA*), showed
differences in the pattern of termination. GGA-A and GGA-B were different to GGA*
and behaved differently in nuclear extract. GGA-O, a 2’ OMe version of GGA remained
annealed to some of the longer reverse transcription products, obscuring the results.
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Figure 4.32: The loss of phosphorothioate modifications over time in various batches
of GGA (Section 8.2.1) causes changes in secondary structure and a reduction in the
ability to stimulate SMN2 exon 7 inclusion.

(A) GGA-A, GGA-B, GGA-H, and GGA* are all commercially obtained batches of GGA,
which should theoretically be identical in sequence and chemical modifications.
Denaturing PAGE of reverse transcription along the enhancer tails of these
oligonucleotides, using a 5’radiolabelled primer annealed to the 15 nt annealing region
of the GGA oligos, shows significant variations in secondary structure. (B) High-
resolution denaturing polyacrylamide gel with 5’ radiolabelled batches of GGA, which
should have been identical, shows a variation in size. This size difference cannot be
due to a loss of nucleotides, as the reverse transcription in part A shows they are all
full length. This is therefore most likely due to phosphorothioate modifications
reverting back to normal phosphates. (C) This graph of the quantification of triplicate
in vitro SMN2 splicing with the four batches of GGA (performed by Dr L. Smith,
adapted with permission from her thesis (Smith, 2012)), shows that the apparent loss
of phosphorothioates is nearly proportional to the loss in the ability of GGA to increase
the ratio of SMN2 exon 7 inclusion/exclusion.
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4.6 Analysis of the Bifunctional Nature of GGA

GGA is a bifunctional oligonucleotide with an annealing region and an enhancer tail,
which was designed to be used as a targeted oligonucleotide enhancer of splicing
(TOES) for SMN2 exon 7 (Skordis et al., 2003). Although it was not known at the time of
design, GGA was found to anneal over a binding site for the splicing repressor hnRNP
A1l (Kashima & Manley, 2003; Kashima et al., 2007). Also, a more recent study suggests
that there may be a binding site for Sam68 in same region (Pedrotti et al., 2010).
Sam68 has been shown to antagonize U2AF65 binding in a different system (Paronetto
et al., 2011). Studies of GGA’s ability to enhance SMN2 exon 7 inclusion, done by Dr L.
Smith (Smith et al., manuscript submitted), indicate that both the annealing region of
GGA and the full oligonucleotide are capable of increasing U2AF65 crosslinking to
SMN2. However, full length GGA promoted the formation of a U2 dependent complex
on exon 7 in addition to increasing U2AF65 binding (Smith, 2012). It was therefore

interesting to investigate further the bifunctional nature of GGA.

GGA PC Bio, originally designed for biotin affinity purification experiments, has a biotin
on its 3’ end and a photocleavable linker between the annealing region and enhancer
tail (Figure 3.1). Other than those modifications, it has the same sequence and
chemistry as GGA. Triplicate SMN2 splicing comparing GGA with GGA PC Bio revealed
that the modifications unique to GGA PC Bio did not largely disrupt its ability to
enhance SMN2 exon 7 inclusion (Figure 4.33). The ability to gently cleave the tail of
GGA PC Bio using 365 nm UV light made it possible to release the enhancer at various
timepoints during SMN2 splicing (Figure 4.34). This revealed a progressive increase in

efficacy the longer splicing was allowed to progress with GGA PC Bio before cleavage
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of the enhancer tail (Figure 4.34B). Interestingly, even cleavage after 30 minutes
caused a nearly 50% reduction in exon 7 inclusion. This implies that the GGA tail may
be necessary throughout the entire splicing process. However, further experiments
involving cleavage of the tail at specific stalled splicing complexes, followed by a

continuation of splicing, would be necessary to be sure.
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Figure 4.33: GGA PC Bio (Section 8.2.1) is capable of enhancing SMN2 exon 7
inclusion, almost as well as GGA. (A) Denaturing PAGE of triplicate in vitro SMN2
splicing in Hela nuclear extract at 2 hrs with 250 nM GGA and GGA PC Bio. (B)
Quantification of the percentage of SMN2 exon 7 inclusion of the gel in part A using
radiation intensity measurements (See Section 2.2.7).
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Figure 4.34: The enhancer tail of GGA PC Bio needs to be intact, even after 30
minutes of SMIN2 splicing, in order to fully stimulate SMN2 exon 7 inclusion.

(A) Denaturing PAGE of in vitro SMN2 splicing in Hela nuclear extract with GGA PC Bio,
where the enhancer tail was removed by photocleavage at various timepoints. (B)
Quantification of the percentage of SMN2 exon 7 inclusion of the samples from the gel
in part A (See Section 2.2.7), which shows that the sooner the enhancer tail of GGA PC
Bio is removed, the less of a positive effect is has on exon 7 inclusion.
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In order to investigate the potential role of the GGA annealing region in blocking
Sam68 binding, single molecule experiments using eGFP-labelled Sam68 and Cy5-
labelled SMN2 with and without 250 nM NT were done (Figure 4.35). The single
molecule data was analyzed for the overall percent of co-localization of Sam68 with
SMN2 as well as the number of labelled Sam68 molecules bound per SMN2 transcript.
If the ratio of eGFP-labelled Sam68 to unlabelled Sam68 was known, then the absolute
number of Sam68 molecules bound could be determined. However, currently this data
has not been obtained for the eGFP-Sam68 nuclear extract that was used. Fortunately,
comparison of the results with and without the NT oligonucleotide is still quite
informative. Interestingly, the - NT data (Figure 4.35A) shows nearly double the
amount of transcripts with 4 or more eGFP-Sam68 molecules bound, as determined by
the number of eGFP bleaching steps observed in co-localized spots, compared to the +
NT sample (Figure 4.35B). This indicates that the NT oligo is capable of reducing the
number of Sam68 molecules bound per transcript. However, the overall number of
transcripts bound by at least one Sam68 molecule was increased from 26% to 34%
with the addition of 250 nM NT. This may be because the NT oligo reduced aggregation
of Sam68, allowing more Sam68 to be available for binding to other SMN2 transcripts.
It seems likely from these preliminary results that at least one function of the GGA

annealing region is to block Sam68 binding.
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Sam 68 Single Molecule Data
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Figure 4.35: The annealing region of GGA (NT) (Section 8.2.1) is capable of reducing
the number of Sam68 molecules bound to a single SMN2 transcript, whilst increasing
the total number of SMN transcripts with at least one Sam68 bound.

(A) Summary of single molecule data without NT obtained using SMN2 RNA labelled
with B-globin 5’ Cy5 oligonucleotide (Section 8.2.4) in nuclear extract from HEK 293T
cells expressing eGFP-labelled Sam68. The graph of visible steps refers to the number
of bleaching steps observed from the eGFP traces. The total percentage of co-
localization of labelled Sam68 with labelled SMN2 was 26%, and a large proportion of
those co-localized transcripts contained more than 4 Sam68 molecules. (B) Summary
of single molecule data with 250 nM NT obtained using SMIN2 RNA labelled with -
globin 5’ Cy5 oligonucleotide (Section 8.2.4) in nuclear extract from HEK 293T cells
expressing eGFP-labelled Sam68. The graph of visible steps refers to the number of
bleaching steps observed from the eGFP traces. The total percentage of co-localization
is increased to 34% (from 26% without NT), but the number of Sam68 proteins bound
per transcript is greatly reduced. There is a much higher proportion of transcripts
containing one or two labelled Sam68s, and roughly half as many transcripts
containing more than 4 Sam68s when compared to the — NT experiment in part A.
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4.7 Discussion

Investigation into the mechanism of action of GGA, a bifunctional oligonucleotide that
stimulates the inclusion of exon 7 during SMN2 pre-mRNA splicing, led to several
interesting findings. First of all, the 23 nt enhancer tail domain
(AGGAGGACGGAGGACGGAGGACA) was found to bind the splicing activator protein
SRSF1, as expected, as well as the G-quadruplex associated proteins CNBP and
nucleolin. This G-rich tail domain has been shown by CD and NMR studies to form a G-
quadruplex structure in solution (Mr A. Cousins and Prof. M. Searle, University of
Nottingham, (Smith et al., manuscript submitted)). The spontaneous termination
pattern seen during reverse transcription along the tail of GGA indicates that this
structure is present in nuclear extract as well. This provides some explanation for the
association of CNBP and nucleolin, neither of which has been shown to be involved in
splicing activation. G-quadruplexes have been shown to be involved in many aspects of
RNA biology, including pre-mRNA splicing (Millevoi et al., 2012), so it was important to
assess what effect this structure has on the function of GGA. Stabilization of the G-
guadruplex structure with ligands resulted in decreased efficacy of GGA in in vitro
SMN2 splicing assays, indicating that the G-quadruplex most likely melts when bound
by the ‘active’ protein, which seems to be SRSF1. Biotin affinity purification with GGA
PC bio, a 3’ biotinylated version of GGA with a photocleavable linker between the
annealing and enhancer domains, revealed that the GGA tail domain has the ability to
recruit a large number of splicing and transcriptional proteins. This is most likely
through protein-protein interactions that ultimately result in the association of GGA

with pre-mRNAs in the nuclear extract. The enhancer tail domain is vital to the
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function of GGA, and release of the tail via photocleavage during a splicing reaction
results in greatly reduced functionality. The annealing region of GGA also plays an
important role of blocking a splicing silencer sequence, which has been shown to bind
hnRNP Al and/or Sam68 (Kashima & Manley, 2003; Kashima et al., 2007; Pedrotti et
al., 2010). Single molecule studies with eGFP-labelled Sam68 and Cy5-labelled SMN2
RNA show that the GGA annealing domain is capable of reducing the number of Sam68
proteins bound per transcript. The annealing and enhancer domains of GGA each have
important mechanistic roles, which combine to produce a very potent stimulator of
SMN2 exon 7 splicing. Another important finding relating to the efficacy of GGA is that
the phosphorothioate modifications of GGA are very important for achieving a high
level of SMIN2 exon 7 inclusion and that they can revert back to normal phosphate
groups over time. This is important because phosphorothioate modifications are used
in many potential therapeutic oligonucleotides, and the loss of phosphorothioates in
these oligos may result in a similar reduction in efficacy as seen for GGA. All of these
findings regarding the structure and function of GGA, in addition to sparking further
interest into the role of G-quadruplexes in pre-mRNA splicing, provide important

information for the design of future splice-altering oligonucleotides.
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5.1 Introduction

Antisense oligonucleotide based therapeutic strategies for the treatment of spinal
muscular atrophy, via promotion of SMN2 exon 7 splicing, are very promising (Section
1.3.2). These oligonucleotides alter splicing either by blocking the binding of repressor
proteins, recruiting activator proteins, or both. There is still much to learn about how
best to design and utilize these types of antisense oligonucleotides. For example,
oligonucleotide chemistry has very significant effects on the efficacy and toxicity of
antisense oligonucleotides. Therefore, efforts to improve the current strategies or
create new strategies are needed in order to improve the design and therapeutic

potential of future antisense oligonucleotide based therapies.

5.2 Use of ESE Conjugated Gold Nanoparticles to Enhance

SMN2 Exon 7 Inclusion

In an effort to better understand, and possibly improve, the current splicing
enhancement strategies using tethered RNA enhancers, we investigated the effects of
accessibility and valency on tethered enhancer function (Perrett et al., 2013). This
section focuses on the question of valency, which was investigated using gold
nanoparticles (GNPs) capable of conjugating many RNA oligonucleotide strands.
Several sizes of nanoparticles from 20 nm down to 5 nm were tested. It was found that
the 5 nm GNPs were best with the larger sizes causing increasing amounts of splicing
inhibition, especially at higher concentrations. This section looks at in vitro SMN2
splicing with three 5 nm GNP conjugates, as well as some unpublished supporting

work.
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The GNPs used in this study were coated with 2’0OMe RNA sequences corresponding to
the sequence of the bifunctional oligonucleotide enhancer of SMN2 exon 7 inclusion,
GGA-O (Mr A. Perrett, University of Leicester). Although the 2’0OMe chemistry is not as
efficacious as the original GGA chemistry (Owen et al., 2011), it still allows for a
stimulatory effect on SMN2 exon 7 inclusion and was used for its increased stability
and ease of synthesis. GNPs were conjugated with either the enhancer (ESE) strand
only, ESE and annealing region strands, or with hexaethylene glycol (HEG) as a control,
giving rise to GNPs 16, 17 and 18 respectively (Figure 5.1). All RNA sequences were
spaced from the GNP with a flexible linker and attached via disulfide bonds (Perrett et

al., 2013).

GNP 16 GNP 17 GNP 18

KK o

ANV = ESE tail = AGGAGGACGGAGGACGGAGGACA -
= Annealing = - GAUUUUGUCUAAAAC
Region (SMN2)
GGA-O = AGGAGGACGGAGGACGGAGGACAGAUUUUGUCUAAAAC
0-TO = AGGAGGACGGAGGACGGAGGACA

Figure 5.1: Diagram of the gold nanoparticles (GNPs) conjugated with 2’0OMe thiol
modified oligonucleotides (Perrett et al., 2013) that were used for in vitro SMN2
splicing experiments.

In vitro SMN2 splicing was done in triplicate with these nanoparticles at 50, 100 and

200 nM concentrations, using GGA-O as a control for GNP 17 and O-TO as a control for
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GNP 16 (Figure 5.2). It is important to note that while the overall concentration of
nanoparticles was the same as the concentration of control oligonucleotide used, each
GNP (16 and 17) was conjugated with over 400 strands of RNA (Perrett et al., 2013).
Nuclear extract was dialyzed to remove the DTT, preventing reduction of the disulfide
bonds conjugating the RNA strands to the nanoparticles. Interestingly, at 50 nM and
100 nM concentrations, GNP 16, containing only the ESE sequence, gave a higher total
level of SMIN2 exon 7 inclusion than O-TO and GGA-O, while GNP 17, containing the
ESE and annealing region, had a negative effect (Figure 5.3A). At the higher 200 nM
concentration, GNP 16 still increased the ratio of exon 7 inclusion to exclusion, but the
overall level of inclusion was reduced due to a reduction in splicing efficiency (Figure
5.3). This result was unexpected, as GNP 16 lacks the annealing region required to
target exon 7. These findings suggest that GNP 16 acts somehow as a non-specific
enhancer, which is more powerful, at least at low concentrations, than a targeted

bifunctional oligonucleotide with the same enhancer sequence.
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50 nM 100 nM 200 nM
Control | Control | GGA-O O-TO GNP18 | GNP17 | GNP16 | GGA-O O-TO GNP 18 | GNP17 | GNP16 | GGA-O O-TO GNP18 | GNP17 | GNP16
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Figure 5.2: Denaturing PAGE of triplicate in vitro SMN2 splicing in HeLa nuclear extract at 2 hrs with increasing concentrations of gold
nanoparticles modified with GGA related oligonucleotides and control oligonucleotides, as described in Figure 5.1. Quantification (See
Section 2.2.7) and analysis of these results can be seen in Figure 5.3.
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Figure 5.3: Quantification of the SMN2 in vitro splicing results with modified gold nanoparticles from Figure 5.2.

(A) Graph showing the total percentage of SMN2 exon 7 inclusion. Only GNP 16, modified with the GGA enhancer tail sequence, showed a
greater level of exon 7 inclusion than GGA-O at 50 nM and 100 nM. However, at 200 nM the GNPs had an inhibitory effect on splicing, resulting
in a low overall level of exon 7 inclusion. (B) Graph showing the ratio of SMN2 exon 7 inclusion/exclusion.
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To investigate the apparent ability of GNP 16 to act as a non-specific enhancer, in vitro
splicing assays were done with single-intron adenovirus constructs containing two
alternative consensus 5’ splice sites, which would be sensitive to the presence of a
non-specific enhancer (Sections 8.1.5 and 8.1.6, provided by Dr H. Lewis, University of
Leicester). If GNP 16 was acting as a non-specific enhancer, a shift to the intron-
proximal (downstream) 5’ splice site would be expected. Triplicate A2 splicing with
GNP 16 and relevant controls showed a shift towards the use of the downstream 5’
splice site, which increased with increasing concentration of GNP 16 up to 100 nM
(Figure 5.4 and Figure 5.5A). However, the overall level of splicing decreased with
increasing concentration of GNP 16, and the decline was rather severe at the highest
tested concentration of 200 nM (Figure 5.5B). Triplicate splicing with GNP 16 was also
done using A3, a construct containing the enhancer sequence of the GGA tail at its 5’
end (Figure 5.6). This additional enhancer sequence shifts the 5’ splice site selection in
favor of the upstream splice site (Lewis et al., 2012). However, increasing
concentrations of GNP 16 progressively overcame the effect of this 5 ESE and shifted
selection towards the downstream splice site, as was seen for the A2 construct (Figure
5.7A). Again, high concentrations of GNP 16 were inhibitory (Figure 5.7B). These results
suggest that GNP 16 is able to somehow non-specifically associate to pre-mRNA,

where it functions as an ESE.
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Figure 5.4: Denaturing PAGE of triplicate in vitro splicing of adenovirus-derived transcript A2 in HeLa nuclear extract at 2 hrs with increasing

concentrations of GNP 16 (Figure 5.1). Quantification (See Section 2.2.7) and analysis of these results can be seen in Figure 5.5.
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Figure 5.5: Quantification of splicing with GNP 16 using the data taken from the experiment in Figure 5.4

(A) Graph showing the ratio of mRNA products resulting from downstream verses upstream 5’ splice site selection. GNP 16 clearly promoted
use of the downstream splice site, and this effect increased as the concentration of GNP 16 was increased. (B) Graph showing the total
percentage of A2 splicing, determined using the pre-mRNA and mRNA product values.
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Figure 5.6: Denaturing PAGE of triplicate in vitro splicing of adenovirus-derived transcript A3 in HeLa nuclear extract at 2 hrs with increasing
concentrations of GNP 16. Quantification (See Section 2.2.7) and analysis of these results can be seen in Figure 5.7.
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Figure 5.7: Quantification of splicing with GNP 16 using data taken from the experiment in Figure 5.6.

(A) Graph showing the ratio of mRNA products resulting from downstream versus upstream 5’ splice site selection. GNP 16 clearly promoted

use of the downstream splice site, and this effect increased as the concentration of GNP 16 was increased. (B) Graph showing the total

percentage of A3 splicing, determined using the pre-mRNA and mRNA product values.
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5.3 Invitro Splicing with Morpholino Oligonucleotides

Targeting a Silencer in SMN2 Intron 7

Several regulatory elements, both positive and negative, have been found to modulate
SMNZ2 splicing (Section 1.3.1). In response to this, several different oligonucleotide
based strategies to rescue the splicing of SMN2 exon 7 have been developed, which
target some of these regulatory elements (Section 1.3.2). One such strategy, which has
been found to be successful, involves blocking the splicing silencer N1 in SMN2 intron
7 (1SS-N1) with various antisense oligonucleotides (Hua et al., 2011; Rigo et al., 2012;
Porensky et al., 2012; Zhou et al., 2013). Morpholino oligonucleotides have been found
in both animal models and clinical trials to be both effective and well tolerated with no
adverse effects being reported (Sazani et al., 2011; Cirak et al., 2011; Porensky et al.,
2012). To test whether such oligonucleotides might be effective in SMA, three
oligonucleotides of various lengths were tested for their ability to suppress ISS-N1. This
section looks at the results of the in vitro SMN2 splicing with these three morpholino
oligos (PM0O18, PM020, and PMO25). Additional assays in SMA patient fibroblasts and
a severe mouse model of SMA were done by collaborators, and the results have been

published (Zhou et al., 2013).

In vitro SMN2 splicing with PM018, PM020 and PMO25 at concentrations of 50 nM,
100 nM, 250 nM and 500 nM, done in triplicate, showed that all three oligos were
capable of concentration dependent stimulation of SMN2 exon 7 inclusion (Figure 5.8).
Interestingly, all three showed a dramatic increase in efficacy at 250 nM. Whilst all

three oligos were clearly functional, quantification revealed that PMO25 was superior
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to PMO18 and PMO20 (Figure 5.9). At 250 nM, PMO25 showed a slightly greater total
level of SMIN2 exon 7 inclusion (Figure 5.9A) and an approximate 1.8 fold increase in
the ratio of exon 7 inclusion/exclusion, compared to PMO18 and PMO20 (Figure 5.9B).

These in vitro results were consistent with the in vivo results (Zhou et al., 2013).
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Figure 5.8: Denaturing PAGE of triplicate in vitro SMN2 splicing in HeLa nuclear extract at 2 hrs with increasing concentrations of three
antisense morpholino oligonucleotides targeting an ISS in exon 7 (PMO18, PM020, PM025). Quantification (See Section 2.2.7) and analysis of
these results can be seen in Figure 5.9.
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Figure 5.9: Quantification of the SMN2 in vitro splicing results with PMO18, PM020, and PMO25 from Figure 5.8. PMO25 is superior at 250
nM. It gives a slightly higher total amount of exon 7 included mRNA and a reduced level of excluded product compared to the other oligos.
(A) Graph showing the total percentage of SMN2 exon 7 inclusion. (B) Graph showing the ratio of SMN2 exon 7 inclusion/exclusion.
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5.4 Discussion

New variations of two different antisense oligonucleotide (ASO) strategies for the
stimulation of SMIN2 exon 7 inclusion were investigated, using in vitro splicing. One of
the new methods, based on the bifunctional targeted oligonucleotide enhancer of
splicing (TOES) strategy developed in 2003 (Skordis et al., 2003), involved the
conjugation of gold nanoparticles (GNPs) with the annealing and enhancer domains of
the TOES. The 5 nm gold nanoparticles were conjugated with over 400 strands of
either a mix of the annealing and enhancer domains or just the enhancer domain,
greatly increasing the localized concentration of oligonucleotide (Perrett et al., 2013).
Unexpectedly, the GNPs conjugated with only the enhancer domain (GNP 16) were
more efficacious than those conjugated with both the enhancer and annealing
domains (GNP 17). This indicated a non-specific effect because without the annealing
domains the GNPs could not be specifically targeted to exon 7. Nevertheless, the
stimulation of exon 7 splicing by GNP 16 was impressive, providing at least a proof of
concept that oligonucleotide-conjugated GNPs can successfully alter splicing patterns.
In fact, at lower concentrations (50 and 100 nM), GNP 16 even outperformed GGA-O,
the relevant TOES control, at its best concentration of 250 nM. This non-specific
enhancing effect was also observed when GNP 16 was tested with different,
adenovirus-derived splicing substrates. Concentration seems to be a very important
factor when using GNPs to modify splicing, as higher concentrations of GNPs were
found to slow splicing significantly. Also, colleagues found that the size of the GNPs is
important, with larger nanoparticles being more inhibitory (Perrett et al., 2013). The

GNPs used in this study were the smallest tested, measuring around 5 nm. Although a
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non-specific effect on splicing is not ideal for therapeutic applications, it is an
important finding. It proves that under the right circumstances, ASOs conjugated to
gold nanoparticles can be successfully used to alter splicing patterns. This provides
another interesting design possibility for future antisense oligonucleotide based

therapeutic strategies.

The second new design variation tested involved blocking ASOs targeting the intronic
splicing silencer (ISS) in intron 7 (ISSN-1). Other oligonucleotides targeting the same
region have been tested previously and shown to be successful (Hua et al., 2010; Hua
et al., 2011; Passini et al., 2011; Porensky et al., 2012). In fact, one of them has even
shown success in phase 1 clinical trials in infants and has progressed to phase 2 trials
recently (ClinicalTrials.gov Identifier NCT01494701, (News-medical.net, 2013)). The
oligonucleotide in clinical trials, ISIS SMNRYX, is an 18 mer 2'-O-(2-methoxyethyl) (MOE)
phosphorothioate-modified ASO that blocks ISSN-1 (-10, -27) (Hua et al., 2011). MOE
phosphorothioate oligonucleotides, although widely used in clinical trials, have shown
a potential for liver toxicity (Raal et al., 2010; Kling, 2010; Akdim et al., 2011).
However, a recent clinical trial of a phosphoramidate morpholino (PMO) ASO for the
treatment of muscular dystrophy showed no such adverse effects (Cirak et al., 2011).
In an effort to create an improved ASO, three PMO oligonucleotides of increasing
length (PMO18, PM0O20, PM025), all annealing from the -10 position of intron 7, were
created (Zhou et al., 2013). In vitro SMN2 splicing assays comparing the three PMOs
showed that increasing the length to 25 nt improved efficacy. At 250 nM
concentration, PMO25 showed more total exon 7 inclusion and a reduced level of

excluded product, giving a ratio of inclusion over exclusion that was clearly superior to
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PMO020 and PMO18. These results were consistent with the jn vivo data obtained by
other colleagues (Zhou et al., 2013), indicating a potential improvement in an already

very promising ASO therapy for SMA.
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6 USE OF Fe-BABE TO PROBE SPLICING REACTION
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6.1 Introduction

The use of FeBABE as a tool for the investigation of splicing mechanisms was
pioneered in 2002 (Kent & MacMillan, 2002). There is much potential for investigation
of the mechanisms of alternative splicing regulation using FeBABE conjugated to
various splicing components, including pre-mRNA, SR proteins, snRNPs, and repressor
proteins. Oligonucleotides targeted to certain pre-mRNA areas, such as those being
considered for therapeutic purposes, would also be good subjects for FeBABE studies.
FeBABE is akin to the FEEDTA chelate used previously for footprinting assays, but has
an extra group which allows it to be tethered to substrates containing a thiol group
(Greiner et al., 1997; Baichoo & Heyduk, 1997). It works in the same way as FEEDTA to
catalyze the production of hydroxyl radicals in the presence of hydrogen peroxide and
a reducing agent, such as ascorbic acid (Joseph & Noller, 2000). These hydroxyl radicals
are highly reactive and are likely to have been consumed before they have diffused
more than about 20 Angstréms (Dreyer & Dervan, 1985; Moser & Dervan, 1987; Kent
& MacMillan, 2002). They will react with proteins, DNA and RNA resulting in cleavage.
Because the hydroxyl radicals will react within such a short distance of their origin,
tethered FeBABE studies can provide maps of close proximity interactions between the
FeBABE tethered substrate and any number of targets (Joseph & Noller, 2000). The
fact that the hydroxyl radicals will cleave any DNA or RNA with no sequence specificity
makes FeEDTA a useful tool for mapping protection of DNA or RNA by the binding of
proteins and possibly other strands of DNA or RNA. FeBABE and FeEDTA could be used

in a number of ways to map out interactions of various splicing factors, enhancers,
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silencers, and therapeutic oligonucleotides. In this study, Fe-BABE conjugated

oligonucleotides were created to investigate the mechanism of action of GGA.

6.2 Synthesis of Fe-BABE Conjugated Oligonucleotides

In order to synthesize Fe-BABE modified oligonucleotides, it was first necessary to
obtain oligonucleotides modified with a suitable reaction group for conjugation to the
bromoacetamido group of Fe-BABE. To this end, 5’ thiol modified oligonucleotides
were synthesized by solid phase synthesis (Section 8.2.2). In order to conjugate Fe-
BABE, first the di-thiol protection group had to be reduced with either DTT or TCEP, as
shown in Figure 6.1A. TCEP, which was found to be effective at lower concentrations,
was ultimately used in preference to DTT. Reduction conditions were confirmed by
reverse phase HPLC analysis. TCEP was removed by dialysis immediately prior to
conjugation with FeBABE, as it was found to react with the Fe-BABE. Then the
deprotected 5’ thiol-modified oligonucleotide was conjugated to Fe-BABE, as shown in
Figure 6.1B. The Fe-BABE conjugation was followed by oligonucleotide mass changes
resulting from deprotection and subsequent Fe-BABE modification, which were

confirmed using high resolution polyacrylamide gel electrophoresis (Figure 6.1C).
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Figure 6.1: Conjugation of 5’ thiol modified oligonucleotides with Fe-BABE.

(A) Schematic diagram illustrating the method for deprotection of the dithiol
protecting group on the 5’ end of the thiol modified oligonucleotides. (B) Schematic
diagram showing the conjugation of Fe-BABE to the deprotected 5’ thiol modified
oligonucleotides. (C) Silver stained high resolution polyacrylamide gel showing mass
changes of 5’ thiol modified GGA-O (SH-GGA-O, Section 8.2.2) from deprotection of

the dithiol protecting group and subsequent Fe-BABE conjugation.

6.3 Confirmation of Cleavage Conditions using Fe-EDTA

Prior to experimentation with Fe-BABE modified oligonucleotides, the conditions to

trigger the production of hydroxyl radicals by Fe-BABE were confirmed using free Fe-

EDTA, which has a similar structure and reacts in the same way as Fe-BABE. Many tests

and optimizations were done using Fe-EDTA to cleave 5’ radiolabelled GGA-O. The

most important finding was the need to remove glycerol from all samples, as it has a

very strong quenching effect on the radicals produced by Fe-EDTA (Figure 6.2).

Dimethyl PEG was considered as a replacement for glycerol, as without the —OH

groups, it would not have a quenching effect (Figure 6.2). However, the dimethyl PEG,

when used in nuclear extract in place of glycerol, impaired the ability to assess
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complex formation (data not shown). It was therefore decided to use nuclear extract
dialyzed in glycerol-free buffer D, which was shown in Figure 6.3 to retain the ability to
form a GGA dependent exon-defined complex on an SMIN2 construct containing exon 7

with flanking intronic sequences (Section 8.1.2).

| FeEDTA |+FeEDTA |

PEG Buffer D

Regular Buffer D
Glycerol-free Buffer D
GGA-O

+ 0 0+
+ 4+ 1

+
+

4+ 1 4

+
+

+
+

Figure 6.2: High resolution polyacrylamide gel showing cleavage of 5’ radiolabelled
GGA-O with free Fe-EDTA under different buffer conditions.
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Figure 6.3: Native agarose complex-formation gel with radiolabelled SMN2 exon 7

defined construct (Section 8.1.2) in Hela nuclear extract showing the effects of dialysis

for either 30 min or 2 hrs in glycerol-free Buffer D on the ability to form a GGA
dependent complex.
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6.4 Fe-BABE Experiments on SMN2 using Fe-BABE

Modified Oligonucleotides

The first Fe-BABE experiments on SMN2 were done with Fe-BABE modified GGA-O (Fe-
BABE GGA-O, Section 8.2.2) and an Fe-BABE modified 2’OMe control oligonucleotide
containing the same annealing region as GGA-O and a tail of the same length with a
sequence designed (using ESE finder (Cartegni et al., 2003)) and confirmed by in vitro
SMN2 splicing (data not shown) to have no enhancer properties (Fe-BABE NET-O,
Section 8.2.2). The Fe-BABE modified oligonucleotides were annealed to cold SMN2
prior to incubation in nuclear extract under conditions causing stalling at splicing
complex A. The production of hydroxyl radicals was initiated by addition of hydrogen
peroxide and ascorbate, and then quenched using glycerol. The SMN2 RNA was
purified and analyzed by reverse transcription with four primers to get maximal
coverage and resolution of the sequence. However, no cleavage of SMN2 by these Fe-
BABE modified oligonucleotides was observed in the absence of nuclear extract (Figure
6.4) or in the presence of nuclear extract dialyzed with glycerol-free Buffer D (Figure

6.5).
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Figure 6.4: High resolution polyacrylamide gel showing reverse transcription of SMN2
RNA, which had been previously subjected to cleavage by Fe-BABE GGA-O and Fe-BABE
NET-O, with four different 5’ radiolabelled primers (Section 8.2.3). Fe-BABE experiment
was done with typical splicing conditions, except that glycerol-free buffer D was used
instead of nuclear extract. No specific Fe-BABE cleavage was observed for any samples.
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Figure 6.5 High resolution polyacrylamide gel showing reverse transcription of SMIN2
RNA from Fe-BABE experiment using four different 5’ radiolabelled primers (Section
8.2.3). Fe-BABE GGA-O experiment was done under A complex conditions with Hela
nuclear extract dialyzed in glycerol-free Buffer D. No specific cleavage was observed.
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As Fe-BABE GGA-O and Fe-BABE NET-O were unable cause cleavage of SMN2 RNA
under the conditions determined by Fe-EDTA experiments, further optimization of the
cleavage conditions was done with radiolabelled SMN2 and Fe-BABE GGA-O (Figure
6.6). However, even with increased levels of hydrogen peroxide and ascorbate, no
specific cleavage of SMN2 in the presence of Fe-BABE GGA-O was observed. At this
point it was hypothesized that the Fe-BABE might be too far away from the SMIN2
transcript to cause significant cleavage, because it was conjugated at the end of the 23
nt tails of Fe-BABE GGA-O and Fe-BABE NET-O. Also, the fully 2’0O0Me GGA-O was found
to be less effective at stimulating SMN2 exon 7 inclusion. Therefore, new Fe-BABE
modified oligonucleotides, Fe-BABE NT and Fe-BABE GGA (Section 8.2.2) were
synthesized with the same chemical modifications as GGA. Fe-BABE NT, which as it has
no enhancer tail would position the Fe-BABE very near to the SMN2 transcript, was
made to test the hypothesis described previously. As a preliminary experiment,
radiolabelled SMN2 was subjected to cleavage by a large excess of Fe-BABE NT and Fe-
BABE GGA (Figure 6.7). Cleavage was only observed in the presence of Fe-BABE NT
under cleavage conditions, indicating that the position of Fe-BABE at the end of a 23 nt
tail may have been to blame for the lack of cleavage observed in previous experiments.
It was strange that a smear of cleaved SMN2 RNA was observed rather than two, more
distinct, bands. However, as no cleavage was observed with Fe-BABE GGA, even in

such a large excess, further experimentation seemed futile.
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Figure 6.6: Optimization of cleavage conditions with Fe-BABE GGA-O and
radiolabelled SMN2 RNA

As shown by denaturing PAGE, despite increasing the concentrations of ascorbic acid
and hydrogen peroxide to very high levels, only non-specific cleavage was observed. It
is important to note that the concentrations of hydrogen peroxide and ascorbate
shown are not final concentrations, but rather the concentrations of the stocks added
to initiate the reaction.
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Figure 6.7: Radiolabelled SMN2 cleavage test using Fe-BABE NT and Fe-BABE GGA
Cleavage was only observed by denaturing PAGE with Fe-BABE NT, which positions the
Fe-BABE group right next to the SMN2 RNA. Fe-BABE GGA, which has the Fe-BABE
group at the end of its 23 nt enhancer tail, did not show any cleavage.
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6.5 Discussion

In order to investigate the mechanism of action of GGA, a bifunctional oligonucleotide
enhancer of SMN2 exon 7 splicing, Fe-BABE modified oligonucleotides were
synthesized. FeBABE is an iron chelating moiety that, when activated with hydrogen
peroxide and ascorbic acid, generates highly reactive hydroxyl radicals capable of
cleaving DNA, RNA and proteins within a very short radius of their origin. FeBABE
modified versions of GGA-O, the 2’0OMe version of GGA, and a control oligo with a non-
enhancer tail of the same length as GGA-O (NET-O) were synthesized (See Section
8.2.2 for oligo details.). Despite extensive optimizations, no Fe-BABE induced cleavage
was ever observed using these oligonucleotides. It was hypothesized that the
positioning of the FeBABE group at the end of the 23 nt tails could be at fault by not
allowing the hydroxyl radicals to be in close enough proximity to the target SMN2 RNA
to achieve a detectable level of cleavage. To test this, two new FeBABE modified
oligonucleotides were created: Fe-BABE GGA, containing the same sequence as GGA-O
but more efficacious chemical modifications, and Fe-BABE NT, an oligonucleotide
containing only the 15 nt annealing region and lacking the 23 nt tail (See Section 8.2.2
for oligo details.). A cleavage test with Fe-BABE NT and Fe-BABE GGA showed that only
Fe-BABE NT, which positions the Fe-BABE group directly next to the SMN2 transcript,
produced any cleavage. Unfortunately, this indicated that further experimentation
with Fe-BABE GGA was unlikely to succeed and different methods needed to be used

to investigate the mechanism of action of GGA.
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7 DISCUSSION

7.1 Importance of Understanding the Mechanism by which GGA

Enhances SMN2 Exon 7 Inclusion

7.2 Stabilization of the G-quadruplex Structure of the GGA

Enhancer Tail Domain Decreases Functionality

7.3 GGA Directly Binds SRSF1 and G-quadruplex Associated
Proteins and Associates with many Splicing and Transcription-

Related Proteins

7.4 The Enhancer Tail and Annealing Domains of GGA both have

Significant Mechanistic Roles

7.5 Overview of Proposed Mechanism of Action of GGA
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7.1 Importance of Understanding the Mechanism by

which GGA Enhances SMN2 Exon 7 Inclusion

Splicing is a highly complex, highly regulated cellular process that is very susceptible to
alteration via mutations. In fact, up to 50% of disease-causing mutations are thought
to affect splicing (Lopez-Bigas et al., 2005). The use of antisense oligonucleotides to
alter splicing patterns is a very promising therapeutic strategy for diseases resulting
from changes to splicing. These oligonucleotides are designed to either block or recruit
splicing regulatory factors, thereby influencing splice site usage. However, determining
the precise mechanism by which these oligonucleotides influence splice site selection
is non-trivial, as the natural regulatory mechanisms exploited by the oligonucleotides

are still not fully understood.

GGA is a targeted oligonucleotide enhancer of splicing (TOES), which was designed in
2003 as a potential therapeutic agent for spinal muscular atrophy (Skordis et al., 2003).
It is a bifunctional oligonucleotide, which has an annealing domain that targets it to
SMN2 exon 7 and a non-annealed enhancer tail containing three repeats of GGAGGAC.
It was designed to stimulate exon 7 inclusion by recruiting activator proteins, such as
SRSF1, with this enhancer domain. Initial results in vitro and in SMA patient fibroblasts
showed that GGA was indeed successful at stimulating SMN2 exon 7 inclusion (Skordis
et al., 2003). Additionally, when this same sequence was incorporated into a U7 snRNA
and transgenically expressed in a mouse model of spinal muscular atrophy, the mice
were essentially able to live normal lives (Meyer et al., 2009). Clearly, this and similar

oligonucleotides have great potential therapeutically. However, when attempts were
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made to improve the design of this oligonucleotide, they were only successful in
providing a guide to future oligonucleotide designs, not in improving the original
design (Owen et al., 2011). This indicates that increased knowledge of the precise
mechanism of action of this oligonucleotide is necessary in order to more easily and
efficiently design bifunctional TOES for other diseases. Determination of the
mechanism of action of GGA would also provide further insights into how enhancer

sequences in general work.

7.2 Stabilization of the G-quadruplex Structure of the GGA

Enhancer Tail Domain Decreases Functionality

NMR and Circular Dichroism (CD) studies done by colleagues from the University of
Nottingham (Mr A. Cousins and Prof. M. Searle) with the help of Mr A. Perrett
(University of Leicester) showed that the enhancer tail domain of GGA
(AGGAGGACGGAGGACGGAGGACA) forms a G-quadruplex (Smith et al., manuscript
submitted). In fact, it is likely that, at least some of the time, a stacked dimer of GGA
tail quadruplexes is formed (Smith et al., manuscript submitted). These findings
sparked investigation into whether or not the G-quadruplex structure was present in a
cellular context. Reverse transcription along the enhancer tail of GGA, both in buffer
and in nuclear extract, gave a distinctive termination pattern, which was consistent
with the presence a G-quadruplex (Figure 4.24A). Ideally, this would have been
confirmed further by using a version of GGA containing 7-deaza-G nucleotides, which
are unable to form the Hoogstein base pairs necessary for G-quadruplex formation

(Murchie & Lilley, 1994; Seela et al., 1998). However, attempts to transcribe GGA using
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7-deaza-rGTP were unsuccessful. After determining that the G-quadruplex structure
was likely to form under biologically relevant conditions, interest was turned to the

functional relevance of the G-quadruplex structure.

To investigate the effect of the G-quadruplex structure on the function of GGA,
aromatic ligands designed to stabilize G-quadruplex structures were obtained from
Professor Laurence Hurley (University of Arizona) (Figure 4.15). In vitro SMN2 splicing
assays with these ligands and GGA showed a concentration dependent decrease in
SMN2 exon 7 inclusion (Figure 4.17, Figure 4.18 and Figure 4.19). This effect was also
seen to some degree in the control samples lacking GGA. However, for two of the
ligands, GSA-0820 and GSA-0902, the reduction in exon 7 inclusion was proportionally
much greater in the samples containing GGA, indicating that the G-quadruplex
structure needs to melt prior to the binding of the activator protein(s) to the enhancer
tail domain (Figure 4.20). Interestingly, UV crosslinking and native complex gel analysis
of full length GGA and the enhancer tail domain (TO) showed that protein binding and
complex formation was not significantly altered in the presence of the quadruplex
stabilizing ligands (Figure 4.21,Figure 4.22 and Figure 4.23). This most likely indicates
that the enhancer tail domain exists predominantly in the G-quadruplex form when
not in an active splicing complex. This could be a useful property, which could even be
used in future TOES designs, as it might prevent sequestration of activator proteins by

the free oligonucleotide when administered therapeutically.
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7.3 GGA Binds SRSF1 and G-quadruplex-Associated
Proteins and Recruits many Splicing and

Transcription-Related Proteins

Identification of the proteins that bind to and associate with GGA was a vital step
towards determination of its mechanism of action. When designed in 2003, the
enhancer tail domain of GGA was designed with the consensus binding site for SRSF1
in mind (Skordis et al., 2003). Therefore, it was logical to investigate SRSF1 binding.
This was done in several ways, most conclusive of which was short wave UV
crosslinking of 5’ radiolabelled GGA in nuclear extracts made from cells expressing
eGFP-tagged SRSF1 (Figure 4.5). Interestingly, crosslinking in eGFP-SRSF1 nuclear
extract made from HEK 293T cells, which are known to highly express SR proteins like
SRSF1, showed almost exclusive binding of eGFP-SRSF1 compared to the equivalent
experiment done in eGFP-SRSF1 Hela nuclear extract, which showed binding of several
other proteins in addition to SRSF1 (Figure 4.5A and E). Binding of purified SRSF1 to 5’
radiolabelled GGA was also detected using native polyacrylamide complex gels, but
this interaction was very sensitive to experimental conditions (Figure 4.8 and Figure
4.9). These experiments provide clear evidence that SRSF1 does bind the enhancer tail
domain of GGA. However, it was necessary to take an unbiased approach and

investigate all of the proteins associated with GGA.

In order to get a complete view of all proteins associated with the enhancer tail of
GGA, an affinity purification procedure was developed using a biotinylated version of

GGA containing a photocleavable linker between the annealing domain and the
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enhancer tail, GGA PC Bio (Chapter 3). This allowed for gentle purification and elution
of the proteins associated with the enhancer tail domain of GGA. Analysis of a single
SDS PAGE gel band containing all of the purified proteins was done using the sensitive
method of liquid chromatography - tandem mass spectrometry (LC MS/MS), revealing
42 proteins unique to the +GGA PC Bio sample (Figure 4.1). The proteins identified fall
into several categories including splicing regulatory proteins, spliceosomal proteins,
transcriptionally-related factors, RNA helicases, and G-quadruplex associated proteins.
Given the range and types of proteins found, it seems likely that the enhancer domain
of GGA is capable of associating, via protein-protein interactions, to pre-mRNAs
present in the nuclear extract. It is important to note that SRSF1 was the highest
ranking activator protein (9th ranked overall for percent coverage) identified by the LC
MS/MS analysis, giving further support to the expectation that it is associated with the
enhancer domain and is likely to be responsible for the stimulation of SMN2 exon 7

inclusion by GGA.

Many proteins in the list have been shown to be in some way associated with
sequences of DNA or RNA that can form G-quadruplexes. The highest ranking protein
by percent coverage was cellular nucleic acid binding chaperone protein CNBP, which
has been shown to promote formation of parallel G-quadruplexes (Michelotti et al.,
1995; Liu et al., 1998; Armas et al., 2008). HnRNP A1, ranked 3rd, is a splicing repressor
protein also associated with telomeres (Zhang et al., 2006). Ranked 4™ is DHX36, an
RNA helicase shown to promote unwinding of G-quadruplexes (Vaughn et al., 2005;
Creacy et al., 2008; Giri et al., 2011). XRN2, a nuclear 5’-3’ exoribonuclease has not

directly been shown to be associated with G-quadruplexes; however, its close relative
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XRN1, a cytoplasmic 5’-3’ exoribonuclease, which ranked 37" in the affinity
purification, has been shown to have a preference for G-quadruplex forming
substrates (Bashkirov et al., 1997). Ranked 6™ and 8™ are two version of hnRNP H, a
splicing regulatory protein shown to associate with G-triplets (Caputi & Zahler, 2001).
Closely related to hnRNP H is hnRNP F (ranked 19"), which also binds G-triplets and
has been found to promote unfolding of G-quadruplex forming sequences (Dominguez
& Allain, 2006; Dominguez et al., 2010). Nucleolin, ranked 16”’, has been shown to
stabilize parallel G-quadruplexes through its binding (Bates et al., 1999; Gonzalez et al.,
2009; Gonzalez & Hurley, 2010; Indig et al., 2012). Along with nucleolin, two other G-
guadruplex-associated transcription factors, the transcriptional activator protein Pur-
alpha (PURA) and interleukin enhancer-binding factor 2 (ILF2), ranked 17" and 20™
respectively, were identified. All three of these proteins have recently been shown to
be associated with the G-quadruplex forming GGA-rich sequence of the ERBB2 gene
promoter (Zhang et al., 2012). The abundance of G-quadruplex associated proteins in
the affinity purification sample is rather interesting and fits with the finding that GGA

exists largely in quadruplex form.

The LC MS/MS results clearly indicate that GGA is capable of associating with many
different proteins, but many of these proteins are not binding directly to GGA. UV
crosslinking to 5’ radiolabelled GGA in Hela nuclear extract shows two strong bands in
addition to the weaker SRSF1 sized band (Figure 4.2B). Identification of these proteins
was necessary in order to determine if other proteins besides SRSF1 could be

responsible for the stimulatory effect GGA has on SMN2 exon 7 splicing.
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The smaller band, which runs at about 30 kDa when crosslinked to GGA and 25 kDa
when crosslinked to TO is consistent with the size of CNBP, when the additional shift
from the crosslinked oligonucleotides is taken into account. UV crosslinking in HEK
293T nuclear extract with overexpressed, T7-tagged CNBP showed an increased
intensity in this band for GGA and a small shift in addition to the increased intensity for
TO (Figure 4.4C). The larger size of the GGA oligonucleotide made it impossible to
detect a shift from the small T7 tag. However, the increased intensity in the band is
consistent with the overexpression of T7-CNBP. These crosslinking results, in addition
to the fact that CNBP was the highest ranking protein identified by LC MS/MS after
affinity purification, indicate that CNBP binds directly to the enhancer tail domain of
GGA. There are currently no results in the literature that would suggest CNBP could be

responsible for the stimulation of splicing achieved by GGA.

The other major protein found to crosslink to GGA in addition to CNBP and SRSF1 was
found to bind much more to the full length GGA compared to the enhancer tail domain
on its own (Figure 4.2B). The identity of this protein was not confirmed, but it is likely
to be nucleolin. A large scale affinity purification with GGA PC Bio (Chapter 3) followed
by individual-band analysis using MALDI-TOF mass spectrometry identified the most
abundant band to be nucleolin (Figure 4.3). The fact that this band is found to crosslink
much less to the enhancer tail domain on its own when compared to full length GGA
indicates that the annealing region of GGA may help to stabilize binding of this protein.
This mode of binding is logical for nucleolin. As mentioned previously, nucleolin is
known to bind G-quadruplexes. Another well-known G-quadruplex binding protein is

fragile X mental retardation protein (FMRP). A peptide of the RGG domain of FMRP has
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been shown by NMR to bind at the junction between an RNA G-quadruplex and
connected duplex structure (Phan et al., 2011). The RGG domain of nucleolin likely
binds in a similar fashion. This would explain why it is found to crosslink less to the
enhancer tail domain on its own. This is also consistent with fact that nucleolin was so
abundant in the affinity purification. Nucleolin would have been able to bind stably to
the full length GGA PC Bio, and when the enhancer tail domain was released by
photocleavage, this would have destabilized the interaction at the junction of the
guadruplex-forming enhancer domain and the annealing domain. Like CNBP, nucleolin
has not been shown thus far to have a role as a splicing activator protein. Stabilization
of the G-quadruplex structure of GGA with ligands led to a decrease in functionality
(Section 7.2), further indicating that G-quadruplex binding proteins are not likely to be
the ‘active’ proteins. Immunoprecipitation of the enhancer domain of GGA after UV
crosslinking using an antibody against SRSF1 showed that nucleolin does not bind
when SRSF1 is binding and that hnRNP F/H and CNBP bind at a reduced level (Mr C.
Lucas personal communication, (Smith et al., manuscript submitted)). A similar
experiment with an antibody against hnRNP F/H showed that hnRNP F/H tends to bind
exclusively, indicating that there are different protein complexes capable of forming on
the enhancer tail of GGA (Mr C. Lucas personal communication, (Smith et al.,
manuscript submitted)). These findings are consistent with the idea that the G-
guadruplex form of GGA is not the ‘active’ form of GGA. Therefore, SRSF1, a well-
known splicing activator protein, is most likely responsible for the stimulatory function

of GGA on SMN2 exon 7 inclusion.
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7.4 The Enhancer Tail and Annealing Domains of GGA

both have Significant Mechanistic Roles

GGA is a bifunctional oligonucleotide that anneals from nucleotides 2-16 at the 5’ end
of SMN2 exon 7 and has an enhancer tail (AGGAGGACGGAGGACGGAGGACA) which
extends up from position 16 (Skordis et al., 2003). One of the key differences between
SMN1 and SMNZ2, which is responsible for the loss of exon 7 inclusion in SMN2 mRNAs
is a Cto T transition at position 6 of exon 7. This C6T mutation disrupts an exonic
splicing enhancer (ESE) that binds SRSF1 and generates an exonic splicing silencer (ESS)
(Lorson et al., 1999; Monani et al., 1999; Cartegni & Krainer, 2002; Cartegni et al.,
2006). This silencer sequence has been shown to bind the repressor protein hnRNP Al
(Kashima & Manley, 2003; Kashima et al., 2007) and has also been suggested to bind
Sam68 (Pedrotti et al., 2010), a regulatory protein that has been shown to interact
with hnRNP A1 (Paronetto et al., 2007). GGA anneals over this silencer site, but merely
blocking this site with the annealing region alone provides only a small increase in
SMN2 exon 7 inclusion compared to that seen with GGA (oligonucleotides 1 (GGA) and
8 (NT) in (Owen et al., 2011)). It was therefore interesting to further investigate the

bifunctional nature of GGA and how this affects its mechanism of action.

In order to investigate the potential role of the GGA annealing region (NT) to block

Sam68 binding, single molecule methods were used to look at eGFP-Sam68 binding to
SMN2 pre-mRNA in the presence and absence of the NT oligonucleotide (Figure 4.35).
Although further controls to determine the ratio of eGFP labelled Sam68 to unlabeled

endogenous Sam68 would be necessary to determine the exact number of Sam68
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proteins bound per RNA, a significant reduction in the number of labelled Sam68
molecules bound per RNA was observed in the presence of the NT oligonucleotide.
However, the overall level of SMN2 RNA molecules with any number of Sam68
proteins bound increased slightly from 26% to 34% when NT was used, potentially due
to the disruption of larger aggregates of Sam68 by NT causing increased availability of
Sam68 proteins. These results clearly indicate that the annealing region of GGA has the
ability to alter Sam68 binding to an SMN2 pre-mRNA construct (Appendix 8.1.1). This
finding is particularly interesting in light of other results obtained by colleague Dr L.
Smith, which show that the NT oligonucleotide increases binding of U2AF65 to the
SMN2 RNA (Smith et al., manuscript submitted; Smith, 2012). This makes sense as the
C6T mutation in SMN2 has been shown to reduce U2AF65 binding (De Araujo et al.,
2009). Sam68 has been found to antagonize U2AF65 binding in a different system, so it
is not unreasonable to suggest that disruption of Sam68 binding would promote

U2AF65 binding (Paronetto et al., 2011).

The enhancer tail domain of GGA, which was shown to bind the activator protein
SRSF1 (Section 7.3), adds significantly to the stimulatory effect on SMIN2 exon 7
inclusion seen with the just the annealing region (Owen et al., 2011). Release of the tail
domain by photocleavage at different timepoints during an in vitro SMN2 splicing
reaction resulted in progressively reduced functionality related to the time of cleavage
(Figure 4.34). These results clearly indicate that the enhancer tail domain of GGA has a
vital mechanistic role that works in addition to the silencer-blocking action of the

annealing domain, as expected.
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7.5 Overview of Proposed Mechanism of Action of GGA

The exon 7 C6T transition between SMN1 and SMN2, which destroys a binding site for
SRSF1 and creates a binding site for hnRNP A1 and/or Sam68, has been shown to result
in decreased U2AF65 binding as well as U2 snRNP recruitment (De Araujo et al., 2009).
Blocking of this mutation site with the annealing domain of GGA, results in recovery of
U2AF65 binding. The enhancer tail domain, which binds SRSF1, replaces the disrupted
SRSF1-binding ESE. This has been shown by colleague Dr L. Smith to result in
stimulation/stabilization of U2 snRNP binding (Smith et al., manuscript submitted;
Smith, 2012). Therefore, the entire GGA oligonucleotide functions in two ways: (1)
blocking the binding of repressor proteins hnRNP Al and Sam68 through the annealing
domain, allowing for U2AF65 binding, and (2) stimulating and/or stabilizing the binding
of the U2 snRNP through contacts made by SRSF1, which binds to the enhancer tail
domain. These findings can now be used to make more general assumptions about
TOES. For example, they show the importance of removing U2AF65 repression, when
applicable, by blocking the relevant silencer site. Also, they indicate that in cases
where weak U2 snRNP binding is limiting, the enhancer tail domain of a targeted
oligonucleotide enhancer of splicing would be sufficient to stimulate splicing, without
the need to block a repressor site with the annealing region. Now that an outline
mechanism of action of GGA has been elucidated, it provides a better guideline for the

future design of therapeutic bifunctional oligonucleotides targeting splicing.
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8 APPENDIX

8.1 Splicing Template Sequences

8.1.1 SMN2

B-GLOBIN Exon 2 (1-226 nt)

AGGGCTGCTGGTTGTCTACCCATGGACCCAGAGGTTCTTCGAGTCCTTTGGGGACCTGTC
CTCTGCAAATGCTGTTATGAACAATCCTAAGGTGAAGGCTCATGGCAAGAAGGTGCTGGC
TGCCTTCAGTGAGGGTCTGAGTCACCTGGACAACCTCAAAGGCACCTTTGCTAAGCTGAG
TGAACTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGG

END B-GLOBIN Exon 2/ BEGIN B-GLOBIN Intron 2 (226-293 nt)

GTGAGTTTGGGGACCCTTGATTGTTCTTTCTTTTTCGCTATTGTAAAATTCATGTTATATGGTC
GAC

BEGIN SMN2 Intron 6 (293-450 nt)

AGACTATCAACTTAATTTCTGATCATATTTTGTTGAATAAAATAAGTAAAATGTCTT
GTGAAACAAAATGCTTTTTAACATCCATATAAAGCTATCTATATATAGCTATCTATATCT
ATATAGCTATTTTTTTTAACTTCCTTTATTTTCCTTACAG

BEGIN SMN2 Exon 7 (450-503 nt)

GGTTTTAGACAAAATCAAAAAGAAGGAAGGTGCTCACATTCCTTAAATCAGGA

END SMN Exon 7/ BEGIN SMN2 Intron 7 (503-784 nt)

GTAAGTCTGCCAGCATTATGAAAGTGAATCTTACTTTTGT
AAAACTTTATGGTTTGTGGAAAACAAATGTTTTTGAACATTTAAAAAGTTCAGATGT
TAGAAAGTTGAAAGGTTAATGTAAAACAATCAATATTAAAGAATTTTGATGCCAAAACTA
TTAGATAAAAGGTTAATCTACATCCCTACTAGAATTCTCATACTTAACTGGTTGGTTGTG
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TGGAAGAAACATACTTTCACAATAAAGAGCTTTAGGATATGATGCCATTTTATATCACGT
CGAC

END SMN Intron 7/BEGIN remainder of B-GLOBIN Intron 2 (784-822 nt)

TCTGCTAACCATGTCATGCCTTCTTCTTTTTCCTACAG

BEGIN B-GLOBIN Exon 3 (822-871 nt)

CTCCTGGGCAACCGTGCTGGGTATTGGGCTGGCTCAACAATTTTGGCAG

END B-GLOBIN Exon 3 (871-878 nt)

GTAAGTT
8.1.2 SMN2 Exon 7 ‘Exon Defined’ Construct

T7 promoter
AAATTAATACGACTCACTATAGGG

SMN2 Intron 6
ATATAGCTATTTTTTTTAACTTCCTTTATTTTCCTTACAG

SMNZ2 Exon 7
GGTTTTAGACAAAATCAAAAAGAAGGAAGGTGCTCACATTCCTTAAATCAGGA

SMN2 Intron 7
GTAAGTCTGCCAGCATTATGAAAGTGAATCTTACTTTTGT

8.1.3 B-globin

B-GLOBIN Exon 2 (1-225 nt)

GGGCTGCTGGTTGTCTACCCATGGACCCAGAGGTTCTTCGAGTCCTTTGGGGACCTGTCCTCT
GCAAATGCTGTTATGAACAATCCTAAGGTGAAGGCTCATGGCAAGAAGGTGCTGGCTGCCTTC
AGTGAGGGTCTGAGTCACCTGGACAACCTCAAAGGCACCTTTGCTAAGCTGAGTGAACTGCAC
TGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGG
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B-GLOBIN Intron 2 (225-331 nt)

GTGAGTTTGGGGACCCTTGATTGTTCTTTCTTTTTCGCTATTGTAAAATTCATGTTATATGGTCG
ACTCTGCTAACCATGTTCATGCCTTCTTCTTTTTCCTACAG

B-GLOBIN Exon 3 (331 -385 nt)

CTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCAGGTAAGTT

8.1.4 3-globin + GGA anneal site

B-GLOBIN Exon 2 (1-225 nt)

GGGCTGCTGGTTGTCTACCCATGGACCCAGAGGTTCTTCGAGTCCTTTGGGGACCTGTCCTCT
GCAAATGCTGTTATGAACAATCCTAAGGTGAAGGCTCATGGCAAGAAGGTGCTGGCTGCCTTC
AGTGAGGGTCTGAGTCACCTGGACAACCTCAAAGGCACCTTTGCTAAGCTGAGTGAACTGCAC
TGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGG

B-GLOBIN Intron 2 (225-331 nt)

GTGAGTTTGGGGACCCTTGATTGTTCTTTCTTTTTCGCTATTGTAAAATTCATGTTATATGGTCG
ACTCTGCTAACCATGTTCATGCCTTCTTCTTTTTCCTACAG

B-GLOBIN Exon 3 (331-376 nt)

CTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGC

GGA tail anneal site (376-396)

CCTCCGTCCTCCGTCCTCCT

8.1.5 Adenovirus WT (A2)

Note: Alternative 5’ splice sites indicated in bold (GGG/GTGAGT). Intron sequence

indicated in italics. (O'Mullane & Eperon, 1998; Lewis et al., 2012)

T7 Promoter

AAATTAATACGACTCACTATAGGG
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Remainder of Construct

CATCGCTGTCTGCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGCGGGCATGACT
TCTGCGCTAAGATTGTCAGTTTCCAAAAACGAGGAGGATTTGATATTCACCAGCTGTTGGGGT
GAGTCCTTTGAGGGTGGCCGCGTCCATCTGGTCAGAAAAGACAATCTTTTTGTTGTCAAGCTT
GCTGCACGTCTAGGGCGCAGTAGTCCAGGGTTTCCTTGATGATGTCATACTTATCCTGTCCCTT

TTTTTTCCACAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTACTCTTGGATC

8.1.6 Adenovirus + ESE (A3)

Note: Alternative 5’ splice sites indicated in bold (GGG/GTGAGT). Intron sequence

indicated in italics. (O'Mullane & Eperon, 1998; Lewis et al., 2012)

T7 Promoter

AAATTAATACGACTCACTATAGGG

ESE
AGGAGGACGGAGGACGGAGGA

Remainder of Construct

CATCGCTGTCTGCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGCGGGCATGACT
TCTGCGCTAAGATTGTCAGTTTCCAAAAACGAGGAGGATTTGATATTCACCAGCTGTTGGGGT
GAGTCCTTTGAGGGTGGCCGCGTCCATCTGGTCAGAAAAGACAATCTTTTTGTTGTCAAGCTT
GCTGCACGTCTAGGGCGCAGTAGTCCAGGGTTTCCTTGATGATGTCATACTTATCCTGTCCCTT

TTTTTTCCACAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTACTCTTGGATC

8.2 Oligonucleotide Sequences

Note: Phosphorothioate modified bases are indicated with a *. Bases with 2’OMethyl
modification are indicated in bold. Locked nucleic acid (LNA) bases are indicated with a

subscripted L.

186



APPENDIX

8.2.1 SMN2 Splice-Altering RNA Oligonucleotides

GGA

A*G*G*A*G*GACGGAGGACGGAGGACAGAU*U*U*U*G*UCUAA*A*A*C

GGA-O

AGGAGGACGGAGGACGGAGGACAGAUUUUGUCUAAAAC

GGA-L/O
AG G A G GACGGAGGACGGAGGACAGAUUU UG UCUAAAAC

GGA-S

A*G*G*A*G*GACGGAGGACGGAGGACAGAU*U*U*U*G*UCUAA*A*A*C*

GGA-NS
AGGAGGACGGAGGACGGAGGACAGAUUUUGUCUAAAAC

GGA PC Bio (Synthesized by DNA Technology)
A*G*G*A*G*GACGGAGGACGGAGGACA - Photocleavable linker —
GAU*U*U*U*G*UCUAA*A*A*C — Biotin

T0

A*G*G*A*G*GACGGAGGACGGAGGAC*A*

O-TO
AGGAGGACGGAGGACGGAGGACA

NT

GAU*U*U*U*G*UCUAA*A*A*C

O-NT
GAUUUUGUCUAAAAC
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AAC
A*A*C*C*AGACGACAGACGAAAGAU*U*U*U*G*UCUAA*A*A*C

8.2.2 Oligonucleotides for SMN2 Fe-BABE Experiments

Note: All thiol modifying groups were added to the 5’ end of the oligonucleotides. See
Figure 6.1 for chemical structures of the protected/deprotected thiol modifier and Fe-

BABE groups.

SH-GGA-O/Fe-BABE GGA-O

5" Mod. - AGGAGGACGGAGGACGGAGGACAGAUUUUGUCUAAAAC

SH-NET-O/Fe-BABE NET-O

5’ Mod. - ACUUAUCGUUGAUUAUCAGUCAGGAUUUUGUCUAAAAC

SH-GGA/Fe-BABE GGA

5 Mod. - A*G*G*A*G*GACGGAGGACGGAGGACAGAU*U*U*U*G*UCUAA*A*A*C

SH-NT/Fe-BABE NT

5" Mod. - GAU*U*U*U*G*UCUAA*A*A*C

8.2.3 Reverse Transcription Primers

GGA DNA Primer

GTTTTAGACAAAATC
SMN2 Primer 1

GTACAATATACCAGCTGTCTG

SMN2 Primer 2

TTTTCAAGTCTACAATCTTTCAACT
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SMN2 Primer 4

CGGTCGTAATACTTTCACTTAG

SMN2 Primer 5

ACCCGTTGGCACGACCCATAA

8.2.4 Other Oligonucleotides

B-globin 5’ Cy5

Cy5-UA GA CAAC CA GCAG,CC,-Biotin
a-U1 bio

GCCAGGUAAGUAU-Biotin

a-U6 oligo
CUGUGUAUCGUUCCAAUUUU
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