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Abstract

Abstract

Alternative splicing — the production of multiple messenger RNA isoforms from a single
gene — is regulated in part by RNA binding proteins. The overall aim of this study was
to identify and characterise novel targets of the RNA binding proteins Tra2a and Tra2p,
in order to further understand their biological functions. Tra2p is implicated in male
germ cell development and in the initial stages of this project, | utilised data from a
previous Tra2f HITS-CLIP experiment to validate and characterise novel RNA targets
from the mouse testis using minigenes. These included a large testis-enriched exon
from Nasp and a posion exon from Tra2a. The identification of a Tra2B-responsive
poison exon within the Tra2a gene suggested that Tra2B may directly regulate Tra2a
protein expression. Subsequent experiments in a human breast cancer cell line
revealed that following depletion of Tra2B, Tra2a is up-regulated, and could
functionally compensate in splicing regulation. Tra2B is also up-regulated in several
human cancers and we hypothesised that Tra2B may regulate alternative splicing
programmes of functional importance in cancer. Therefore for the majority of this
project, | investigated RNA targets of Tra2a and Tra2B in the human invasive breast
cancer cell line MDA-MB-231. Two transcriptome-wide approaches were used to
identify RNA targets in this study. Firstly, | used iCLIP to map the transcriptome-wide
binding sites of Tra2pB in MDA-MB-231 cells. Secondly, | used RNA-seq to investigate
the functional effect of joint Tra2 protein depletion on the transcriptome. Combining
the iCLIP and RNA-seq data facilitated the identification of target exons which were
both directly bound by Tra2p and functionally responsive to Tra2 protein depletion.
Unexpectedly, Tra2 protein dependent exons included both alternative and
constitutively spliced exons. A Gene Ontology enrichment analysis of the
experimentally validated exons revealed that Tra2 protein dependent exons were
functionally enriched in genes associated with chromosome biology. These included a
functionally important exon from CHEK1, which encodes a key DNA damage response
protein. Joint depletion of Tra2a and Tra2p led to reduced expression of the full-length
CHK1 protein, accumulation of the DNA damage marker yH2AX and decreased cell
viability. Together, this data suggests that human Tra2 proteins jointly control
constitutive and alternative splicing patterns via paralog compensation which are

important for cell viability.
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Chapter 1: Introduction

1.1 Pre-mRNA splicing

1.1.1 One gene, multiple mRNAs

The human genome contains approximately 21,000 protein-coding genes (Clamp et al.,
2007), far fewer than many had predicted prior to the completion of the Human
Genome Project (HGP) in 2004 (Nilsen and Graveley, 2010). Earlier estimates of human
gene copy number varied considerably, as different predictions were based on a
variety of factors including the average size of a gene, the quantity of unique
expressed sequence tags (ESTs) identified and the perceived biological complexity of
humans relative to other organisms (Pertea and Salzberg, 2010). Our modest number
of protein-coding genes is even more remarkable when considering that the human
genome is estimated to produce over one million different protein species (Harrison et

al., 2002; Jensen, 2004).

The ‘missing information” which generates proteome complexity is explained in part by
a series of post-transcriptional modifications which occur throughout the course of
gene expression. When information encoded by DNA is expressed as a precursor
messenger RNA (pre-mRNA), processing of the primary transcript occurs almost
immediately after transcription initiation. Pre-mRNA processing begins with 5' capping,
and is closely followed by splicing, transcription termination and polyadenylation.
These modifications to the primary transcript allow the creation of multiple messenger
RNA (mRNA) isoforms from a single gene (Matlin et al.,, 2005). As a result, a single

gene may encode multiple protein isoforms.

Post-transcriptional modifications such as alternative splicing, alternative
polyadenylation and RNA editing expand the number of proteins encoded by the
genome enormously (Figure 1.1) (Lander, 2011). As different protein isoforms may be
structurally and functionally distinct from one another, post-transcriptional
modifications such as alternative splicing dramatically increase the complexity of the
proteome from a defined number of genes (Nilsen and Graveley, 2010). When post-
transcriptional modifications are combined with subsequent post-translational
modifications to proteins (such as phosphorylation and ubiquitylation), the protein

coding potential of the genome is massive (Wilhelm et al., 2014).



Chapter 1 Introduction

Alternative splicing is one of the major sources of proteomic diversity in eukaryotes
(Nilsen and Graveley, 2010); approximately 95% of human genes are alternatively
spliced (Pan et al.,, 2008). However, it is worth noting that relatively few of these
alternative splicing events are highly conserved and not all alternative splicing events
are of functional importance. Alternative splicing can also create non-productive
transcripts, and therefore alternative splicing provides a key mechanism for post-

transcriptional regulation of gene expression (Lareau et al., 2007).

A Alternative splicing

B Alternative polyadenylation
A _—polyA _—polyA
/

C RNA editing U C

C>U
AN N\

Figure 1.1 Post-transcriptional modifications create multiple mRNA isoforms from a
single gene. Post-transcriptional modifications include (A) alternative splicing, (B)
alternative polyadenylation and (C) RNA editing. This image is adapted from (Siomi and
Dreyfuss, 1997).

1.1.2 General pre-mRNA processing

In the initial stages of eukaryotic gene expression, pre-mRNAs are transcribed from a
DNA template by RNA polymerase Il during transcription (Hurwitz, 2005). The
emerging pre-mRNA transcripts are then subject to a series of processing events
known as post-transcriptional modifications, resulting in production of a mature mRNA.
Shortly after transcription initiation and 5' capping, components of the splicing
machinery bind to the primary transcript, including small nuclear ribonucleoproteins
(snRNPs), heterogeneous nuclear ribonucleoproteins (hnRNPs) and a large range of
auxiliary RNA-binding proteins (Cramer et al., 2001). Originally, splicing was thought to
occur entirely post-transcriptionally. However, it was later recognized that many of
these “post”-transcriptional modifications are directly linked to transcription

(Neugebauer, 2002) and frequently occur co-transcriptionally (including capping,
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splicing and polyadenylation) (Proudfoot et al., 2002). Following transcriptional
termination and polyadenylation, mature mRNAs are exported from the nucleus
through nuclear pores to the cytoplasm, where they serve as templates for protein

synthesis (translation) prior to their eventual degradation (Stewart, 2010).
1.1.3 Splicing and splice site recognition by the spliceosome

Pre-mRNA splicing is the process by which introns are removed from the pre-mRNA
whilst exons are simultaneously joined together, forming a continuous protein-coding
region (open reading frame, ORF) within the RNA sequence (Matlin et al., 2005).
Splicing is performed by a macromolecular complex called the spliceosome. In
eukaryotes, the majority of introns are processed by the major spliceosome. In
fact, >99% of human introns are excised by the major spliceosome in a process termed
canonical splicing (Wahl et al., 2009). However, a less abundant class of non-canonical
introns are also processed by distinct splicing machinery termed the minor
spliceosome, which recognises distinct splice site sequences from the major

spliceosome (Patel and Steitz, 2003).

The splicesome consists of between 150 and 300 individual proteins (Rappsilber et al.,
2002), together with a group of small nuclear ribonucleoproteins (snRNPs) which
consist of proteins bound to an RNA component (snRNA). However, the number of
protein components of the spliceosome varies depending of which biochemical
conditions are used experimentally and on how the spliceosome is defined. The major
spliceosome consists of five snRNPs; designated U1, U2, U4/U6, and U5, which are
essential for splicecosome formation on the RNA transcript (Wahl et al., 2009).
Assembly of the spliceosome is guided by two sets of degenerate sequences called the
5'and 3' splice sites (subsequently referred to as 5'ss and 3'ss respectively), which help
define the intron/exon boundaries. In humans, the consensus 5'ss sequence
recognised by the major spliceosome is CAGGURAGU (where R = purine and GU is
almost always invariant). The 3'ss sequences consist of three elements; the consensus
3'ss YAGG (where Y = pyrimidine and AG is almost always invariant), an upstream

polypyrimidine tract (PPT) and the branch point sequence (BPS) (see Figure 1.2).
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polypyrimidine
tract
5'splice site branch point l 3'splice site

v &
[ exon  |GURAGU "\, ~——YNYURAY—YYYYYYYYYY-YAG] exon |

Figure 1.2 The four cis-elements of a typical metazoan intron which are recognised by
the major spliceosome. Intron recognition is guided by four cis-elements; the 5' splice
site, the branch point sequence (BPS), the polypyrimadine tract (PPT) and the 3' splice
site. (R = purine, Y = pyrimidine, N = any nucleotide). This image is adapted from (Wahl
et al., 2009).

During early formation of the major spliceosome, each of the four cis-elements are
bound by specific spliceosomal components (Valadkhan, 2007). The 5'ss is recognised
by U1 snRNP. The branch point sequence (BPS) is initially recognised by splicing factor
1/branch point bound protein (SF1/BBP) and is subsequently replaced by U2 snRNP,
whilst the polypyrimidine tract (PPT) and 3'ss interact with two subunits of the U2
auxilliary factor heterodimer (U2AF35 and U2AF65 respectively) (see Figure 1.3)
(Selenko et al., 2003). Most of the essential RNA-RNA interactions between the snRNA
component of the snRNPs and the pre-mRNA are weak, and often require additional

proteins to enhance their stability on the RNA transcript (Wahl et al., 2009).

Spliceosome assembly is also influenced by the size of an intron. In lower eukaryotes
such as the fission yeast Schizosaccharomyces pombe, coding exons are typically
separated by very small introns which are often <100 nucleotides long (Berget, 1995).
For small introns such as these, splice site pairs are recognised across the intron; a
process termed “intron definition”. However, the average vertebrate gene consists of
multiple small exons, separated by significantly larger introns. For large introns, splice
site recognition initially occurs across the exon; a process termed “exon definition”
(see Figure 1.3). In the exon definition model, U1 snRNP binds to the 5'ss and
promotes recognition of the upstream 3'ss across the exon (Schellenberg et al., 2008).
Consequently, the splicing reaction may be considered as the process of defining two

exons, rather than the process of defining one intron.



Chapter 1 Introduction

SR-protein

U2 U1
UAF D

—_~——YNYURAY- exon GURAGU

Figure 1.3 During early spliceosome formation, cross-exon splicing complexes form
along the pre-mRNA during the process of exon definition. The Ul and U2 snRNPs,
together with the two subunits of the U2 auxilliary factor heterodimer (U2AF65 and
U2AF35) recognise specific components from the consensus splice sites. In addition to
the essential splicing components, other auxiliary RNA-binding proteins (such as SR-
proteins and hnRNPs) bind to splicing enhancers and silencers to either enhance or
inhibit spliceosome formation. This image is adapted from (Wahl et al., 2009).

1.1.4 The splicing reaction

Mechanistically, splicing occurs as a two-step process, centered around two Sy2-type
transesterification reactions (Valadkhan and Jaladat, 2010). Briefly, the first step of
splicing involves the 2'OH group of the branchpoint adenosine nucleotide attacking the
phosphodiester bond of the 5'ss. This results in cleavage of the 5' exon and generation
of a lariat intron, which is temporarily attached to the 3' exon. Subsequently, the 3'OH
group of the cleaved 5' exon attacks the 3'ss, resulting in ligation of both exons
through another transesterification reaction, whilst the intron is released as a lariat

(see Figure 1.4) (Moore and Sharp, 1993; Sharp, 1994; Wahl et al., 2009).

1st reaction
Y
\/
2nd reaction
)
L /
intron lariat

spliced mRNA A Q

discarded lariat

Figure 1.4 The two Sy2-type transesterification reactions of splicing. Reaction 1: the
2'0H group of the branchpoint adenosine nucleotide (black circle) attacks the

5
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phosphodiester bond of the 5'ss, forming the lariat intron. Reaction 2: the 3'OH group
of the cleaved 5' exon attacks the 3'ss, resulting in ligation of both exons, whilst the
lariat intron is released and subsequently degraded. This image is adapted from (Black,
2003).

Throughout the splicing reaction, the spliceosomal components assemble on the RNA
substrate in a series of complexes; termed the H, E, A, B and C splicing complexes in
order of formation (see Figure 1.5) (Wahl et al., 2009; Valadkhan and Jaladat, 2010).
Complex H is effectively pre-spliceosome assembly, recognising the non-specific
association of a group of RNA-binding proteins called the heterogeneous nuclear
ribonucleoproteins (hnRNPs) to the primary transcript immediately following

transcription (Wahl et al., 2009).

INTRON
pre-mRNA i'SGSU_BAF_’_;;'G Q Prp43-ATP
/‘" UZEU&?Q 0 e mRNP
= o

Prp22-ATP
Prp5-ATP u2
Sub2/UAP56-ATP
, U Q Post-

Ut 6U2 spliceosomal
— — us complex
Prespliceosome <
(complex A) U6 U4
U5 U4/U6.U5
Prp28-ATP tri-snRNP 2nd step P‘:;ﬁ%iip
Ue U4 ] = Catalytic step 1

Precatalytic U5~U§ g ) o spliceosome
spliceosgme Brr2-ATP 1St5ty' (complex C)
(complex B) fles Prp2-ATP

Snu114-GTP US})Q@

Activated spliceosome
(complex B*)

Figure 1.5 Assembly of the major splicesome leading to intron removal from the pre-
mRNA. This image is taken from a recent review by (Wahl et al., 2009).

Spliceosome assembly begins with the ATP-independent interaction of U1 snRNP with
the 5'ss. This interaction can be stabilised by other auxiliary RNA-binding proteins
(including members of the SR-protein family) which interact with the protein
component of U1 snRNP. The splicing factor 1/branch point bound protein (SF1/BBP)
recognises the branch point sequence (BPS) and interacts with the U2 auxiliary factor
(U2AF) heterodimer. U2AF consists of a 65kDa subunit and a 35kDa subunit, which
recognise the polypyrimidine tract (PPT) and 3'ss respectively. This formation is

referred to as the E complex. Subsequently, SF1/BBP is replaced by U2 snRNP, which
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interacts with the BPS in an ATP-dependent manner. U2 snRNP interacts with U1l
snRNP, forming complex A. Following this, a tri-snRNP complex composed of U4/U6
and U5 attaches to the spliceosome, forming complex B. Spliceosomal remodelling
leads to the dissociation of U1 and U4, allowing the first transesterification reaction to
occur. The first transesterification reaction is catalysed by the RNA-dependent ATPase
Prp2, forming the lariat intron structure, termed complex C. In the second
transesterification reaction, the upstream 5'ss ligates to the 3'ss and the intron lariat is
subsequently released. The overall splicing reaction is catalysed by eight,
evolutionarily-conserved DExD/H-type RNA-dependent ATPases/helicases which
catalyse RNA-RNA rearrangements and spliceosome remodelling events (see Figure
1.5). Following completion of the splicing reaction, the lariat intermediate is degraded
and the snRNPs are recycled in successive splicing reactions. Formation of the

spliceosome is reviewed in further detail by (Black, 2003; Wahl et al., 2009).
1.1.5 The minor spliceosome

Whilst the vast majority of human introns are removed by the major spliceosome, a
less-abundant class of non-canonical introns are removed by the minor spliceosome.
The minor spliceosome contains four specific snRNPs; U11, U12, U4,ac and U6,
which are functionally analogous to the U1, U2, U4 and U6 components of the major
spliceosome (Turunen et al., 2013). Consequently by convention, introns recognised by
the major spliceosome are referred to as “U2-type” introns, whilst introns recognised
by the minor spliceosome are referred to as “U12-type” introns (Patel and Steitz, 2003).
Both spliceosomes share the same U5 snRNP component. Ul2-type introns were
originally defined by distinct 5' and 3' splice site dinucleotide sequences (AT-AC termini
rather than GT-AG) and consequently were originally referred to as “atac introns” (Wu
and Krainer, 1997). However, it was later discovered that the minor spliceosome
recognises both sets of terminal dinucleotide sequences (in fact GT-AG termini are
more frequently recognised by the minor spliceosome than AT-AC), and that a highly
conserved 5'ss and branch point sequence (BPS) are the most defining features of a
U12-type intron (Burge et al., 1998). The minor spliceosome is reviewed in detail by
(Patel and Steitz, 2003; Turunen et al., 2013). However for the remainder of this thesis,

| will focus on U2-type introns recognised by the major spliceosome.
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1.1.6 Alternative splicing

Whilst some exons are always spliced into the mRNA transcript (constitutively spliced),
other exons are sometimes included and sometimes skipped (alternatively spliced).
When splicing was first discovered in 1977 (Chow et al., 1977; Gelinas and Roberts,
1977), alternative splicing was estimated to occur in less than 1% of human genes.
Subsequently, through bioinformatic analyses of expressed sequence tags (ESTs) and
the more recent development of RNA sequencing (RNA-seq), that number has
continually risen to approximately 95%, indicating alternative splicing events occur in

nearly all human multi-exon genes (Martin Dutertre, 2010).

On average, human protein-coding genes produce three different mRNA transcripts via
alternative splicing (Djebali et al., 2012). In addition to generating proteome diversity,
alternative splicing also plays a significant role in quantitative gene control. Alteration
to the open reading frame (ORF) of a gene is estimated to occur in around one third of
alternative splicing events, potentially leading to the generation of premature stop
codons (PTCs) within the RNA sequence and subsequently targeting the transcript for
nonsense-mediated decay (NMD) (Lewis et al., 2003). Alternative splicing of the
untranslated regions (UTRs) within a gene can also regulate gene expression through
changes to mRNA stability (Matlin et al., 2005). Accurate splicing of the pre-mRNA is
therefore crucial to maintain normal cellular physiology. This is exemplified by the
estimation that between 15% to 50% of human genetic diseases may arise from
mutations to splice sites or splicing regulatory sequences (Cartegni et al., 2002;

Faustino and Cooper, 2003).
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Figure 1.5 Classification of different alternative splicing events. (a) Constitutive exons
are spliced into all mRNA transcripts from a gene. (b) Cassette exons (or alternative
exons) are sometimes included and sometimes skipped from the mRNA transcript in an
independent manner. (c-d) Alternative splice sites compete for recognition with
primary splice sites to modify the length of an exon. (e) Intron retentions occur when
an intron is not removed from the primary transcript. (f) Mutually exclusive exons are
spliced in a coordinated manner, where inclusion of each exon is not independent
from the other. This image is adapted from (Srebrow and Kornblihtt, 2006).

1.1.7 Regulation of alternative splicing

Alternative splicing is a highly regulated process. Splice site selection is influenced by
both cis-acting elements (within the RNA sequence) and trans-acting factors which
determine splice site selection in a combinational manner (Smith and Valcarcel, 2000).
The expression of RNA-binding proteins can vary in a tissue-specific (Venables et al.,
2013a) and developmental-stage-specific manner (Matsui et al., 2000), generating
different splicing patterns depending on the cellular context. Furthermore, several
other factors have been demonstrated to influence splice site selection, including the
formation of secondary structures within the pre-mRNA (Warf and Berglund, 2010),
the rate of transcription (Caceres and Kornblihtt, 2002) and epigenetic factors (Luco et
al.,, 2011). Consequently, the regulation of alternative splicing is complex. However,
with advances in experimental technology, such as high-throughput sequencing, as
well as advanced bioinformatic analyses of splicing regulatory motifs, a “splicing code”

is beginning to be deciphered (Barash et al., 2010).
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1.1.7.1 Cis-regulatory sequences

1.1.7.1.1 Splice site strength

In the initial stage of spliceosome formation, snRNPs are recruited to the pre-mRNA by
the presence of the 5' and 3' splice sites. Recognition of the 5' and 3' splice site
sequences depends on complementary base-pairing between the pre-mRNA and the
snRNA component of the snRNP. Consequently, the extent of the complementarity
between the splice site sequence and the snRNA affects the efficiency of splice site
recognition by the spliceosome. This degree of complementarity is often quantified as
the “splice site strength”. Generally speaking, constitutively spliced exons are often
flanked by strong splice sites (they are efficiently recognised by the spliceosome),
whereas alternative exons are more likely to be flanked by at least one weak splice site
(they are less efficiently recognised by the spliceosome), although there are exceptions.
A variety of computer programs have been developed to predict the relative strength
of splice sites, including the Splicing RegulatiOn Online Graphical Engine (SROOGLE)
(Schwartz et al., 2009) which | use in this study.

1.1.7.1.2 Splicing enhancer and silencer sequences

In combination with splice site strength, splice site selection is influenced by other cis-
acting elements, including splicing enhancer sequences (termed exonic splicing
enhancers (ESE) and intronic splicing enhancers (ISE)) and splicing silencer sequences
(termed exonic splicing silencers (ESS) and intronic splicing silencers (ISS)). Splicing
enhancer and silencer sequences play an essential role in the recognition of both
constitutive and alternative exons (Matlin et al., 2005). The splicing enhancer and
silencer sequences are recognised by a large number of auxiliary RNA-binding proteins
(RBPs) which compete to either enhance or repress splice site recognition (see Figure
1.6). Analyses of sequence conservation indicate that cis-regulatory elements are most
highly enriched within the regulated exons (exonic) or within close proximity to the
splice sites (within 103 nucleotides upstream or 94 nucleotides downstream of
regulated exons) (Sorek and Ast, 2003). However, there are also many examples of
more distal intronic regulatory elements which can influence splice site selection, such
as distal intronic regulatory sequences bound by TIA-1 (Witten and Ule, 2011) and
NOVA (Ule et al., 2006).

10
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Figure 1.6 Cis-elements consisting of splicing enhancers (ESE/ISE) and splicing
silencers (ESS/ISS) can have antagonistic effects on splice site selection by the
splicesome. RNA-binding proteins which recognise the enhancer and silencer

sequences compete to either stabilise or disrupt spliceosome formation respectively.
This image is adapted from (Srebrow and Kornblihtt, 2006).

1.1.7.2 Trans-regulatory proteins

Trans-acting influences on splicing include the relative concentration, localisation and
activity of RNA-binding proteins, such as members of the SR-protein family and the
heterogenous nuclear ribonucleoproteins (hnRNPs). SR-proteins are generally
considered enhancers of splicing, whilst hnRNPs are often considered splicing
repressors. However, the activating or repressive activity of SR-proteins and hnRNPs is
largely position-dependent. For example, Erkelenz et al. have recently demonstrated
that SR-proteins can activate splicing when recruited to an exon, yet repress splicing
inclusion of the same exon when recruited to the downstream intron (Erkelenz et al.,
2013). Similarly, hnRNPs were found to exert both activating and repressive activity

over a single exon, but in the opposite positions to SR-proteins (Erkelenz et al., 2013).

The number of proteins identified with RNA-binding capacity continues to grow.
Remarkably, a recent study of the mRNA-bound proteome in the human embryonic
kidney cell line HEK-293 identified nearly 800 mRNA-bound proteins (Baltz et al., 2012).
However this thesis will specifically focus on two paralogous RNA-binding proteins;

Tra2oa and Tra2p.

11
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1.1.8 The SR-protein family

The SR-protein family consist of a group of RNA-binding proteins which share two main
structural features; an arginine/serine-rich domain (RS-domain) and one or more RNA-
recognition motifs (RRMs) (Shepard and Hertel, 2009a). RS-domains can facilitate
protein-protein interactions with other RS-domain-containing proteins, including other
SR-proteins, SR-like proteins and components of the spliceosome including the U1l
snRNP-associated protein U1-70K and U2AF65 (Wu and Maniatis, 1993; Kohtz et al.,
1994; Graveley et al., 2001). RRMs facilitate direct interaction between SR-proteins
and short motifs within the RNA sequence. The term “SR-protein” was originally given
to a group of RS-domain-containing proteins which were recognised by the
monoclonal antibody mAb104 (Roth et al., 1990). These include SF2/ASF (SFRS1), SC35
(SFRS2), SRp20 (SFRS3), SRp75 (SFRS4), SRp40 (SFRS5) and SRp55 (SFRS6). Classical SR-
protein family members are defined by four criteria; (1) structural similarity, (2) dual
function in both alternative and constitutive splicing, (3) recognition by the
monoclonal antibody mAb104 and (4) purification using magnesium chloride (Long and

Caceres, 2009).

In addition to the classical group of SR-proteins, a structurally-related group of “SR-like”
proteins are also involved in alternative splicing regulation. SR-like proteins share some
degree of structural similarity to classical SR-proteins (both groups of proteins contain
at least one RS-domain and an RRM) and both have roles in pre-mRNA splicing, yet SR-
like proteins do not meet all of the criteria which defines classical SR-proteins.
Examples from the SR-like group of proteins include both subunits of the U2AF
heterodimer (U2AF65 and U2AF35), as well as the human homologues of the

Drosophila Tra2 splicing factor; Tra2a and Tra2p (Long and Caceres, 2009).
1.1.9 Regulation of SR-protein activity

SR-proteins regulate alternative splicing in a concentration-dependent and
phosphorylation-state-dependent manner. SR-proteins are directly phosphorylated on
serine residues located within their RS-domains by a group of SR-protein kinases,
including SR-protein kinase 1 (SRPK1) (Zhong et al., 2009) and CDC-like kinase 1 (CLK1)
(Prasad and Manley, 2003), which can modulate SR-protein activity. In addition, recent

evidence has also suggested a role for long non-coding RNAs (IncRNAs) in the
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regulation of SR-protein activity. The nuclear-retained IncRNA MALAT1 directly
interacts with SR-proteins and can regulate their localisation within nuclear speckles
(Tripathi et al., 2010a). Furthermore, IncRNAs may also modulate the phosphorylation
state of SR-proteins, suggesting that IncRNAs may have a significant role in alternative

splicing regulation via modulation of SR-protein activity (Tripathi et al., 2010a).

1.1.10 Models of splicing regulation by SR-proteins

To date, a number of different models have been proposed to explain the mechanisms
of SR-protein-mediated splicing activation and repression (see Figure 1.7, A-D). The
“U2AF recruitment model” is the classical model of SR-protein splicing enhancer
function. This model describes the ability of SR-proteins to directly bind to exonic
splicing enhancer (ESE) sequences and stabilise interactions between the spliceosome
and the consensus splice sites, specifically the interactions of U1 snRNP and U2AF65
with the 5' and 3' splice sites respectively (see Figure 1.7 A) (Robberson et al., 1990;
Graveley et al., 2001). The U2AF recruitment model is therefore closely linked to the

process of exon definition.

The “inhibitor model” hypothesises that SR-proteins may also act through antagonism
of splicing repressor proteins, such as the hnRNPs. Recruitment of SR-proteins to
splicing enhancer sequences may block splicing repressor proteins from binding to
nearby splicing silencer sequences, preventing them from disrupting spliceosome
formation (see Figure 1.7 B). Therefore in the inhibitor model, splicing activators and
splicing repressors act in a competitive, antagonistic manner (Zhu et al., 2001;

Martinez-Contreras, 2007).

A “splicing repressor model” has also been proposed to explain the splicing repressor
activity of SR-proteins. When SR-proteins bind to intronic regions close to the splice
sites of regulated exons, recruitment of the spliceosomal components (such as the
U2AF heterodimer) may be inhibited by steric hinderance, leading to non-productive
spliceosome assembly (see Figure 1.7 C) (Shepard and Hertel, 2009b; Erkelenz et al.,
2013).

Finally, in the “co-activator model”, SR-proteins have also been proposed to enhance
splicing activation independent of direct RNA-binding, through multiple potential

protein-protein interactions (see Figure 1.7 D). For example, SR-proteins may augment
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splice site pairing by simultaneously interacting with both U1 snRNP and U2AF65
across the intron. Alternatively, SR-proteins may recruit the U4/U5+U6 tri-snRNP
complex to the splicesome. Similarly, SR-proteins may also interact with the splicing
co-activator SRm160, promoting spliceosome formation without direct interaction

with U2AF65 (Blencowe, 2000).
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Figure 1.7 Four proposed models of splicing regulation by SR-proteins. (A) In the
classical U2AF recruitment model, SR-proteins stabilise the interactions between U2AF
heterodimer and the 3' splice site by binding to ESE’s. SR-proteins may also stablise the
interaction of U1 snRNP with the 5' splice site by binding to ESE’s. (B) In the inhibitor
model, SR-proteins block recruitment of splicing repressor proteins, preventing them
from inhibiting spliceosome assembly. (C) SR-proteins can also function as splicing
repressors by binding to intronic regions in close proximity to the splice sites of
regulated exons (D) In the splicing co-activator model, SR-proteins may recruit
spliceosomal components or stablise spliceosome interactions independent from
direct RNA-binding. The images in Figure 1.7 are adapted from the following reviews
(Matlin et al., 2005; Long and Caceres, 2009; Shepard and Hertel, 2009a).
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It is possible that the recruitment of spliceosomal components and silencer
antagonism occur simultaneously to contribute to splicing activation by SR-proteins. In
fact, each of the aforementioned models (Figure 1.7) may contribute to splicing

regulation by SR-proteins in different contexts.

1.1.11 Other factors which influence splicing

Splicing decisions are made in a dynamic environment and RNA-binding proteins do
not determine splicing activation in isolation. Formation of secondary structures within
the pre-mRNA can affect splicing activation in two ways; either by preventing RNA-
binding proteins from recognising a specific sequence, or by altering the relative
distance between splice sites and the auxiliary elements (Warf and Berglund, 2010).
Likewise, as splicing occurs predominantly co-transcriptionally, the rate of
transcription (or rate of RNA elongation) by RNA polymerase Il has also been shown to
influence splicing through changes to the relative speed in which competitive splice
sites and auxiliary elements are synthesised (Caceres and Kornblihtt, 2002). Finally,
independent of elongation rate, epigenetic factors such as histone modifications have
been proposed to regulate alternative splicing (Luco et al., 2011). For example, the
histone arginine methyltransferase CARM1 can directly interact with Ul snRNP
(Ohkura et al., 2005; Cheng et al., 2007), suggesting that chromatin complexes may
have a role in facilitating the correct assembly of pre-spliceosome components onto

the pre-mRNA (Luco et al., 2011).

1.2 The SR-like splicing factors Tra2a and Tra2f3

1.2.1 Tra2 proteins

The transformer-2 gene was originally identified in the fruit-fly Drosophila
melanogaster, where the Tra2 protein is a key component of an alternative splicing
complex involved in sex-determination (Tian and Maniatis, 1993). In the Drosophila
sex-determination pathway, female-specific expression of the Tra protein is
established through alternative splicing of the transformer (tra) gene, regulated by
female-specific expression of the Sex-lethal protein (Valcarcel et al., 1993). In turn, the
Tra protein cooperates with the non-sex-specific Tra2 protein, to promote splicing
inclusion of exon 4 of the doublesex (dsx) pre-mRNA, leading to female fruit-fly

development (Lopez, 1998).
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Tra2 proteins are well conserved across the animal kingdom. However, whilst
invertebrate genomes contain a single tra2 gene, vertebrate genomes contain two
distinct tra2 genes. The human TRA2 genes are designated TRA2A and TRA2B, which
encode the proteins Tra2a and Tra2p respectively. It is likely that early in vertebrate
evolution, the Tra2 gene was duplicated, resulting in vertebrates obtaining two copies
of the Tra2 gene and invertebrates retaining a single copy. In evolutionary terms, there
is substantial functional conservation between the invertebrate and vertebrate Tra2
homologues. For example, the introduction of human Tra2a protein in transgenic Tra2-
deficient fruit-flies is able to partially rescue Tra-dependent splicing and female sex-

determination (Dauwalder et al., 1996).
1.2.2 Human Tra2a and Tra2p

The human Tra2a and Tra2p proteins share both structural and functional similarities.
Tra2a and Tra2 have the same modular protein structure, consisting of a single,
central RNA recognition motif (RRM) flanked by N-terminal and C-terminal RS-domains.
Tra2a and Tra2p share a 63% amino acid homology, with particularly high conservation
throughout their RRMs and both proteins were determined to have indistinguishable
RNA sequence specificities by SELEX (Systematic Evolution of Ligands by EXponential
enrichment) (Tacke et al.,, 1998a). Both RBPs are known to be sequence-specific
activators of alternative splicing (Tacke et al., 1998a), however the relative
contributions of endogenous Tra2a and Tra2f to this process and their functional
relationship is not well understood (Best et al., 2014b). For example, it is not clear
whether endogenous Tra2a and Tra2p share the same functions and regulate the same
target exons. Both Tra2a and Tra2p can regulate splicing of the same minigene model
exons when over-expressed in HEK-293 cells (Grellscheid et al., 2011a), demonstrating
some degree of functional redundancy. However, the Tra2a gene alone is not
sufficient to maintain the phenotype of Tra2b knockout mice (Mende et al., 2010b;
Roberts et al., 2014; Storbeck et al., 2014). Ubiquitous deletion of Tra2b is embryonic
lethal, resulting in highly disorganised embryos at day E7.5 and death during early
embryonic development (Mende et al., 2010b). Similarly, conditional knockout of
Tra2b in the nervous system severely disrupts brain development. A cortex-specific
Tra2b knockout mouse model led to loss of neural progenitor cell survival caused by

apoptosis (Roberts et al., 2014). Likewise, a broader neuronal-specific knockout of
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Tra2b caused severe abnormalities in the cortex and thalamus, leading to death shortly
after birth (Storbeck et al.,, 2014). Hence despite sharing similar splicing targets in

cellulo, the Tra2a and Tra2b genes are not entirely redundant in vivo.

Interestingly, Tra2p was previously found to auto-regulate its own protein expression
by promoting inclusion of a poison exon within the TRA2B pre-mRNA (Stoilov et al.,
2004). However, it is not known whether Tra2 may similarly regulate expression of
Tra2a, or vice versa. Despite their similarities, generally speaking there have been far
more studies of Tra2B-mediated splicing regulation than of its paralogous protein
Tra2a. Hence for the remainder of this section, | largely focus on studies involving

Tra2B, although some observations may apply to both Tra2 proteins.

1.2.3 The TRA2B gene generates multiple mRNA isoforms

The human TRA2B gene contains ten exons, generating at least five known mRNA
isoforms and two known protein isoforms via a combination of alternative splicing,
alternative polyadenylation and the use of alternative promoters (Stoilov et al., 2004).
TRA2B mRNA isoform 1 (termed TRA2B-1) is ubiquitously expressed (Daoud et al.,
1999) and encodes the full-length Tra2p protein (Tra2p-1) which contains both RS-
domains together with a central RRM (see Figure 1.8 A). Interestingly, the Tra2p-1
protein isoform has been shown to auto-regulate its own protein concentration
through a negative feedback loop (Stoilov et al., 2004). Tra2B-1 was found to directly
bind to a posion exon (exon 2) within the TRA2B pre-mRNA, promoting inclusion of this
frequently skipped exon. Inclusion of exon 2 produces of a non-productive mRNA
species (termed TRA2B-2), which is not translated into protein (see Figure 1.8 B).
Stoilov et al. suggest that this molecular sensor may contribute to the maintenance of
normal cell physiology, given deregulation of Tra2f has been observed in numerous
disease states (2004), such as nerve injury (Kiryu-Seo et al., 1998), hypoxia (Matsuo et
al., 1995), and silicosis (Segade et al., 1995).

A third TRA2B mRNA isoform (termed TRA2B-3) encodes a shorter protein isoform
which lacks the functional RS1 domain (see Figure 1.8 C) and is expressed in a tissue-
specific manner (predominantly in the brain) (Nayler et al., 1998a). Whether full-length
Tra2B-1 and the shorter Tra2-3 protein isoform share similar functions in splicing

regulation or are functionally distinct is currently unclear. It was previously reported
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that unlike full-length Tra2p-1, the shorter Tra2B-3 protein isoform did not influence
splice site selection (Stoilov et al., 2004). However, subsequent data has indicated that
Tra2B-3 can activate inclusion of SMN2 exon 7 (Cléry et al., 2011). Consistent with an
important function however, expression of the TRA2B-3 mRNA isoform is conserved in
invertebrates (Nayler et al., 1998a). Interestingly, it was previously demonstrated that
the dopamine and cAMP regulated phosphoprotein 32kDa (DARPP-32) directly
interacts with Tra2B-1, and over-expression of DARPP-32 was associated with a
reduction in splicing inclusion of Tra2B-regulated exons (Benderska et al., 2010). As
DARPP-32 also directly interacts with the Tra2p-3 protein isoform, Benderska et al.
have postulated that one possible function of the Tra2p-3 protein isoform may be to
sequester DARPP-32/Tra2B interactions, without influencing splice site selection
directly (Benderska et al., 2010). A fourth TRA2B mRNA isoform (TRA2B-4) is generated
when exons 2 and 3 are skipped, although this isoform is not translated. A fifth TRA2B
mMRNA isoform (TRA2B-5) is also generated through use of an alternative promoter

within the second intron (Stoilov et al., 2004).

TRA2B
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Figure 1.8 The human TRA2B gene generates two known protein isoforms via
alternative splicing. The open reading framess (ORFs) are highlighted in blue. The
TRA2B poison exon (exon 2) is highlighted in red. (A) Skipping of exon 2 generates the
TRA2B-1 mRNA isoform which encodes full-length Tra2B. (B) Inclusion of exon 2
generates a downstream frameshift, resulting in a non-producive transcript. (C)
Skipping of exons 2 and 3 generates the TRA2B-3 mRNA isoform, which encodes a
shorter Tra2B-3 protein isofrom which lacks the RS1 domain. This image is adapted
from (Stoilov et al., 2004).

1.2.4 Tra2p protein structure and sequence specificity

Classical SR-proteins contain one or two N-terminal RNA recognition motifs (RRMs)

and a single C-terminal RS-domain (Wu and Maniatis, 1993; Kohtz et al., 1994).
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However unlike the classical SR-proteins, the full-length Tra2a and Tra2B proteins
share an unusual modular structure, which consists of a single, central RRM flanked by
N-terminal and C-terminal RS-domains (see Figure 1.9). The larger, N-terminal RS-
domain (termed RS1) of the Tra2P protein contains a region of 19 arginine/serine
dipeptides, whilst the smaller C-terminal RS-domain (termed RS2) is located within
close proximity of a hinge region and contains just 7 arginine/serine dipeptides (Beil,
1997). Similarly to classical SR-proteins, the RS-domains of Tra2 facilitate a number of
direct protein-protein interactions. Tra2f has been shown to directly interact with a
number of other RNA-binding proteins, including SRSF1 (Ge et al., 1991), hnRNPG and
hnRNP-GT (Soulard et al., 1993; Venables et al., 2000), RMBY (Venables et al., 2000),
SRp30c and SAF-B (Nayler et al., 1998b). In addition to facilitating direct protein-
protein interactions, it was recently identified that both the RS1 and RS2 domains
contain nuclear localisation signals (NLS) important for the nuclear import of Tra2p.
Using mutational analysis, Li et al. found that the presence of either the RS1-domain or
the RS2-domain was sufficient for nuclear import of Tra2p (Li et al., 2013). What’s
more, two sub-nuclear localisation signals were also identified within the RS1-domain
(but not the RS2-domain) which are required for the sub-nuclear localisation of Tra2

to nuclear speckles (Li et al., 2013).
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Figure 1.9 Modular structure of the full-length Tra2p protein. The full-length Tra2p
protein contains a single, central RNA-recognition motif (RRM) flanked by two
arginine/serine-rich (RS)-domains. This image is taken from a recent review by (Best et
al., 2014a).
Both Tra2 proteins contain highly-conserved RNA-recognition motifs (RRMs) required
for direct RNA binding. The first description of human Tra2 protein sequence specificity
was reported by Tacke et al., who identified preferential binding of human Tra2
proteins to ‘GAA’ repeats using a series of SELEX experiments (1998a). Subsequently,
Tra2p was also found to directly bind to another RNA sequence, specifically to C/A-rich
elements (ACE) such as ‘ACUUCAACAAGUU’; a thirteen-nucleotide sequence located
within exon 4 of the CGRP gene (Tran et al., 2003). This suggested that Tra2p may
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recognise multiple, distinct RNA sequences. Tra2 protein/RNA interactions have now
been resolved at atomic resolution using nuclear magnetic resonance (NMR) (Cléry et
al., 2011; Kengo Tsuda, 2011). It was discovered that Tra2p recognises two distinct
sequences; a longer, degenerate sequence containing ‘CAA’ and the shorter tetra-
nucleotide sequence ‘AGAA’ (Kengo Tsuda, 2011). The tetra-nucleotide sequence
‘AGAA’ is recognised by specific residues within the B-sheets of the Tra28 RRM (Cléry
et al.,, 2011). The longer degenerate sequence containing ‘CAA’ is only recognised
when integrated into a stem-loop structure (RNA secondary structure) (Kengo Tsuda,
2011). Hence Tra2p has two distinct modes of RNA sequence recognition (Kengo Tsuda,

2011).

Figure 1.10 Tra2p has two distinct modes of RNA sequence recogntion. (A) The Tra2p
RRM in complex with the sequence ‘GACUUCAACAAGUC’ when integrated into a stem
loop structure. (B) The Tra2 RRM also specifically recognises the tetra-nucleotide
sequence ‘AGAA’. This image is taken from (Kengo Tsuda, 2011).

1.2.5 Phosphorylation of Tra2f8

Similarly to classical SR-proteins, phosphorylation of Tra2p can influence its activity in
splicing regulation. Interestingly, phosphorylation of serine residues within different
functional domains of the protein may alter splicing activity through distinct
mechanisms. For example, phosphorylation of serine residues within the RS-domains
of SR-proteins can regulate sub-cellular localisation (Lin and Fu, 2007), whilst
phosphorylation of the RRM domain of SR-proteins has been shown to directly

influence the affinity of protein-RNA interactions (Benderska et al., 2010).
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Tra2p is actively dephosphorylated by protein phosphatase 1 (PP1) on residues located
within its RRM and PP1 activity has been shown to influence splicing inclusion of
Tra2B-regulated exons, including SMN2 exon 7 (Novoyatleva et al., 2008). The
dopamine and cAMP regulated phosphoprotein 32kDa (DARPP-32) is an inhibitor of
PP1, which directly interacts with Tra2p to prevent PP1-mediated dephosphorylation.
Over-expression of DARPP-32 was found to reduce splicing inclusion of the Tra2f
targets using minigene assays, whilst depletion of DARPP-32 via RNAi increased splicing
activation of the same target exons (Benderska et al., 2010). These experiments
suggest that variable phosphorylation of the Tra2f RRM may significantly influence
target exon inclusion by affecting the RNA-binding capacity of Tra2p (Stoilov et al.,
2004; Benderska et al., 2010).

1.2.6 Well characterised RNA targets of vertebrate Tra2 proteins

Well characterised targets of vertebrate Tra2 proteins include SMN2 (survival motor
neuron 2) exon 7. Regulation of SMN2 exon 7 is of significant clinical interest in the
motor neuron disease Spinal Muscular Atrophy (SMA), which is caused by loss-of-
function mutations to the survival motor neuron (SMN1) gene (Hofmann and Wirth,
2002). The highly-conserved paralogous gene SMNZ2 fails to provide a functional
protein replacement due to a translationally silent mutation within a splicing enhancer
sequence. As a result, SMN2 exon 7 is skipped, producing a truncated SMN2 protein
which is unable to functionally compensate for the loss of SMN1. SMIN2 exon 7 is a
potential therapeutic target for SMA, as restoring efficient inclusion of SMN2 exon 7
could effectively restore full-length SMN expression. Tra2p directly enhances splicing
inclusion of SMIN2 exon 7 through a GA-rich exonic splicing enhancer sequence

(Hofmann et al., 2000).

Tra2p is also known to directly regulate a testis-specific exon from the homeodomain
interacting protein kinase 3 (HIPK3) gene, which is referred to as the HIPK3-T exon
(Venables et al., 2005; Grellscheid et al., 2011b). The HIPK3-T exon is exclusively
spliced in the testis and inclusion of this exon introduces a premature termination
codon (PTC) within the HIPK3 mRNA, targeting the HIPK3 mRNA for degradation via

the nonsense-mediated decay (NMD) pathway (Venables et al., 2005).

21



Chapter 1 Introduction

Other well established target exons include exon 10 from the Tau gene. Mutations
within Tau exon 10 are associated with the neurological disease frontotemporal
dementia with Parkinsonism linked to chromosome 17 (FTDP-17) (Fu et al., 2012).
Tra2p also regulates exon 3 from the cysteine rich 61 (Cyr61) gene, which encodes a
matricellular protein linked with tumour progression and metastasis (Hirschfeld et al.,
2011). Interestingly, Hirschfeld et al. reported that under acidic conditions, splicing
inclusion of Cyr61 exon 3 was significantly reduced and this was associated with a
substantial switch in localisation of Tra2f from the nucleus to the cytoplasm
(Hirschfeld et al., 2011). Other examples of known target exons include exon 23 from
the smooth muscle myosin phosphatase targeting subunit (Mypt1) gene (Fu et al.,
2012), variable exons v4 and v5 from CD44 (Watermann et al., 2006) and most recently
exon 11 from BRCA1 (Raponi et al., 2014).

The aforementioned studies largely focus on detailed characterisation of single exons.
In addition, a number of recent studies have now investigated endogenous Tra2f3
target exons on a more global scale, using RIP-seq (Uren et al., 2012) and splicing-
specific microarrays (Anderson et al., 2012; Storbeck et al., 2014), as well as studies
published from the Elliott lab using HITS-CLIP (Grellscheid et al., 2011a), iCLIP and RNA-
seq (Best et al., 2014b). Anderson et al. identified that the cardiotonic steroid digitoxin
induces substantial changes in alternative splicing through depletion of the RNA-
binding proteins SRp20 and Tra2p (Anderson et al., 2012). Subsequently, they used
shRNA-mediated depletion of Tra2f in HEK-293 cells to identify Tra2p-responsive
exons using microarray analyses. Interestingly, depletion of Tra2p was found to induce
skipping of some alternative exons whilst enhancing inclusion of others (Anderson et
al., 2012). Similarly, Storbeck et al. analysed RNA from a neuronal-specific tra2b
knockout mice using exon arrays and identified Tubdl exon 4 and Sgol exon 2 as in vivo

targets of Tra2p (Storbeck et al., 2014).

1.2.7 The physiological functions of Tra23

Tra2p is associated with numerous physiological functions. These include a potential
role in mammalian spermatogenesis, as Tra2PB protein expression is up-regulated
during meiosis in male germ cells (Grellscheid et al., 2011a) and Tra2B directly
interacts with the germ-cell specific protein RBMY (Venables et al., 2000). Tra2p is also

involved in generating tissue-specific splicing patterns of Mypt1 in smooth muscle cells
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(Fu et al., 2012), and the cardiotonic steroid digitoxin (prescribed for the treatment of
heart failure) affects alternative splicing patterns through depletion of Tra2f
(Anderson et al., 2012). Tra2p protein expression is also thought to be important to the
maintenance of normal cell physiology, given the number of pathophysiological states
now associated with deregulation of Tra2p expression (Best et al., 2013). TRA2B mRNA
expression changes throughout the ageing process (Holly et al., 2013) and age-related
macular degeneration is associated with an increase in Tra2f3 expression and aberrant
nuclear localisation of Tra2PB in diseased retinal cells (Karunakaran et al., 2013).
Changes in Tra2p protein expression is also associated with the disease pathology of
Alzheimer’s disease (Glatz et al., 2006), Frontotemporal Dementia and Parkinsonism
linked to chromosome 17 (FTDP-17) (Jiang et al., 2003) and several human cancers

(reviewed by Best et al. 2013).
1.3 Alternative splicing in cancer

1.3.1 Introduction

The importance of alternative splicing regulation is demonstrated by a growing
number of diseases now associated with altered splicing activity, including aberrant
splicing events in cancer (Srebrow and Kornblihtt, 2006). Alteration to splicing activity
can result in potentially pathogenic consequences through multiple mechanisms.
These include mutation of cis-elements, which alter the RNA sequence and can lead to
aberrant splicing. For example, the introduction of a novel splice site through mutation
and its subsequent recognition may produce disease-associated mRNA isoforms which
are not typically produced under normal physiological conditions. Consequently,
aberrant splicing may result in the production of novel protein isoforms that are
structurally and functionally distinct from those typically produced, with the potential
to exert profound effects on cellular physiology and phenotype (Pajares et al., 2007).
Secondly, changes to trans-acting factors which regulate splicing may result in a
deviation from the typical ratio of pre-existing alternatively spliced isoforms, or the
recognition of cryptic splice sites (Pajares et al., 2007). Changes to the ratio of normal
physiological isoforms may consequently drive cellular phenotype in a particular
direction. Hence deregulation of splicing in cancer can result from either mutation to

cis-elements, including splice sites and auxiliary elements, or alternatively through the
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modification of trans-acting proteins, including changes to the concentration, activity
or localisation of splicing factors (Peter Stoilov, 2002; Faustino and Cooper, 2003).
Alternative splicing has now been demonstrated to produce different protein isoforms
which promote many of the hallmarks of cancer. However, distinguishing between
splice variants which genuinely contribute to cell transformation and those which are
simply the by-product of lost splicing regulation in the transformed cell remains a

considerable challenge.
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Figure 1.11 Abnormal pre-mRNA splicing can contribute to tumour progression
through the production of protein isoforms with oncogenic properties. Mutation of
cis-elements may result in the production of novel protein isoforms with potentially
oncogenic function. Alternatively, changes to trans-acting factors may change the ratio
of pre-existing mRNA isoforms, or promote recognition of cryptic splice sites,
contributing to changes in cell phenotype. This image is adapted from (Pajares et al.,
2007).

1.3.2 Mutations within cis-elements

Cells may require as few as 2-10 driving mutations to initiate oncogenic transformation
(Hahn and Weinberg, 2002; Stratton et al., 2009), a modest number considering many
advanced tumours are estimated to contain up to 100,000 genetic alterations (Martin
Dutertre, 2010). The cellular mechanisms which maintain genomic stability are
frequently lost in tumour cells, including the loss or impairment of DNA repair
pathways. Consequently, the accumulation of mutations allow tumour cells to acquire
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many of the hallmarks of cancer, which include an increased proliferative capacity,
resistance to apoptosis, unlimited replication potential, self-sufficiency in growth
signals, insensitivity to growth inhibitory signals, angiogenesis and metastasis
(Hanahan and Weinberg, 2011). Similarly, loss of normal splicing regulation has
recently emerged as another possible mechanism which could contribute to cellular

transformation.

Originally, analyses of cancer-associated mutations within genomic DNA typically
focused on their downstream effect on primary protein structure (the amino acid
sequence) (Pajares et al., 2007). For instance, point mutations may be categorised as
nonsense (introduction of a premature stop codon), missense (change in the amino
acid) or synonymous (does not change the amino acid sequence). However, whilst
synonymous mutations may appear to be translationally silent (they do not appear to
alter the amino acid sequence), such mutations can exert dramatic effects on splicing
regulation (Blencowe, 2006). Synonymous mutations can introduce novel splice sites
or regulatory elements, or disrupt pre-existing ones, potentially altering the mRNA

isoform and ultimately the protein that is produced.

Mutations which cause changes to splice site selection have been reported in
numerous human cancers (Liu et al., 2001; Lukas et al., 2001; Oltean et al., 2006). Key
examples include the inherited nonsense mutation within exon 18 from the BRCA1
gene, which encodes an important protein involved in repair of DNA double-strand
breaks (DSBs) (Friedenson, 2007). This inherited mutation disrupts the binding site of
the splicing factor SRSF1 (ASF/SF2), resulting in the aberrant skipping of exon 18 from
the BRCA1 mRNA (Liu et al., 2001). Similar mutations which affect splice site selection
have been reported in MDM2, which encodes a nuclear phosphoprotein and key
regulator of the tumour suppressor P53 (Lukas et al., 2001). Mutations which disrupt
pre-mRNA splicing of the DNA mismatch repair genes MSH2 and MLH1 are also

common in hereditary non-polyposis colorectal cancer (HNPCC) (Stella et al., 2001).
1.3.3 Trans-acting factors in cancer

Changes to trans-acting splice factors can also exert significant effects on pre-mRNA
splicing in tumour cells. The alteration in expression, stability, localisation and/or

activity of splicing factors can have a significant effect on splicing decisions in cancer
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cells (Pajares et al., 2007). There is some evidence that the general splicing machinery
of a cell may be fundamentally changed in cancer (Mee Young Kim, 2009; Pedro A. F.
Galante, 2009) and it has been hypothesized that there may even be a “splicing switch”
in cancer cells, allowing cells to generate a vast array of splice variants, some of which
may contribute to oncogenic transformation (Skotheim and Nees, 2007). The
expression of several splicing factors has been found to be significantly altered in
breast cancer tumours compared to corresponding normal tissue, including FOX2
(Venables et al., 2009b), SRSF1 (Karni et al., 2007) and Tra2 (Watermann et al., 2006).
Interestingly, the splicing factor oncoprotein SRSF1 (ASF/SF2) has been found to
promote malignant transformation and is over-expressed in multiple human tumours
(Chang et al., 2007). It was subsequently identified that SRSF1 regulates alternative
splicing of the BIM and BIN1 genes, which encode proteins involved in the regulation
of apoptosis (Anczukéw et al., 2012). Over-expression of SRSF1 promotes expression of
BIM and BIN1 protein isoforms which lack pro-apoptotic functions, possibly

contributing to epithelial cell transformation (Anczukéw et al., 2012).
1.3.4 Tra2f expression in cancer

TRA2B gene expression is amplified in several human cancers, including cancers of the
lung, cervix, head and neck, ovary, stomach, and uterus (reviewed by Best et al., 2013).
Tra2B protein expression was also found to be up-regulated in a subset of breast
(Watermann et al., 2006), cervical (Gabriel et al., 2009), ovarian (Fischer et al., 2004)
and colon (Kajita et al., 2013) cancers. High Tra2[ protein expression is associated with
a poorer prognosis for patients with cervical cancer (Gabriel et al., 2009). Tra2p protein
expression has also been shown to be important for cell proliferation in several cancer
cell lines. Knockdown of Tra2p in the gastric cancer cell line AGS was found to suppress
cell growth (Takeo et al., 2009), whilst knockdown of Tra2p in the colon cancer cell line
HCT116 reduced cell viability and led to increased apoptosis (Kajita et al., 2013).
Watermann et al. found that both TRA2B mRNA and Tra2f3 protein expression was
significantly up-regulated in a panel of invasive breast cancer tumour samples when
compared to normal breast tissue from the same patient (Watermann et al., 2006).
Conversely, their analysis of SRp40 expression revealed no change between normal
and tumour samples, suggesting a specific up-regulation of Tra2B, rather than a

broader change to the splicing machinery. Hence it has been speculated that Tra2p
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may have an important role in breast cancer, through regulation of alternatively
spliced isoforms associated with tumour progression and metastasis (Watermann et al.,

2006).
1.3.5 Breast cancer and the MDA-MB-231 cell line

Breast cancer is a complex and heterogeneous disease, consisting of multiple disease
sub-types which have distinct clinical implications (Holliday and Speirs, 2011). Most
breast cancers originate from epithelial cells and initially develop following an increase
in the epithelial cell mass (hyperplasia), followed by the expansion of abnormal cells
(atypical hyperplasia), carcinoma in situ (non-invasive breast cancer) and ultimately
infiltrating carcinoma (invasive breast cancer). Traditionally, breast cancer
classification was based on the histological type, tumour grade and lymph node status,
as well as a limited number of predictive markers such as expression of the oestrogen
receptor (ER) (Holliday and Speirs, 2011). Advances in molecular profiling such as the
use of DNA microarrays and immunohistochemical analysis of hormone receptors
including the oestrogen receptor (ER), progesterone receptor (PR) and human
epidermal growth factor receptor 2 (HER-2) subsequently led to the recognition that
breast cancer could be classified into at least five distinct subtypes based on
expression profiles and hormone receptor status (Perou et al., 1999; Perou et al.,
2000). Most recently, genomic and transcriptomic profiling has revealed that breast
cancer consists of at least ten different subtypes with distinct “molecular signatures”,

each with distinct clinical outcomes (Curtis et al., 2012).

Breast cancer is often modelled in the laboratory using established breast cancer cell
lines. The very first breast cancer cell line (BT20) was established in 1958 and
originated from an invasive ductal carcinoma (Lasfargues, 1958). Since then, a number
of different breast cancer cell lines have become widely used including cell lines from
the MD Anderson series (such as the MDA-MB-231 cell line used extensively in my
study) (Cailleau R, 1978a), as well as cell lines from the Michigan Cancer Foundation
such as MCF-7 cells (Soule HD, 1973). The MDA-MB-231 cell line is a tumourigenic
breast epithelial cell line, first derived from a pleural effusion of a 51 year old female
patient with breast adenocarcinoma (Cailleau R, 1978b). The MDA-MB-231 cell line
models invasive disease in vitro and is traditionally considered to be “triple-negative”

for hormone receptor status (ER-, PR-, HER2-).
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The use of breast cancer cell lines as experimental models comes with significant
limitations. Cell lines are prone to genetic and phenotypic drift over extended periods
of continual culture (Burdall et al., 2003). Changes in cell phenotype over time not only
have implications for experimental reproducibility, but as cells drift further away from
the phenotype of the original tumour, their relevance as accurate models of disease is
diminished (Burdall et al., 2003). Other limitations include the physiological relevance
of growing cells on plastic in two dimensions, as the network of interactions that exist
between cells in vivo may be lost. This is exemplified by MDA-MB-231 cells, which are
widely regarded as invasive in vitro, yet show poor metastatic potential in some in vivo
xenograph models (Burdall et al., 2003). Despite the aforementioned limitations, cell
lines remain a valuable experimental model, partly due to their unlimited replicative

capacity and their relatively high degree of homogeneity.

1.3.6 Alternatively spliced isoforms as potential biomarkers and therapeutic targets

in cancer

Tumour-specific alternative splice variants have been postulated as potential
biomarkers for disease prognosis, or as novel therapeutic targets in cancer. Key
examples include alternatively spliced isoforms of the androgen receptor (AR), which
are strongly linked with disease progression in prostate cancer (PCa). In the early
stages of PCa, prostate cancer cells depend on androgen hormones to drive
proliferation via the androgen receptor (Feldman and Feldman, 2001). Current clinical
treatments for PCa include androgen ablation therapy, however after an initial period
of remission, many patients subsequently develop hormone-resistant or castrate-
resistant prostate cancer (CRPCa) (Kohli and Tindall, 2010). Unlike the full-length AR
which is localised in the cytoplasm and translocates to the nucleus upon androgen
binding, some alternatively spliced isoforms of the AR lack the C-terminal ligand-
binding domain and are permanently localised within the nucleus (Dehm and Tindall,
2011). Consequently, some alternatively spliced isoforms of the AR are constitutively
active, even in the absence of androgens, suggesting alternatively spliced isoforms of

the AR may play a role in the development of castrate-resistant prostate cancer.

Alternative splicing of the human epidermal growth factor receptor 2 (HER-2) gene
may also have significant clinical importance in breast cancer disease progression and

drug resistance (Jackson et al., 2013). Expression of the HER-2 protein is up-regulated
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in approximately 20-30% of breast cancers (Rubin and Yarden, 2001) and confers
increased proliferative and survival advantages via oncogenic signalling pathways
involving the PI3K/AKT pathway (increased survival/reduced apoptosis) and the
RAS/RAF/MEK/MAPK pathway (increased proliferation) (Citri and Yarden, 2006).
Consequently, HER-2 was identified as an ideal candidate for the development of novel
targeted therapies, which include the monoclonal antibody trastuzumab (Herceptin)
and the tyrosine kinase inhibitor lapatinib (Tyverb). HER-2 splice variants may be of
significant prognostic value given a number of different HER-2 protein isoforms are
functionally distinct. For example, the A16HER2 isoform (in which exon 16 is skipped) is
associated with increased malignant transformation and trastuzumab resistance (Mitra
et al., 2009). Consequently, patients expressing the A16HER2 variant may benefit from
more aggressive treatment strategies. The truncated HER-2 p100 protein isoform is
created by retention of intron 15 (Scott et al., 1993). HER-2 p100 is associated with
reduced tumour cell proliferation, possibly due to reduced downstream signal
transduction from the truncated HER-2 protein (Wimberly et al., 2014). A third HER-2
variant termed ‘Herstatin’ is produced following retention of intron 8, which also
inhibits growth of HER-2 over-expressing cells (Doherty et al., 1999). Consequently,
considering expression of HER-2 splice variants in the future may help determine
patient prognosis or be used to predict the effect of therapeutic agents which target

HER-2.

Several strategies have been identified which may be useful when targeting splicing in
the treatment of human disease. These include the use of synthetic antisense
oligonucleotides (ASOs) which bind pre-mRNA and block splice site selection, the use
of RNAi to target specific isoforms for degradation, or the use of monoclonal
antibodies to specifically target aberrant protein isoforms and inhibit their function.
However, currently the number of potential treatments which target splicing that have
reached the clinical trial stage is limited. Most therapeutic strategies have been aimed
at the treatment of monogenic diseases, such as Spinal Muscular Atrophy (SMA) (Kolb
and Kissel, 2011). Interestingly, splice-switching oligonucleotides (SSO) have been
successfully used to switch HER-2 mRNA splicing in cell lines, which lead to reduced
proliferation and the induction of apoptosis (Wan et al., 2009). Targeting splice

variants in the treatment of cancer may become more viable in the future if improved
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delivery methods are developed and novel splice variants are identified which

significantly contribute to disease initiation and progression (Pajares et al., 2007).

1.4 Methodologies for dissecting alternative splicing

1.4.1 Introduction

Given the complexity of splicing regulation, how can we further our current
understanding of alternative splicing? To date, there have been many techniques used
to dissect the molecular mechanisms of splicing, utilizing both in vitro and in vivo
splicing assays. Traditionally, a reductionist approach has been used to create
individual model systems which allow the roles of specific cis- or trans-acting factors to
be characterised in vivo, such as the use of minigenes. This has been complemented by
in vitro techniques, such as SELEX, which is used to identify consensus sequences
recognised by RNA-binding proteins. Most recently however, high-throughput
techniques have been developed which have facilitated the study of splicing on a much
greater scale. These include the development of splicing-specific microarrays, high-
throughput RT-PCR platforms, UV cross-linking and immunoprecipitation (CLIP)

experiments coupled with next-generation sequencing, as well as RNA-seq.
1.4.2 Model systems using minigenes

The creation of model systems using minigenes is frequently used to replicate splicing
regulation in vivo (Mardon et al., 1987) and has been used in numerous studies to
investigate splicing regulation by Tra2pB (Glatz et al., 2006; Grellscheid et al., 2011a).
The construction of minigenes involves cloning of the genomic region of interest (often
one or more alternatively spliced exons and the flanking intronic regions) into an exon-
trap vector. The insert is cloned in between two constitutively spliced exons, which are
downstream of a eukaryotic promoter that drives transcription. Subsequently,
minigene constructs are then transfected into cells where they are subject to splicing
regulation similar to the endogenous gene. Minigene experiments are particularly
suited to the study of cis- and trans-acting factors which regulate a specific region
within a gene. Cis-elements are often studied through mutagenesis of splice sites and

auxiliary elements, or through the introduction of new regulatory sequences. Similarly,

30



Chapter 1 Introduction

trans-acting factors may be studied through the introduction of proteins using

expression vectors or alternatively by depletion of endogenous proteins using RNAI.
1.4.3 Alternative splicing microarrays

The development of splice-specific microarrays allowed thousands of alternative
splicing events to be analysed in parallel. Microarrays contain thousands of
immobilised oligonuclotide probes which hybridise with specific RNA targets (Matlin et
al., 2005). Traditionally, microarrays have been used to monitor the expression of
mRNA without the capacity to distinguish between multiple splice variants (Ben-Dov et
al., 2008). However, the development of isoform-specific microarrays permited global

analyses of alternative splice events (Johnson et al., 2003).
1.4.4 SELEX

Systematic Evolution of Ligands by EXponential enrichment (SELEX) is an in vitro
screening technique frequently used to determine the RNA sequences that are
recognised by RNA-binding proteins. Briefly, it involves the progressive selection of
specific RNA molecules from pools of random RNAs to identify a consensus binding
sequence (Yang et al., 2007). SELEX was successfully used to identify the ‘GAA’ repeat
sequence that is one of two RNA sequences specifically recognised by Tra2p (Tacke et
al., 1998a). The RNA-binding sites of SR-proteins identified through SELEX have also
proven particularly useful in the development of search programmes such as ESEfinder,
which predicts the presence of auxiliary elements within a given sequence (Cartegni et
al., 2003). Subsequently, functional SELEX was developed to identify the sequences
which actually influence splicing activity when bound to a specific protein, rather than

simply associate with that protein (Gopinath, 2007).
1.4.5 UV cross-linking and immunoprecipitation (CLIP)

The RNA-binding motifs generated by SELEX are typically short (between 4-10
nucleotides) and highly degenerate. Given the high frequency with which these
degenerate motifs occur in the genome, accurate prediction of functional targets
based on the RNA-binding motifs alone has traditionally proven difficult (Elliott, 2010).
Direct RNA-protein interactions can be identified through protein/RNA

immunoprecipitation experiments, such as RNA immunoprecipitation (RIP) and UV
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cross-linking and immunoprecipitation (CLIP). Subsequently, CLIP coupled with high-
throughput sequencing (HITS-CLIP) was developed to identify the physiological targets

of RNA-binding proteins on a genome-wide scale (Ule et al., 2005a).
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Figure 1.12 UV cross-linking and immunoprecipitation coupled with high-throughput
sequencing (HITS-CLIP). HITS-CLIP utilises UV-irradiation to penetrate living cells and
induce covalent cross-links between RNA and proteins in direct contact. The RNA—
protein complexes are then immunoprecipitated and purified under stringent
conditions. Following purification, the RNA-binding protein is digested, leaving the
purified RNA substrate. This is followed by linker ligation and RT-PCR to amplify the
original RNA sequences. Sequencing may then be performed using high-throughput
sequencing technologies. This image is adapted from a recent review by (Licatalosi and
Darnell, 2010).

CLIP was originally used to identify RNA targets of the brain-specific splicing regulator
Nova in mice (Ule et al., 2003). Following this, Ule et al. combined CLIP with splicing-
specific microarrays to create an ‘RNA map’, which could predict position-dependent
splicing patterns of Nova-regulated targets (Ule et al., 2006). Subsequent studies using
CLIP have identified the RNA targets for numerous RNA-binding proteins, including
FOX2 (Yeo et al., 2009), SRSF1 (SF2/ASF) (Sanford et al., 2008), hnRNPC (Konig et al.,
2010) and SRSF3 and SRSF4 (Anko et al., 2012). Most recently, adaptations to the

original CLIP protocol have facilitated the identification of protein-RNA interactions at

near individual nucleotide resolution, including individual-nucleotide resolution CLIP
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(iCLIP) (Konig et al., 2011) and PhotoActivatable-Ribonucleoside-enhanced CLIP (PAR-
CLIP) (Hafner et al., 2010).

1.4.6 RNA-seq

Most recently, the development of RNA-sequencing (RNA-seq) has facilitated the
analysis of alternative splicing on a transcriptome-wide scale. RNA-seq was developed
to allow whole transcriptome profiling using deep-sequencing and allows simultaneous
analysis of gene expression and alternatively spliced isoforms. Briefly, a population of
RNA (either total or fractionated, such as poly(A)+) is fragmented and reverse
transcribed into a cDNA library. Sequencing adaptors are added to the cDNA fragments,
which are then sequenced using next-generation sequencing technology. The
sequencing reads are then processed and mapped to a reference genome to create an
expression profile for each gene (Wang et al.,, 2009). RNA-seq has recently been
applied to analyse the transcriptome of different breast cancer cell subtypes, revealing
novel splicing alterations which were sub-type specific (Eswaran et al., 2013). Other
recent applications include combining CLIP datasets with RNA-seq, to investigate how
RNA-binding proteins such as hnRNPC and U2AF65 compete to regulate the

transcriptome (Zarnack et al., 2013).
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1.5 Research aims and objectives

The identification and characterisation of novel RNA targets of the RNA-binding

proteins Tra2a and Tra2f was a key objective in this thesis.

Prior to the start of my project, a previous PhD student had recently used HITS-CLIP to
identify direct RNA targets of Tra2 from the mouse testis (Liu, 2009). Therefore an
early objective was to validate and characterise splicing regulation of exons identified
from the previous HITS-CLIP experiment, using minigenes. | also investigated whether
two different isoforms of Tra2 may be functionally distinct in splicing regulation using
over-expressed proteins and whether direct RNA-binding was required for Tra2f-

mediated splicing regulation of the newly identified exons.

Tra2B is up-regulated in several human cancers and we hypothesised that Tra2p may
regulate alternative splicing of genes with functional importantance in breast cancer.
Therefore for the majority of this project, my aim was to identify and characterise RNA
targets in the human invasive breast cancer cell line MDA-MB-231. Two transcriptome-
wide approaches were used in this study. Initially, | used iCLIP to map the
transcriptome-wide binding sites of Tra23 in MDA-MB-231 cells. Subsequently, | used
RNA-seq to investigate functional changes in the transcriptome following Tra2 protein
depletion. By combining the iCLIP and RNA-seq data, the objective was to identify
target exons which were directly bound by Tra2p and functionally responsive to Tra2

protein depletion.

The iCLIP and RNA-seq data facilitated further investigation into a number of
unanswered questions regarding vertebrate Tra2 protein biology and splicing
regulation. For example, do Tra2a and Tra2p regulate the same endogenous target
exons? Do Tra2 proteins regulate constitutive exons in addition to their known role in
alternative splicing? Do Tra2 proteins regulate splicing of genes in functionally
coherent pathways? What are the phenotypic consequences of Tra2 protein depletion
and deregulated splicing in MDA-MB-231 cells? This thesis will attempt to address

some of these questions regarding vertebrate Tra2 protein biology.
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Chapter 2: Functional dissection of splicing regulation by

the RNA-binding protein Tra23

2.1 Introduction

Tra2p is implicated in male germ cell development and an on-going project in the
Elliott lab has been to identify physiological targets of Tra2f in the testis. The
development of new technologies such as UV cross-linking and immunoprecipitation
coupled with high-thoughput sequencing (HITS-CLIP) has facilitated the identification
of direct targets of RNA-binding proteins on a transcriptome-wide scale (Ule et al.,
2005b). Prior to the start of my study, a previous PhD student in the lab (Dr. Yilei Liu)
had recently performed a HITS-CLIP experiment to identify direct RNA targets of Tra2
in the mouse testis. In this chapter, | use data generated from that original HITS-CLIP
experiment to validate splicing regulation of novel Tra2f target exons and further

dissect their regulation using minigenes and binding site mutagenesis.

The Tra2b gene itself is alternatively spliced to produce five known mRNA transcripts,
encoding two known protein isoforms (please refer to Figure 1.8) (Stoilov et al., 2004).
Full-length Tra2B (termed Tra2B-1) is ubiquitously expressed and contains a single,
central RNA recognition motif (RRM) which is flanked by N-terminal and C-terminal RS-
domains (Dauwalder et al., 1996; Beil et al.,, 1997). A second, truncated protein
isoform (termed Tra2B-3) is also produced via alternative splicing, which lacks the N-
terminal RS1 domain (Stoilov et al., 2004). It is currently unclear whether Tra2-1 and
Tra2B-3 are functionally distinct in splicing regulation. Therefore in this chapter, | also
investigate the functional importance of the RS1 of Tra2p in splicing regulation using

over-expressed proteins.

Tra2p is up-regulated in several human cancers and we hypothesised that Tra2p may
regulate alternative splicing of functionally important genes in breast cancer. In the
final part of this chapter, | investigate splicing regulation of a panel of breast cancer-
associated alternative splice events using minigenes. | also analyse the splicing profile
of endogenous targets exons following siRNA-mediated depletion of Tra2f in MDA-

MB-231 cells.
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2.2 Aims

The aims of this chapter were to:
1. Validate splicing regulation of target exons identified from the Tra23 HITS-
CLIP experiment
2. Investigate whether multiple Tra2B binding sites are required for splicing
activation of a target exon from Nasp
3. Investigate whether Tra2B-1 and Tra2B-3 may have distinct functions in
splicing regulation using over-expressed proteins
4. Investigate whether direct RNA-binding is required for splicing activation of
target exons by Tra2p
5. Investigate whether Tra2[ regulates splicing of a selection of breast cancer-
associated alternative splicing events
6. Investigate the splicing profile of endogenous target exons (corresponding to

the Tra2B-responsive minigenes) following Tra2p protein depletion using RNAi
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2.3 Materials and Methods

2.3.1 Cell culture
2.3.1.1 Cell lines

Three human cell lines were used in this chapter; HEK-293 cells (catalogue number:
ATCC-CRL-1573), MCF-7 cells (catalogue number: ATCC-HTB-22) and MDA-MB-231 cells
(catalogue number: ATCC-HTB-26). All three cell lines were originally purchased from

the American Type Culture Collection and LGC Standards, Europe.
2.3.1.2 HEK-293

HEK-293 is a transformed human embryonic kidney cell line (Graham et al., 1977). This
cell line is routinely used in splicing assays due to the high transfection efficiency

observed in this cell line.
2.3.1.3 MCF-7

MCF-7 is a tumourigenic breast epithelial cell line originally derived from pleural
effusion of a 69 year old female patient with breast adenocarcinoma (Soule HD, 1973).
The phenotypic characteristics of this cell line are early-stage, non-invasive, ER positive

and PR positive breast cancer.
2.3.1.4 MDA-MB-231

MDA-MB-231 is a tumourigenic breast epithelial cell line originally derived from pleural
effusion of a 51 year old female patient with breast adenocarcinoma (Cailleau R,
1978b). The phenotypic characteristics of this cell line are invasive, triple-negative (ER-,

PR-, HER2-) breast cancer.
2.3.1.5 Routine cell passage

Cell culture was performed under aseptic conditions in a Class Il laminar flow
microbiological safety cabinet. All cell lines were routinely cultured in 75cm? and
25cm? tissue culture flasks at 37°C in a humidified atmosphere containing 5% CO?.
HEK-293 cells were maintained in DMEM (with phenol red) (PAA) supplemented with
10% FBS (Sigma-Aldrich). MDA-MB-231 cells and MCF-7 cells were maintained in
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DMEM (without phenol red) (PAA) supplemented with 10% FBS and 1% Penicillin

Streptomycin (Sigma-Aldrich).
2.3.1.6 Cell line maintenance

Cells were passaged every 3 to 5 days at approximately 70-80% confluency. Cell
passage was performed by removing growth media, rinsing the cell monolayer with
sterile 1x phosphate buffered saline (PBS) (Sigma-Aldrich) and incubating with 2mM
trypsin-EDTA (Sigma-Aldrich) for 5 minutes at 37°C. Complete growth media was
added to neutralise the effect of trypsin-EDTA and detached cells were collected by
centrifugation at 200xg for 5 minutes. The supernatant was discarded before the
pelleted cells were resuspended in complete growth media and passaged at a ratio of

approximately 1 to 4.
2.3.1.7 Cryopreservation of cells

Cells were routinely cryopreserved at early passage numbers to generate a continuous
stock of frozen cells from early passage. Cryopreservation was performed in 1ml
aliquots of cryoprotective media and stored in cryovials (Sigma-Aldrich).
Cryoprotective media consisted of 95% FBS with 5% dimethyl sulphoxide (DMSO)
(Sigma-Aldrich). Cells were stored at -80°C for long term storage. When required,
frozen stocks were rapidly thawed in a 37°C water bath and freezing media was
removed by centrifugation at 200xg for 5 minutes. Cells were then resuspended in

complete growth medium and plated in sterile tissue culture flasks.
2.3.1.8 Cell counting

Cells were counted prior to experiments using a Neubauer chamber haemocytometer.
Cell pellets were resuspended in complete growth media and a 10ul aliquot of single
cell suspension placed onto the haemocytometer. The number of cells overlying the
ruled grid area was counted using low power magnification (x10). The number of cells
per mililiter was calculated and the cell suspension was diluted appropriately to seed

the correct number of cells for each experiment.
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2.3.2 Minigene splicing assays
2.3.2.1 Minigene transfections

The pXJ41 minigene constructs were co-transfected with several pGFP3 expression
vectors into HEK-293 cells for splicing analysis. All minigene transfections were
performed using three biological replicates. HEK-293 cells were seeded into 6-well
plates at approximately 50-80% confluency 24 hours before transfection. A standard
co-trasfection protocol consisting of 200ng minigene together with either 200ng GFP-
only expression vector or 500ng expression vector was used throughout this chapter,
unless otherwise stated. DNA plasmids were incubated at room temperature for 20
minutes with 3ul Genelammer and 97ul Opti-MEM (Life Technologies), before adding
the mix to HEK-293 cells grown in 6-well plates. Cells were then incubated for 24 hours
at 37°C. Prior to harvesting, cells were observed under a fluorescent microscope to
confirm efficient expression of GFP-tagged proteins. To harvest cells the media was
removed, cells were gently washed with 1ml PBS and incubated with 300ul Trypsin-
EDTA for 5 minutes at 37°C. Once cells had detached from the plate surface, 1ml
DMEM was added to each well. The resuspended cells from each well were split into
two aliquots and centrifuged at 3,000rpm to form cell pellets for RNA and protein
analysis. Cell pellets for RNA analysis were thoroughly resuspended in 100ul Trizol (Life
Technologies) prior to extraction, whilst cell pellets for protein analysis were directly

lysed in 30-50ul 2X SDS sample loading buffer.
2.3.2.2 RNA extraction

A standard Trizol RNA extraction was performed using 100ul Trizol (Life Technologies)
per cell pellet. Cells were resuspended in 100ul Trizol and incubated at room
temperature for 5 minutes. 20ul chloroform was added and thoroughly mixed.
Samples were incubated at room temperature for 10 minutes and centrifuged at
13,000rpm for 10 minutes. The top aqueous layer was removed (approximately 50ul),
transferred to a new eppendorf and an equal volume of isopropanol was added.
Samples were incubated once more at room temperature for 15 minutes and
centrifuged at 13,000rpm for 10 minutes at 4°C, forming a white RNA pellet. The
supernatant was carefully removed, and the pellet washed with 70% ethanol and

allowed to air dry. Finally, samples were resuspended in 30ul Diethylpyrocarbonate
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(DEPC)-treated dH,0. The RNA concentration was quantified via a Nanodrop
spectrophotometer. RNA samples were diluted to 50ng/ul with RNase-free dH,0 prior
to RT-PCR.

2.3.2.4 One-step RT-PCR

RNA samples were reverse transcribed and PCR-amplified using two pXJ41 minigene-
specific primers (pXJRTF and pXJB1) in a single one-step RT-PCR reaction, using a One-
step RT-PCR kit (Qiagen) following the manufacturer’s instructions. A standard 5ul
One-step RT-PCR reaction was used per sample and is provided in Figure 2.1, together

with the pXJRTF and pXJB1 primer sequences.

5X reaction buffer 1l
Q-solution 1l
PJXRTF primer (10uM) 0.3ul
pJXB1 primer (10uM) 0.3ul
dNTPS (10mM) 0.2ul
Enzyme mix 0.2ul
RNA (50ng/ul) 2ul
TOTAL Sul
Primer Sequence

pXJRTF (forward) | GCTCCGGATCGATCCTGAGAACT
pXJB1 (reverse) AGCAGAACTTGTTTATTGCAGC

Figure 2.1 Standard 1X 5ul One-step RT-PCR master mix used in minigene splicing
assays (upper table). pXJRTF and pXJB1 primer sequences (lower table).

2.3.2.5 Capillary gel electrophoresis (QlAxcel)

The 5ul RT-PCR samples were diluted with 5ul QlAxcel DNA dilution buffer (Qiagen)
and electrophoresed using the QlAxcel multi-capillary electrophoresis system (Qiagen)
for analysis. Samples were analysed using the QlAxcel Biocalculator software (Qiagen)
to determine the size of each PCR product (bp) and the relative concentration of each

band (ng/ul).
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2.3.2.6 Calculation of percentage splicing inclusion (PSI)

The percentage splicing inclusion (PSI) used throughout this thesis was calculated using

the following formula:

Concentration of 'exon included' PCR band (ng/ul)

X100 = PSI (%)
(Concentration of 'exon included' + 'exon excluded' PCR bands (ng/ul))

2.3.3 Western Immunoblotting

Efficient GFP-tagged protein expression was determined by Western Immunoblotting,
using a polyclonal mouse a-GFP antibody (Abcam, ab1218) (1:2000 dilution) and a-
mouse HRP-linked secondary antibody (Amersham, NA931VS) (1:2000 dilution). Cell
pellets were lysed in 2X SDS sample loading buffer and denatured at 100°C for 5
minutes. Proteins were separated on 10% SDS-PAGE gels and transferred to a PVDF
membrane (Hybond-P, GE). The membrane was first blocked in blocking solution (Tris-
Buffered Saline with Tween 20 (TBST) containing 5% non-fat dry milk) for 1 hour and
subsequently probed for 1 hour with the primary antibody diluted in blocking solution.
Membranes were washed three times for 5 minutes with TBST and then incubated for
1 hour with a secondary antibody conjugated to horseradish peroxidise. Membranes
were washed a further three times for 5 minutes with TBST before enhanced
chemiluminescent (ECL) detection using an ECL Prime Western Blotting Detection Kit
(Amersham). Efficient knockdown of endogenous Tra2B was also confirmed by
Western Immunoblotting using a rabbit a-Tra2p antibody (Abcam, 