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Abstract of the Dissertation

Physiological Role of Post-Translational Modifications of the Oncoprotein
SF2/ASF

by
Rahul Sinha
Doctor of Philosophy
in
Molecular and Cellular Biology
(Biochemistry and Molecular Biology)
Stony Brook University
2009

Alternative splicing and post-translational modifications (PTMs) are major
sources of protein diversity in eukaryotic proteomes. The SR protein SF2/ASF is
an oncoprotein that functions in pre-mRNA splicing, with additional roles in other
post-transcriptional and translational events. Functional studies of SR-protein
PTMs have exclusively focused on reversible phosphorylation of Ser residues in
the C-terminal RS domain. Our proteomic analysis of SF2/ASF and other SR
proteins obtained from mammalian cells revealed that they are extensively
modified. We confirmed that human SF2/ASF is methylated at residues R93,
R97, and R109, which were recently identified in a global proteomic analysis of
Arg methylation, and further investigated whether these methylated residues
regulate the functional properties of SF2/ASF. We show that the three arginines
additively control the subcellular localization of SF2/ASF, and both the positive
charge and the methylation state are important. Mutations that block methylation
and remove the positive charge result in cytoplasmic accumulation of SF2/ASF.
The consequent decrease in nuclear SF2/ASF levels prevents it from modulating
alternative splicing of target genes, results in higher translation stimulation, and
abrogates the enhancement of nonsense-mediated mRNA decay. This study
addresses the mechanisms by which Arg methylation and the associated positive
charge regulate the activities of SF2/ASF, and emphasizes the significance of
localization control for an oncoprotein with multiple functions in different cellular
compartments. Moreover, the various other types of modifications identified in
this study of SF2/ASF, as well as other SR proteins, lay a foundation for future
studies of the detailed mechanisms by which different PTMs may modulate the
diverse functions of SR proteins.
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Chapter 1:

Background



1.1 Pre-mRNA splicing and its role in gene expression
1.1.1 The early beginnings

Studies of pre-mRNA splicing began with the discovery of split genes in
adenovirus by two independent groups, headed by Richard Roberts and Phillip
Sharp (Berget et al.,, 1977; Chow et al.,, 1977). Soon thereafter, increasing
amounts of evidence made it clear that the majority of genes in higher
eukaryotes are also split such that the coding sequences known as exons are
interrupted by one, or most often by more than one, non-coding sequence called
an intron. It was not long before it became evident that pre-mRNA splicing is a
required step for the expression of the vast majority of human genes that
involves transcription of a primary transcript (pre-mRNA) by RNA polymerase II.
The transcribed pre-mRNA, which spans the whole region containing both exons
and introns, is then processed such that the introns are removed and the exons
are all joined together in the correct order. One other mechanism of expression
of split genes, most notably the involvement of DNA-rearrangement during the
expression of immunoglobulin heavy and light chains, was soon found to be an
exception rather than the norm, and it was established that pre-mRNA splicing, in
addition to 5’-capping and 3’-end cleavage and polyadenylation, is one of the
crucial RNA processing events in eukaryotes leading to translation (Crick, 1979).

1.1.2 The basic mechanism and the splice-signals

Today, through an analysis of all the annotated human genes, we know
that the transcribed genome consists of approximately 230,000 exons and
210,000 introns, or roughly nine exons and eight introns per gene on average
(Sakharkar et al., 2004). Splicing of the primary transcript, which involves precise
excision of the introns and joining of the flanking exons as a result of two
sequential transesterification reactions, is carried out in the nucleus (Burge et al.,
1999; Wachtel and Manley, 2009).

In the first transesterification reaction, the 2’0OH of a specific branchpoint
adenosine nucleotide within the intron attacks the phosphoester linkage between
the 3'OH of the last nucleotide of the first exon and the 5’ phosphate of the first
nucleotide of the intron. This creates the 2’-5’ phosphodiester linkage between
the branchpoint nucleotide and the first nucleotide of the intron, forming an intron
lariat. Subsequently, the free 3'OH of the last nucleotide of the first exon attacks
the phosphoester linkage between the 3'OH of last nucleotide of the intron and
the 5’ phosphate of the first nucleotide of the second exon, joining the exons by a
regular 3'-5’ phosphodiester linkage and releasing the branched intron lariat, thus
completing the second transesterification.



The branchpoint nucleotide, as well as the first and last nucleotides of the
introns, are part of degenerate consensus sequence motifs called the
branchpoint sequence (BPS), the 5’ splice site (5’ss), and the 3’ splice site (3'ss),
respectively (Fig. 1.1). The BPS is found usually 18-40 nucleotides upstream of
the 3'ss. The stretch of sequence between the BPS and 3'ss is rich in
pyrimidines and is known as the polypyrimidine tract (Py-tract). These cis-acting
sequence elements show a low degree of conservation and are necessary, but
not sufficient for splicing. Similar sequence elements are found within introns and
exons, known as pseudo splice-sites or cryptic splice sites, which, taken
together, almost always outnumber the real splice-signals, especially in long
transcripts (Senapathy et al., 1990; Sun and Chasin, 2000). Pseudo splice sites
are never used, whereas a cryptic splice site may become active when one of the
real splice sites, e.g., in close vicinity, is inactivated by genetic mutation(s) (Roca
et al., 2003). This clearly indicates that there are additional signals present within
the pre-mRNA that help distinguish the real splice site from the pseudo and
cryptic splice sites, and define the precise boundaries of exons and introns (see
below).

1.1.3 The spliceosome and its assembly

Recognition of these cis-acting sequence motifs (5'ss, BPS, Py-tract, and
3'ss) and catalysis of the transesterification reactions is carried out by the
spliceosome, which is a complex macromolecular machine consisting of five
small RNAs and more than 100 proteins (Black, 2003; Jurica and Moore, 2003).
There are two different kinds of spliceosomes present in some plants and
metazoans, including humans: the major and the minor spliceosome. The core
components of the major spliceosome are the U1, U2, U4/U6, and U5 small
nuclear ribonucleoproteins (snRNPs), named after the individual U-rich small
nuclear RNAs (U1, U2, U4/U6, and U5 snRNAs) they carry, respectively. The
minor spliceosome, which is responsible for splicing of a very small fraction of
total introns in humans, is composed of distinct, but functionally analogous U11,
Ul2, and U4atac/U6atac snRNPs, with U5 being common between both
spliceosomes (Patel and Steitz, 2003). snRNPs, except U6 and U6atac, are
associated with a heteroheptamer Sm ring at its core, which is comprised of
SmB, SmD1, SmD2, SmD3, SmE, SmF, and SmG proteins. An alternative splice
variant of SmB is the SmB’ protein that can replace SmB. Additionally, a different
SmN protein replaces SmB/B’ in neuronal tissues. In contrast, a
heteroheptameric ring composed of seven Lsm proteins (Sm like), Lsm2-8, forms
the core of U6 and U6atac snRNPs (Beggs, 2005; Kiss, 2004). In addition to the
core proteins, each snRNP harbors 3-15 factors that are specific to individual
snRNPs (Matlin and Moore, 2007).



a. The early spliceosome (E complex)

The spliceosome assembles on the pre-mRNA in a stepwise fashion,
which involves sequential association and release of different shRNPs at specific
times, finally leading to its activation and catalysis. Various assembly
intermediates, which are defined according to their snRNP composition, exist
transiently during the assembly process and help form the catalytically active site
(Brow, 2002; Burge et al., 1999; Will and Lihrmann, 2006). Assembly starts with
the ATP-independent binding of U1 snRNP to the 5’ss, driven by base pairing
between the 5’ end of Ul snRNA and the 5'ss (Fig.1). This coincides with the
binding of Splicing Factor 1/Branchpoint Binding Protein (SF1/BBP) to the BPS,
and the binding of U2 Auxiliary Factor (U2AF) to both the Py-tract and the 3’ss, at
the other end of the intron. U2AF consists of two subunits, U2AF65 and
U2AF35, which are almost always found associated with each other. U2AF65
recognizes and binds to the Py-tract, whereas U2AF35 binds to the conserved
AG dinucleotide within the 3’ss. The recognition of the BPS, the Py-tract, and the
3'ss by SF1/BBP and U2AF is highly cooperative, with the two subcomplexes
helping recruit each other to the cis-elements. This is facilitated by the interaction
of U2AF65 with SF1 through its carboxy-terminal (C-terminal) RNA recognition
motif-3 (RRM3) domain. All the subsequent steps (rearrangements within the
spliceosome) after the formation of the E complex are driven by ATP hydrolysis,
although the transesterification chemistry per se does not require energy from
ATP.

Formation of the E complex is arguably the most important step in
spliceosome assembly, as it selectively recognizes the real 5'ss and the 3'ss
among the sea of similar pseudo- and cryptic splice sites present on the pre-
MRNA. One way this could happen is through a mechanism known as ‘exon
definition’ (Berget, 1995). Given the fact that exons in mammals, on average, are
20 times shorter in length than introns, there is some evidence suggesting that
exons, rather than introns, are detected by the spliceosome via cross-talk
between the factors that occupy its two ends, the upstream 3’ss (SF1/BBP and
U2AF) and the downstream 5’ss (Ul snRNP). However, by the same token,
pseudo-exons can also be defined using pseudo 5- and 3'ss, and just like
pseudo splice sites, the pseudo-exons outnumber real exons by an order of
magnitude (Senapathy et al., 1990; Sun and Chasin, 2000). The additional
regulatory cis-acting markers on pre-mRNA that are used in the cell to distinguish
real exons from pseudo exons are known as exonic or intronic splicing
enhancers (ESE, ISE) and silencers (ESS, ISS), which together, with the real
splice-signals (5'ss, BPS, Py-tract and 3’ss) constitute the so-called ‘splicing
code’ (Fu, 2004). Both enhancers and silencers are 6-8 nucleotide long



degenerate motifs that are classified simply according to their effect and location.
The trans-acting factors, which recognize these signals, are RNA-binding
proteins, exemplified by two classes of proteins: Ser/Arg-rich (SR) proteins and
heterogeneous ribonucleoproteins (hnRNP), which generally recognize ESSs
and ISSs, respectively (see below).

Most of the crucial RNA-RNA interactions involved in the recognition of
cis-elements by the spliceosome are weak in nature and believed to be aided by
the SR proteins, most probably by direct interaction with various components of
the spliceosome. Though precise mechanisms remain unclear, currently there
are two models that could explain the role of SR proteins in exon inclusion, and
there is evidence, which indicates that these mechanisms may not be mutually
exclusive. One possibility is that the ESE/ISE-bound SR proteins may recruit and
stabilize interactions between the U1 snRNP at the 5’'ss and U2AF65 at the 3'ss,
thereby leading to exon definition (Graveley et al., 2001). According to another
model, the SR proteins bound to ESES/ISEs may aid in exon inclusion by
antagonizing the negative effects of hnRNPs, which recognize the silencers
(ESS/ISS) (Zhu et al., 2001). Nevertheless, both the models are supported by the
observations that SR proteins are found associated with the spliceosome
throughout the entire assembly process and with each of the assembly
intermediates, starting with the E complex (see below) (Behzadnia et al., 2007;
Bessonov et al., 2008; Deckert et al., 2006).

b. The prespliceosome (A complex)

E complex is followed by the formation of the pre-spliceosome or A
complex, which involves the ATP-dependent association of U2 snRNP at the
branchpoint region through base pairing interactions between U2 snRNA and the
BPS (Fig. 1). This base-pairing interaction is stabilized by the U2 snRNP
associated factors, SF3a and SF3b (Gozani et al., 1996), as well as by the
arginine-serine-rich (RS) domain of U2AF65 (Valcarcel et al.,, 1996). The
engagement of U2 at the BPS leads to the removal of SF1/BBP and its
replacement by SF3bl4a/pl4, which now interacts with the branchpoint
adenosine (Will et al., 2001). The new complex is stabilized through interactions
between SF3b155 and the C-terminal RRM3 of U2AF65 (Gozani et al., 1998).

C. The catalytically active spliceosome (the B* and the C complex)

After the formation of the A complex, a preassembled tri-snRNP,
U4/U6.U5, comprised of U4/U6 and U5 snRNPs is recruited to form the B
complex. This catalytically inactive form of spliceosome undergoes major
conformational changes that destabilize the U1 and U4 snRNPs, which are then



removed, causing profound rearrangements within the spliceosome. These
rearrangements result in the activated spliceosome, also known as the B*
complex that catalyzes the first transesterification reaction. Subsequently, further
rearrangements in the spliceosome give rise to the C complex (Konarska et al.,
2006), which now catalyzes the second and final transesterification step.
Additional sets of rearrangements are required at this stage to ensure the release
of mature mRNA and recycling of the spliceosome.

d. The spliceosome, a unique macromolecular machine

The spliceosome is distinct from other macromolecular machines in the
cell in two major ways. First, it does not have a preformed active site for
catalysis, and second, it exhibits a high degree of compositional plasticity
correlating with its function. This dynamic nature of the spliceosome not only
allows for extensive regulation at various steps, but also ensures high fidelity and
precision during catalysis. The latter is achieved through an elaborate sequential
process in which the reactive groups of the pre-mRNA are recognized multiple
times by different RNA or protein components of the spliceosome. Another
hallmark of spliceosomal mechanics is the presence of various weak, but crucial
binary RNA-RNA, RNA-protein, and protein-protein interactions, which are
stabilized by a combination of other interactions, thus providing the flexibility to
faithfully recognize a wide variety of highly degenerate and loosely related splice
signals (Luhrmann and Stark, 2009). Finally, the similarity in the overall
biochemical mechanism of transesterification between self-splicing group-Ii
introns in eubacteria and nuclear splicesomal introns in eukaryotes had lead to
earlier beliefs that the spliceosome is a ribozyme. In fact, the protein components
of the spliceosome, in addition to providing structural integrity, directly cooperate
with their RNA counterparts to form the active site and may even take part in
catalysis, thus forming a complex ribonucleoprotein (RNP) enzyme (Abelson,
2008).

The dynamic plasticity observed in the case of the spliceosome is
unprecedented among other macromolecular machines found in the cell. Multiple
sets of spliceosome-associated protein factors provide the driving force
necessary for the large scale remodeling of RNA-RNA, RNA-protein, and protein-
protein interactions at key steps during spliceosome assembly. Most notable
among these are enzymes such as DExD/H-type RNA-dependent
ATPases/helicases (Staley and Guthrie, 1998) and peptidyl-prolyl cis/trans
isomerases (PPlases) (Nagradova, 2007), which function in conjunction with
various enzymes (kinases and phosphatases) responsible for posttranslational
modifications on spliceosomal components (Wabhl et al., 2009).



1.2  Splicing, a highly coordinated nuclear process

Splicing is a coordinated nuclear process that takes place in conjunction
with other RNA-processing events, specifically 5’ cap formation and 3’
cleavage/polyadenylation, all of which can occur cotranscriptionally (Fong and
Bentley, 2001).

1.2.1 Splicing and transcription

Though not obligatorily, splicing is usually coupled to transcription
(Bentley, 2005; Kornblihtt et al., 2004). U1, U2, U5, and other components of the
early spliceosome are recruited to the nascent transcripts of actively transcribed
genes following a dynamic pattern that is consistent with the stepwise assembly
of the spliceosome (Gornemann et al., 2005; Lacadie and Rosbash, 2005). First,
Ul snRNP is recruited to the newly formed 5’ss, and as the rest of the intron
comes into existence, the branchpoint binding factors and U2 snRNP associate
at the other end of the intron. Subsequently, the recruitment of U5 takes place,
leading to the splicing of the adjacent exons as transcription continues further. It
has been demonstrated that RNA polymerase Il (RNAP-Il) associates and
deposits Ul snRNP/SR proteins to the nascent transcripts. Subsequently, SR
proteins play a key role in coupling splicing and transcription by directing the
assembly of other components of the spliceosome, thus leading to efficient
splicing of RNAP-II derived transcripts (Das et al., 2007).

A complex interplay exists between the transcription and the splicing
machineries. The presence of promoter-proximal splice sites leads to increased
transcription of RNAP-II derived genes, in part through enhancing the initiation
step (Furger et al., 2002). Depletion of the SR proteins SF2/ASF and SC35 leads
to a significant decrease in the production of nascent RNAP-II derived RNA in
cells (Lin et al., 2008). It was shown that SC35 promotes transcriptional
elongation by directly interacting with CDK9, a component of P-TEFb, which
phosphorylates serine-2 of RNAP-II C-terminal repeats that are critical for
elongation (Lin et al.,, 2008). Further, the U snRNPs enhance transcriptional
elongation through the co-factor TAT-SF1 (Fong and Zhou, 2001). Finally, the
rate of transcription, depending upon promoter usage, can influence alternative
splicing (see below) (Kornblihtt, 2005).

1.2.2 Splicing and 5’ cap formation

The terminal exons in a pre-mRNA transcript are different from the internal
exons. The boundaries of a 5'-terminal exon are marked by a 5’ cap and the
downstream 5’ss, whereas the boundaries of a 3’-terminal exon include an
upstream 3’ss and a poly(A) signal at the 3’ end, so that ‘exon definition’ of
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terminal exon during splicing has to be distinct from that of the internal exons.
There is some evidence suggesting that the 5 and 3’ terminal exons are
probably defined by cap-5'ss and 3’ss-poy(A) tail interactions, respectively
(Robberson et al., 1990). Positive effects of the 5-cap on the splicing of cap-
proximal introns, independent of mMRNA stability, were noticed twenty years ago
(Inoue et al., 1989). The stimulatory effect on the splicing of cap-proximal introns
is facilitated by the nuclear cap-binding complex (CBC), which recruits U1 shnRNP
to the cap-proximal 5'ss (Lewis et al., 1996). Subsequently, the cap also
facilitates the replacement of Ul by U6 snRNP during remodeling of the
spliceosome (O'Mullane and Eperon, 1998).

1.2.3 Splicing and 3’-end processing

In a similar fashion, 3’-end processing can be either positively or
negatively influenced by splicing, due to the presence of an extensive and
coupled network of proteins involved in the two processes (Maniatis and Reed,
2002; Vagner et al.,, 2000a). During papillomavirus late gene expression in
undifferentiated epithelial cells, poly(A) addition, but not cleavage, is inhibited by
a cryptic 5’'ss upstream of the polyadenylation site (Barksdale and Baker, 1995).
Ul-70K, a Ul-snRNP-associated protein, interacts with and inhibits poly(A)
polymerase (PAP) when Ul snRNP is bound to the cryptic 5’'ss (Gunderson et
al.,, 1998). In adeno-associated virus type-5 (AAV5), use of an alternative
polyadenylation site within an intron is inhibited by Ul snRNP binding to the
upstream 5’ss, and this inhibition is controlled by the distance of the promoter
from the poly(A) site, such that an increase in distance leads to a decrease in
inhibition (Qiu et al., 2004; Qiu and Pintel, 2004). A promoter in close proximity
most probably leads to enhanced splicing of the intron containing the poly(A)
signal, due to an increased positive interaction between the cap and the 5’'ss and
hence, suppression of 3’-end formation at the intronic poly(A) site. In contrast,
the presence of a downstream 5’'ss causes read-through of the proximal
polyadenylation signal in the upstream long terminal repeat (LTR) of human
immunodeficiency virus (HIV), probably mediated by U1 snRNP as above (Ashe
et al., 2000; Ashe et al., 1995; Ashe et al., 1997). All of this taken together clearly
shows an intricate interplay between all three RNA-processing events.

Conversely, another U1 snRNP associated protein, UlA, interacts with,
and stabilizes the binding of cleavage and polyadenylation stimulating factor
(CStF), which enhances simian virus 40 late RNA 3’-end formation (Lutz and
Alwine, 1994; Lutz et al., 1996). In another example, it has been proposed that
the U1A protein is involved in the efficient recognition of the polyadenylation site
in exon 4 of the CT/CGRP gene, which was found to be dependent on U1 snRNP
binding to a pseudo 5’'ss downstream of this poly(A) site (Lou et al., 1996).
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Further, it was demonstrated that PAP stimulates splicing by directly interacting
with U2AF65 and recruiting it to the 3'ss just upstream of the 3’
cleavage/polyadenylation signals (Vagner et al., 2000b). The SR-related protein
SRm160, which, in general, acts as splicing activator, also promotes 3’-end
cleavage. Strikingly, when expressed at high levels, SRm160 results in
uncoupling of splicing and 3’-end formation, which leads to the accumulation of
unspliced pre-mRNA in the cytoplasm (McCracken et al., 2002). Interestingly, the
Py-tract binding protein (PTB), a well known splicing repressor, can both activate
and repress 3’ end formation (Castelo-Branco et al., 2004; Millevoi et al., 2009).

1.3  Splicing history and its influence on downstream events

RNA-processing events in the nucleus, and splicing in particular, have far-
reaching consequences for the subsequent steps of gene expression. The
splicing history of the mRNA is arguably the most important, due to its regulatory
influence on almost every downstream step in mMRNA metabolism, including
kinetics and efficiency of export, proper localization in the cytoplasm, efficiency of
translation, and degradation via the nonsense mediated decay (NMD) pathway
(Moore and Proudfoot, 2009). The molecular landscape of an mRNA, defined by
a diverse set of associated messenger ribonucleoproteins (MRNPSs), is highly
complex and dynamic. A surprisingly large number of proteins are loaded on the
MRNA in a splicing dependent manner, including the THO/TREX complex, the
exon-junction complex (EJC) and the SR proteins, which can remain associated
with mRNA after splicing (Merz et al., 2007).

1.3.1 Splicing and mRNA export
a. The THO/TREX complex and mRNA export

The THO/TREX complex is a pentameric complex in metazoans that
associates with the mRNA in a strictly 5’-cap- and splicing-dependent manner.
The THO/TREX complex was initially thought to be recruited by the EJC (see
below). Later, however, it was shown that THO/TREX binds mRNA preferentially
at a single location just downstream of the cap, held together by interactions
between one of its components, REF/Aly, and the nuclear cap-binding protein
CBP80 (Cheng et al., 2006; Custodio et al., 2004; Masuda et al., 2005). Though
not absolutely essential, the splicing-dependent recruitment of the THO/TREX
complex increases the efficiency and rate of mRNA export, and is believed to
provide directionality to the export process, with the mRNA 5’ end emerging first
into the cytoplasm, which ensures efficient engagement of the translation
machinery for protein synthesis (Valencia et al., 2008).



b. The exon-junction complex and mRNA export

Unlike the THO/TREX complex, the core of the EJC is comprised of a
tetramolecular complex, which is thought to be deposited approximately 20
nucleotides upstream of every exon-exon junction at a late stage of splicing (Fig.
2). Multiple EJCs loaded at exon-exon junctions presumably serve as tags for the
downstream cellular machinery, marking the original positions of the introns in
the mature mRNA (Le Hir and Andersen, 2008; Le Hir et al., 2000). EJCs bound
to the mRNA are transported into the cytoplasm, where the EJCs that are
present in the open reading frame (ORF) of the mRNA are removed by the
translational machinery during the first (‘pioneer’) round of translation (Dostie and
Dreyfuss, 2002; Lejeune et al., 2002). The core EJC components dynamically
interact and recruit a large number of factors both in the nuclear and cytoplasmic
compartments, thus exerting their widespread regulatory effects on various
aspects of RNA metabolism, specifically, mRNA export, mRNA localization,
translation, and NMD (see below) (Tange et al., 2004).

C. The SR proteins and mRNA export

Another set of proteins that decorate the mRNA are the shuttling SR
proteins. The shuttling SR proteins represent a subset of SR proteins, which
shuttle rapidly and continuously between the nucleus and the cytoplasm
(Caceres et al., 1998). The SR proteins play a crucial role in splicing of pre-
MRNA and thereafter some of them continue to escort the mRNA to the
cytoplasm. Recent studies have shown that SR proteins are involved in
recruitment of mMRNPs in a splicing-dependent manner (Merz et al., 2007).
Similar to the THO/TREX complex, the SR proteins interact with the general
export receptor, TAP/P15, and act as adaptor proteins for mRNA export, which
requires partial dephosphorylation of the C-terminal RS domain (see below)
(Huang and Steitz, 2005). SR proteins engage in splicing when they are in a
hyperphosphorylated state and as a result of partial dephosphorylation, assume
a hypophosphorylated form by the end of the splicing process, which coincides
with the hypophosphorylated form being required for export after splicing. This
has led to the hypothesis that dephosphorylation of SR proteins might serve as a
regulatory signal for mRNA export (Huang and Steitz, 2005; Kohler and Hurt,
2007). In the cytoplasm, a rephosphorylation event(s) destabilizes the interaction
of MRNA with the SR proteins, which now interact with the nuclear-import
apparatus and are recycled back to the nucleus (Lai et al., 2001).
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1.4  Splicing and translation

It is a well established fact that splicing leads to enhanced translational
efficiency of mMRNA when compared to identical mMRNA expressed from cDNA (Le
Hir and Seraphin, 2008). At least two mechanisms have been described, which
can explain this phenomenon. The first mechanism involves an EJC-bound
factor, SKAR, which recruits the activated S6 kinase 1 (S6K1) to the newly
formed mRNA and leads to an enhanced pioneer round of translation (Ma et al.,
2008). S6K1 is a key kinase in the mTOR signaling pathway, which is associated
with growth and protein expression. Upon direct activation by mTOR, S6K1 is
known to enhance translation (Bhaskar and Hay, 2007).

In the second mechanism, the SR protein SF2/ASF promotes translation
initiation by promoting phosphorylation of 4E-BP1, which is a competitive inhibitor
of translation initiation (Michlewski et al., 2008). SF2/ASF directly activates
MTORCL1 (Karni et al., 2008) switching on a cascade that activates S6K1, which
in turn phosphorylates 4E-BP1 rendering it inactive. Additionally, SF2/ASF also
interacts with, and probably blocks, protein phosphatase 2A (PP2A), which is an
antagonist of S6K1 phosphorylation, thus playing a dual role in promoting
translation initiation: recruiting a kinase and blocking a phosphatase (Michlewski
et al., 2008). It was previously known that SF2/ASF can promote translation of
MRNA in an enhancer-dependent manner (Sanford et al., 2004) (Fig. 2).

1.5 Splicing and nonsense-mediated mMRNA decay

Nonsense-mediated mMRNA decay (NMD) is a translation-dependent
decay pathway in which mRNAs that contain premature termination codons
(PTC) are specifically degraded. NMD serves as a quality-control or surveillance
mechanism that eliminates or reduces mutant or aberrantly spliced mRNA, which
otherwise would lead to translation of truncated non-functional and perhaps toxic
proteins. In mammals, the majority of the natural stop codons are found in the
last exon, or within 50 base pairs upstream of the last exon-exon junction (Nagy
and Maquat, 1998). The presence of one or more EJC 50 or more nucleotides
downstream of a stop codon is presumed to target\ the mRNA for degradation
(Chang et al., 2007; Stalder and Muhlemann, 2008). The EJC plays a central role
in this pathway by recruiting the NMD-specific factors Upf2 and Upf3. During the
pioneer round of translation, the helicase Upfl binds to the stalled ribosome at
the PTC as part of the SURF complex. The SURF complex comprises Upfl and
its kinase Smg1, and the translation release factors eRF1/eRF2. The interaction
between the SURF complex and Upf2 at the EJC immediately downstream of the
PTC triggers the phosphorylation of Upfl by Smgl. Subsequently, through an
unknown mechanism, phosphorylated Upfl recruits the RNA-decay machinery,
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which leads to rapid decapping and removal of the poly(A) tail, followed by
exonucleolytic degradation of the mRNA from both 3’ and 5’ ends.

Though the detailed mechanisms remain unclear, the SR protein SF2/ASF
also promotes NMD upon transient overexpression (Zhang and Krainer, 2004),
which is consistent with its role in promoting the pioneer round of translation (see
above) (Fig. 2).

1.6  Alternative splicing

Alternative splicing is a process through which multiple mature mRNAs
are generated as a result of differential inclusion of exons or exon segments from
pre-mRNA derived from a single gene (Black, 2003; Matlin et al., 2005). The
primary transcripts involved are either identical or may differ at one or both ends
as a result of the use of alternative promoters or 3'-cleavage/polyadenylation
sites. The basic mechanism leading to alternative splicing is the same as in
constitutive splicing. It requires the recognition of cis-acting elements (5’ss, 3'ss,
BPS, and Py-tract) by the basal spliceosome, and is influenced by additional
regulatory cis-acting elements, specifically, enhancers (ESE, ISE) and silencers
(ESS, ISS), and their corresponding trans-acting factors (Fig. 1.1 and 1.2). The
main difference between alternative and constitutive splicing arises from the fact
that alternative splice sites tend to be slightly weaker (Lear et al., 1990; Roca et
al., 2005), and alternative exons have fewer ESEs than constitutive exons on
average (Wang et al., 2005).

1.6.1 The trans-acting regulators of alternative splicing

The trans-acting factors that regulate alternative splicing are typically
RNA-binding proteins, exemplified by two classes of proteins: Ser/Arg-rich (SR)
proteins and heterogeneous ribonucleoproteins (hnRNP), which generally
recognize ESEs and ISSs/ESSs, respectively. Additionally, a wide variety of
RNA-binding proteins, known as SR-like and/or SR-related proteins are also
involved in modulating alternative splicing and may act as either activators or
repressors or both (Long and Céaceres, 2009).

a. The SR proteins

SR proteins constitute a family of RNA-binding proteins with closely
related sequences and a modular structure with one or two copies of the RNA-
recognition motif (RRM) and a C-terminal Arg/Ser-rich (RS) domain that
undergoes reversible phosphorylation. They are abundantly expressed across
tissues and have multiple roles in constitutive and alternative splicing, including a
general role in exon definition, which partly involves their ability to recognize and
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bind cognate ESEs (Graveley, 2000). Recently, there has been an explosive
burst in studies related to the role of SR proteins in various other aspects of gene
expression, specifically, transcription, NMD, mRNA export, and translation,
leading to the belief that SR proteins are in fact master regulators of gene
regulation (see above) (Long and Céaceres, 2009; Zhong et al., 2009).

a. (i) The prototypical SR protein, SF2/ASF

SF2/ASF, the founding member of the SR protein family, has a modular
structure with two RNA-recognition motifs (RRM), which recognize and bind a
seven-nucleotide degenerate ESE motif on pre-mRNA, and an RS domain with
numerous repeats of serine-arginine dipeptides (Fig. 1). The RS domain is
phosphorylated at multiple serine residues and is believed to mediate protein-
protein and RNA-protein interactions. SF2/ASF has a well characterized role in
general splicing and was first discovered as a factor that was sufficient to
promote spliceosome assembly and splicing of various pre-mRNAs in
cytoplasmic S100 HelLa cell extracts, which are otherwise deficient in splicing
(Krainer et al., 1990). SF2/ASF plays a crucial role in regulation of alternative
splicing and usually promotes alternative exon inclusion and use of proximal
alternative 5’'ss or 3’ss in a concentration-dependent manner, in part through
recognition of ESEs (Cartegni et al., 2002). Apart from its role as a broad-
specificity splicing regulator, SF2/ASF strongly enhances NMD upon
overexpression (Zhang and Krainer, 2004), enhances translation both in vivo and
in vitro in an enhancer-dependent manner (Sanford et al., 2004), and functions
as an adaptor protein for mRNA export (Huang and Steitz, 2005). Some of these
recently identified functions of SF2/ASF are related to its ability to shuttle
continuously between the nucleus and cytoplasm (Céaceres et al., 1998) (Fig. 2).

SF2/ASF is essential for cell viability and its knockout results in early
embryonic lethality in mice (Lin et al., 2005; Xu et al., 2005). Loss of SF2/ASF
results in G2 cell cycle arrest, apoptosis, as well as genomic instability in chicken
DT40 cells (Li and Manley, 2005; Li et al., 2005). The effects of SF2/ASF in cell-
cycle progression and maintenance of genomic stability are probably related to
its ability to associate with interphase chromatin and its role in transcription (Lin
et al., 2008; Loomis et al., 2009). However, DT40 cells are very rapidly dividing
cells that lack p53 and hence are devoid of cell-cycle checkpoints, which makes
them extremely susceptible to undergo apoptosis (Takao et al., 1999).
Consistently, no apoptosis is observed in p53** mouse embryonic fibroblasts
(MEFs) lacking another SR-protein, SC35, which is also essential for cell viability
(Xiao et al., 2007).
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In contrast to its depletion, a mere twofold overexpression of SF2/ASF
transforms immortal rodent fibroblasts (see below) (Karni et al., 2007).

b. The hnRNPs

Similar to SR proteins, hnRNPs are also abundant RNA-binding proteins
that bind nascent pre-mRNA transcripts. They have multiple roles during various
steps of pre-mRNA processing, with additional roles in mRNA export and
surveillance, and consist of several protein subfamilies (Dreyfuss et al., 2002).
One subset of hnRNPs, called the hnRNP A/B proteins, affect alternative
splicing, most often by antagonizing SR proteins, which partly involves the
recognition of ESSs (He and Smith, 2009; Zheng, 2004).

1.6.2 Alternative splicing: the major source of protein diversity

Alternative splicing is widespread and is a major source of protein isoform
diversity in higher eukaryotes. A recent projection based on RNA deep
sequencing of 15 different human tissues and cell lines estimates that ~100% of
all multi-exon human genes undergo some alternative splicing and ~86% percent
of these multi-exon genes produce significant levels €15%) of the minor isoform
(Pan et al., 2008; Wang et al., 2008). The widespread role of alternative splicing
in gene regulation, especially in those events that govern cellular differentiation
during development, as well as allelic variation in human populations, is obvious,
as 94% of all human genes comprise multiple exons. These estimates are
significantly higher than earlier ones from microarray-based studies, which had
limitations inherent to the microarray technology, especially those pertaining to
the depth of coverage of the human transcriptome and inability to detect less
abundant isoforms (Johnson et al., 2003). The estimates of alternative splicing
events (~10-30%) that affect relative levels of spliced isoforms due to allelic
variations among individuals were also higher than in previous microarray-based
studies (Graveley, 2008; Kwan et al., 2008), but were similar to an integrated
analyses of multiple data types, which had placed these estimates close to 21%
(Nembaware et al., 2004). However, the most striking observation was that the
majority of alternative splicing events, ranging from 52-74%, depending upon the
type of alternative splicing pattern, are regulated in a tissue specific manner, thus
supporting the notion that alternative splicing is the main contributing factor in
generating the complexity and diversity of the human proteome.

Alternative splicing can directly influence the localization, stability, and
translation of the resulting isoforms. Alternatively spliced mRNAs are either co-
expressed or their expression is tightly regulated in a cell-type or tissue-specific
manner, developmentally, or in response to signaling. Multiple protein isoforms
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resulting from the alternatively spliced variants can have tissue-specific related,
distinct, or antagonistic functions, or they can have different subcellular
localization.

Very often, alternative splicing acts as an on/off switch to control gene
expression at the post-transcriptional level, such that one mRNA isoform results
in a functional protein, whereas the other(s) is subject to degradation by NMD, or
is retained in the nucleus, or may result in a truncated/inactive or mislocalized
protein. Such regulation in the case of cellular oncogenes and tumor suppressors
has widespread implications. One important example in this regard is the p73
tumor-suppressor gene, which gives rise to six different proteins with closely
related sequences, p73a, p73B, p73y, p730, and p73(, as a result of extensive
alternative splicing in the C-terminal domain. These C-terminal splice variants
exhibit different transcriptional and functional properties and show differential
expression across normal human tissues and cell lines. Further, the use of an
alternative promoter in exon 3 of the full-length p73 gene results in the AN
variants of p73, ANp73a and ANp73[3, which lack the N-terminal transactivation
domain, and act as dominant-negative forms of both p73 and p53 with oncogenic
activity (Ozaki and Nakagawara, 2005). Similar regulation through alternative
splicing, combined with the use of alternative promoters, has been reported in
the case of p63 and p53, which belong to the same gene family as p73 (Bourdon
et al., 2005; Yang et al., 2002; Yang et al., 1998).

1.6.3 Alternative splicing and disease

According to an earlier report, 15% of all genetic diseases result from
mutations that disrupt splicing (Krawczak et al., 1992). More recent estimates
have raised the proportion to as high as 60% (Lopez-Bigas et al., 2005). The
difficulty to correctly estimate the precise frequency of splicing mutations reflects
our incomplete understanding of the splicing code, which is primarily due to the
degenerate nature of enhancers (ESE and ISE) and silencers (ESS and ISS),
and the intricate interdependencies among themselves or in conjunction with
their trans-acting factors (Roca et al., 2008). In general, most of the intronic
mutations and silent exonic mutations, or genetic polymorphisms that do not lie
within the splice sites (5'ss and 3'ss), tend to be ignored as neutral when
identified, as they are not expected to cause any changes at the protein level.
Moreover, a major fraction of isoforms generated by alternative splicing, even for
extensively characterized genes, is unknown. In an analysis of 50 well
characterized genes involved in cancer, nearly two thirds were found to express
previously unknown isoforms and surprisingly, in 40% of the cases, the novel
splice variants were found to be the major isoform in normal tissues (Roy et al.,
2005). Functional studies, conducted in an attempt to identify disease-causing
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mutations when the predominant isoform is not known in the affected tissue type,
may be misleading if the isoform under analysis is irrelevant for the disease.
Further, functional differences between the isoforms can conceal the true
pathogenic effects of a mutation (Wang and Cooper, 2007). Nonetheless, the
role played by misregulation of alternative splicing in the manifestation of a
significant proportion of genetic disorders, including cancer, is certain and has
been well documented (Cartegni et al., 2002; Cooper et al., 2009; Wang and
Cooper, 2007) (also, see Chapter 3).

a. Alternative splicing and cancer

There is an ever-increasing number of instances in which misregulation of
splicing has been associated with various types of cancers (Brinkman, 2004,
Kalnina et al., 2005; Pio and Montuenga, 2009; Skotheim and Nees, 2007;
Venables et al., 2009). These involve either mutations in the cis-acting sequence
elements or alterations in the expression/function of trans-acting factors that
regulate splicing. In the first case, mutations may involve key splice-site signals,
including the 5’ss, 3'ss, and BPS, or regulatory sequences, including ESEs,
ESSs, and ISSs. For example, a nonsense mutation in BRCA1, which is
associated with increased risk of breast cancer, disrupts an ESE and leads to
skipping of exon 18 (Liu et al., 2001; Mazoyer et al., 1998).

In the second case, changes in the level of expression of splicing
regulators, which mainly include SR proteins and hnRNPs, may cause aberrant
splicing of target genes. It has been shown that SR proteins display tumor-stage-
specific changes in expression levels during mammary tumorigenesis, pointing
towards possible concentration-dependent effects on splice-site selection
(Stickeler et al., 1999). Frequently, changes in alternative splicing of oncogenes
and tumor suppressors, such as p53, BIN1, MDM2, and Bcl-x, or the CD44 and
estrogen receptor genes, are associated with breast cancer (Bourdon et al.,
2005; Ge et al., 2000a; Lukas et al., 2001; Rochaix et al., 1999; Stickeler et al.,
1999; Zhang et al., 1996). Notably, in the case of CD44, enhanced inclusion of
exons v4 and v5 is due to an increase in the levels of the SR-like protein, Tra2-
B1, and this effect appears to be antagonized by an SR protein, SC35
(Watermann et al., 2006). Altered expression levels and/or subcellular
localization of different hnRNP A/B proteins are associated with lung cancer
(Peebles et al., 2007; Tockman et al., 1994; Tockman et al., 1997; Zerbe et al.,
2004). These lines of evidence suggest that changes in the levels of various
splicing factors can lead to cancer.
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a. (i) SF2/ASF and cancer

Recently we found that SF2/ASF is a potent proto-oncogene whose
overexpression by as little as twofold is sufficient to transform immortal rodent
fibroblasts (Karni et al.,, 2007). Loss of SF2/ASF induces G2 cell-cycle arrest,
apoptosis and genomic instability (Li and Manley, 2005; Li et al., 2005). It has
been shown that changes in the levels of SF2/ASF lead to altered splicing of the
apoptotic protein caspase-9 (Massiello and Chalfant, 2006) and the Ron proto-
oncogene (Ghigna et al., 2005). In the latter case, SF2/ASF promotes the
expression of a constitutively active isoform of Ron, ARon, which results after
skipping exon 11 of the Ron pre-mRNA. Increased levels of ARon are known to
confer invasive growth properties to the cell through increased cell proliferation,
decreased apoptosis, increased mobility, and promotion of cell dissociation,
which are hallmarks of the epethelial to mesenchymal transition (EMT) as well as
tumor progression and metastasis.

We have recently identified the tumor suppressor BIN1, which is an
inhibitor of Myc (Sakamuro et al., 1996), as a splicing target of SF2/ASF. BIN1 is
frequently downregulated or inactivated in various cancers (DuHadaway et al.,
2003; Ge et al., 2000b; Tajiri et al., 2003; Tvarusko et al., 1999), including breast
cancer (Ge et al., 2000a). SFRS1, the gene encoding SF2/ASF, resides on
Chromosome 17923, a region that is commonly amplified in breast cancer and
correlates with poor prognosis (Sinclair et al.,, 2003). The gene RPS6KB1 also
resides on the 17923 amplicon, and we found that its splicing pattern was
dramatically altered upon overexpression of SF2/ASF in primary cells, which led
to identification of a novel splice variant of S6K1 that results in a 31-kDa protein
(Karni et al., 2007). RPS6KB1 encodes the protein S6K1, which phosphorylates
the 40S ribosomal subunit protein S6 (also, see section 1.4) (Erikson and Maller,
1985). The protein has two known isoforms resulting from alternative translation
start sites: a 70-kDa and an 85-kDa protein (Berven and Crouch, 2000). The 70-
kDa isoform, known as p70S6K, is the best studied and has been implicated in
the regulation of the cell cycle (Feng et al., 2000), cell growth, proliferation
(Dufner and Thomas, 1999), and cell migration (Lambert et al., 2002). Our
studies, using various cell lines derived from breast cancer tumors, MCF7,
BT474, ZR751, HS578T, and T47D, confirm and extend previous findings. We
observed high levels of SF2/ASF in the first three cell lines, which strongly
correlated with the altered splicing of the target RPS6KB1, when compared to
immortal MCF10A cells (Karni et al., 2007). In two instances, MCF7 and BT474,
we observed a direct correlation between genomic amplification of 17923 and
increased expression of SF2/ASF.
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Although now we know that SF2/ASF and probably other splicing
regulators can act as oncogenes, we still have very little understanding of the
detailed molecular pathways that lead to SF2/ASF-mediated cellular
transformation. Various clues provided by our overexpression studies in different
cell types suggest that there may be a stepwise mechanism for transformation by
SF2/ASF: first, an early event, involving changes in the splicing patterns of key
oncogenes and tumor suppressors. Most notable among these are S6K1, MNK2,
the putative tumor suppressor BIN1 and the Ron oncogene (see above). These
changes may cause enough perturbations in cellular homeostasis to trigger a
second step, in which some of the splicing-independent functions of SF2/ASF
now assume a dominant role and help maintain the transformed state. Many of
the recently identified roles of SF2/ASF, specifically, the dynamic association of
SF2/ASF with chromatin in a cell-cycle dependent manner, its role in
transcription stimulation as well as the recent finding that it can influence
translation via the mTOR-pathway, are of special interest in this regard (see
above). In at least one cancer cell line, this phenotype could be reversed by
restoring the normal levels of SF2/ASF (Karni et al., 2007), which strongly
suggests that SF2/ASF may be required at higher levels to maintain the
transformed state. Further, we recently found that SF2/ASF regulates its own
expression through an intricate process that involves multiple mechanisms acting
at different levels (Sun et al., 2009). It is highly likely that such an autoregulatory
loop has profound influence on the expression of various genes in the 17923
region, such as RPS6KB1, as well as that of additional genes involved in
oncogenesis. Moreover, post-translational modifications (PTMs) of SF2/ASF
could be an important determinant of its activity and its role as an oncogene, a
possibility that remains unexplored (see Chapter 2). Future studies designed to
explore one or more scenarios presented above may provide us with a better
understanding of the underlying molecular mechanisms that govern SF2/ASF-
mediated cancer pathogenesis.

1.7  Concluding remarks

Pre-mRNA splicing is an extremely complex process. Though we have
come a long way since splicing was discovered more than 30 years ago, we are
only beginning to understand the details of how splicing is regulated. For the
most part, we understand in great detail which factors are involved (e.g. SR
proteins/hnRNPs) and what is their effect (inclusion/skipping), but we have very
little or no knowledge of either the mechanism of action or the mode of regulation
that triggers the effects. For example, we know that SR proteins are required for
general splicing and can modulate alternative splicing, in part by binding to
ESEs, but we still do not know the details of how this may happen, nor do we
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understand fully how the activity of SR proteins itself may be regulated. A similar
theme is apparent when other aspects of SR protein function are considered,
specifically, their roles in transcription, NMD, or translation. Further, deciphering
the splicing code still remains the biggest challenge in the field.

The prime importance of splicing as a cellular process is reflected by its
ability to influence almost every subsequent step in gene expression (see
above). For the most part, alternative splicing accounts for the organismal
complexity in higher eukaryotes through its contribution to proteomic diversity.
Given the central and crucial role played by splicing in maintaining the normal
physiology of most eukaryotes, it is imperative that we invest considerable effort
to achieve a better overall understanding of splicing regulation, for such
understanding is clearly lacking. For example, splicing may respond to various
intra- as well as extra-cellular stimuli, resulting in different splicing patterns of
specific genes and at specific stages, which may be the key to development and
tissue differentiation as well as ‘dedifferentiation’ leading to cancer metastasis. A
better grasp of such events may better equip us to fight the numerous diseases
related to splicing defects, as well as various types of cancer.
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1.9 Figures and legends

Figure 1.1 Consensus splice-site sequences in mammals. The 5
splice site, branchpoint site, polypyrimidine-tract and the 3'splice site are
depicted with their consensus motifs in the blow up. The height of the letters is
directly proportional to the observed frequencies of the nucleotides at the
corresponding positions (Burge et al., 1998). The Ul snRNP-5'ss and the U2
SNRNP-BPS base-pairing interactions and the possible role of SR proteins in
recruitment of snRNPs as well as in bridging the interactions at both ends of
introns during spliceosome assembly are also shown. (N=any nucleotide,
R=purine, Y=pyrimidine).
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Figure 1.2 Diverse functions of SF2/ASF. Multifaceted roles of SF2/ASF
in RNA metabolism across different subcellular compartments. In steady state
SF2/ASF is localized in the nucleus where it accumulates in the interchromatin
granule clusters (IGC; nuclear speckles). From speckles it is recruited to the sites
of active transcription, where it is involved in general splicing, as well as
regulates alternative splicing in part by binding to 6-8 nucleotide enhancer motifs
(ESEs). By an unknown mechanism that requires a nuclear function of SF2/ASF,
it also promotes nosense-mediated mMRNA decay (NMD) of a premature
termination codon containing mRNA. Further, SF2/ASF acts as an adapter
protein for mRNA export via its interaction with the TAP/p15 complex. In the
cytoplasm SF2/ASF stimulates translation in an enhancer dependent manner.
Finally, via its interaction with Transportin-SR proteins, SF2/ASF is shuttled back
to the nucleus.
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Chapter 2:

Physiological Role of Post-Translational Modifications of the
Oncoprotein SF2/ASF

Abstract

Alternative splicing and post-translational modifications (PTMs) are major
sources of protein diversity in eukaryotic proteomes. The SR protein SF2/ASF is
an oncoprotein that functions in pre-mRNA splicing, with additional roles in other
post-transcriptional and translational events. Functional studies of SR-protein
PTMs have exclusively focused on reversible phosphorylation of Ser residues in
the C-terminal RS domain. Our proteomic analysis of SF2/ASF and other SR
proteins obtained from mammalian cells revealed that they are extensively
modified. We confirmed that human SF2/ASF is methylated at residues R93,
R97, and R109, which were recently identified in a global proteomic analysis of
Arg methylation, and further investigated whether these methylated residues
regulate the functional properties of SF2/ASF. We show that the three arginines
additively control the subcellular localization of SF2/ASF, and both the positive
charge and the methylation state are important. Mutations that block methylation
and remove the positive charge result in cytoplasmic accumulation of SF2/ASF.
The consequent decrease in nuclear SF2/ASF levels prevents it from modulating
alternative splicing of target genes, results in higher translation stimulation, and
abrogates the enhancement of nonsense-mediated mRNA decay. This study
addresses the mechanisms by which Arg methylation and the associated positive
charge regulate the activities of SF2/ASF, and emphasizes the significance of
localization control for an oncoprotein with multiple functions in different cellular
compartments. Moreover, the various other types of modifications identified in
this study of SF2/ASF, as well as other SR proteins, lay a foundation for future
studies of the detailed mechanisms by which different PTMs may modulate the
diverse functions of SR proteins.
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2.1 Introduction

The SR protein SF2/ASF is a master regulator of gene expression, due to
its widespread influence on almost every aspect of gene expression, ranging
from transcription to translation. In addition to RNA metabolism, the scope of
regulatory effects exerted by SF2/ASF extends further with its involvement in
cell-cycle progression and the maintenance of genomic instability. Reflecting its
multifaceted role as a regulator in various cellular processes, SF2/ASF is
essential for cell viability and embryonic development, and can act as a potent
oncoprotein with only a slight increase in its expression level (see Chapter 1).
Surprisingly, even though the splicing of SF2/ASF pre-mRNA gives rise to six
different splice variants, only one of them is translated, resulting in a protein
product (Sun et al., 2009). It becomes difficult to explain how a single protein,
which was originally identified as a splicing factor (Krainer et al., 1990), can
influence such a wide spectrum of cellular processes and more strikingly, across
different cellular compartments.

One of the ways through which the various activities of SF2/ASF could be
regulated is by post-translational modifications (PTMs). Like alternative splicing,
PTMs are an integral part of gene regulation and provide another way of creating
protein isoform diversity, with widespread functional consequences. The
chemical changes, which modify the side chains of specific amino acids in a
polypeptide chain after translation (hence PTMs), greatly extend the functional
diversity of individual proteins. In general, proteins are modified through one
and/or any possible combination of the three basic mechanisms, which are: 1)
by addition of new functional groups, including acetate, phosphate, lipids,
carbohydrates, sulfate, etc., or by modifying the properties of existing functional
groups through methylation or citrullination; 2) by contributing to the three-
dimensional (3-D) structure of the proteins by forming disulfide bridges; and 3) by
editing the primary polypeptide sequence, which includes either removal of the
first amino acid, the amino-terminal (N-terminal) methionine, or a part of the
polypeptide sequence through proteolytic cleavage. The modifications, if present,
not only ensure that a single protein is able to perform many different or related
functions, but also provide a powerful means for dynamic regulation of the
protein activity by acting like on/off switches. Often, this is achieved simply by
changing the localization of the protein to a different compartment in the cell as a
result of modifications. Such type of regulation is most notable in epigenetic
control of gene regulation and cancer. Different PTMs may arise in key proteins
at different stages of cancer development and affect the degree of invasiveness.
Many oncogenes are protein tyrosine kinases (PTK), which act as regulatory
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on/off switches. In fully differentiated somatic cells, the expression of most genes
is under epigenetic control, regulated by PTMs of histone tails, errors in which
often lead to various diseases and cancer (Cho et al., 2004; Esteller, 2006).

Descriptions of PTMs, in the case of SR proteins, have mostly focused on
reversible phosphorylation at multiple Ser residues within the C-terminal RS
domain (Fig. 2.3a), which is regulated by a combination of phosphatases and
kinases (Misteli, 1999). SF2/ASF and SR proteins, in general, are
phosphorylated by a family of SR protein-specific kinases (SRPK) (Gui et al.,
1994) and a family of dual specificity kinases CIk/Sty (Colwill et al., 1996).
Recently, it was determined that Akt also promotes phosphorylation of SF2/ASF,
directly or indirectly, and enhances its activities in splicing and translation
(Blaustein et al., 2005). SF2/ASF localizes in nuclear speckles and its release to
active sites of transcription is modulated by phosphorylation and various protein-
protein interactions (Misteli et al., 1998; Misteli et al., 1997; Misteli and Spector,
1996). A requirement for phosphorylation for the activity of SF2/ASF in splicing
has been reported (Xiao and Manley, 1997). However, the fact that the RS
domain is dispensable for the activity of SF2/ASF in constitutive splicing for some
and perhaps all substrates (Shaw et al., 2007; Zhu and Krainer, 2000), and for its
concentration-dependent effects on alternative splicing (Caceres and Krainer,
1993; Zuo and Manley, 1993), suggests that phosphorylation of residues other
than those in the RS domain could be essential for the activity of SF2/ASF in
splicing of certain substrates.

Apart from its subnuclear localization and activity in splicing,
phosphorylation of SF2/ASF also modulates its subcellular localization (Koizumi
et al., 1999). The RS domain is required for shuttling of SF2/ASF (Céaceres et al.,
1998) and contributes to its nuclear localization (Caceres et al., 1997). It was
shown that phosphorylation of the RS domain is essential for interaction of
SF2/ASF with transportin-SR2 (TRN-SR2), which acts as a receptor for nuclear
import of SR proteins (Lai et al., 2001). Further, the phosphorylation state of
SF2/ASF has been implicated in its activity as an adaptor protein for TAP-
mediated mMRNA export (Huang et al., 2004; Lai and Tarn, 2004).

More recently, three methylated Arg residues (R93, R97, and R109) were
reported in human SF2/ASF as part of a global analysis of protein methylation
(Shao-En Ong, 2004) (Fig. 2.3a). Quantitatively, Arg methylation is one the most
extensive protein modifications that takes place in the cell, with a large repertoire
of proteins that get modified. Three distinct classes of methyltransferases, Type
I-11l, exist in mammals. All three types of enzymes can recognize the unmodified
side chain of Arg residues in a polypeptide and modify one of the terminal
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guadinino nitrogen atoms (w-N or w-N’) to w-N®-monomethylarginine (WMMA). It
should be noted that both of the terminal w-N atoms are chemically equivalent,
due to resonance, which leads to delocalization of the positive charge. WMMA is
further modified to either w-N®  N®-dimethylarginine (asymmetric-
dimethylarginine; ADMA) by type-l enzymes or w-N® N*-dimethylarginine
(symmetric-dimethylarginine; SDMA) by type-Il enzymes (Bedford and Clarke,
2009) (Fig. 2.2).

In budding yeast, the protein Npl3p, which resembles both hnRNPs and
SR proteins, based on sequence analysis (Birney et al., 1993), undergoes Arg
methylation at RGG motifs in its C-terminal RGG/RS domain (Siebel and Guthrie,
1996). Npl3p is a shuttling protein with predominant nuclear localization at steady
state, and is involved in mRNA export (Lee and Silver, 1997; Singleton et al.,
1995). Npl3p is methylated by the type-I methyltransferase Hmtlp and fails to
exit the nucleus in cells lacking Hmtlp (Shen et al., 1998). It was further shown
that hypermethylation of RGG motifs blocks phosphorylation of the neighboring
RS/SR dipeptides by Skylp, and this in turn blocks the nuclear import of Npl3p
(Yun and Fu, 2000). In mammals, methylation of RGG motifs in the C-terminal
Gly-rich domain of the splicing factor hnRNP A2 promotes its nuclear localization
(Nichols et al.,, 2000). The methylated Arg residues in SF2/ASF are part of
Arg/Gly-rich motifs, which are very similar to those in Npl3p and hnRNP A2,
though these motifs differ in their location in SF2/ASF. Indeed, it was shown that
SF2/ASF is methylated by the human homolog of Hmtlp, PRMT1 (Goulet et al.,
2007). PRMTL1 is a type-l methyltransferase that catalyzes the formation of
monomethyl and asymmetric dimethyl Arg on proteins (Weiss et al., 2000;
Wooderchak et al., 2008), preferentially at RGG/GRG and related motifs (Hyun et
al., 2000; Kim et al., 1997).

Besides Ser-phosphorylation and Arg-methylation described above, no
other type of modifications are known for SF2/ASF or for SR proteins in general.
We report an astonishing finding that may provide clues regarding largely
unknown molecular mechanisms, by which SF2/ASF may regulate various
important cellular processes. Our results show the presence of an extensive and
diverse set of modifications on SF2/ASF at multiple residues. We further extend
these findings to two other SR proteins that showed a similar high degree of
diverse modifications at multiple positions. Finally, we confirmed the presence of
previously reported methyl-Arg residues (Shao-En Ong, 2004), and after an
extensive analysis of the various functions of SF2/ASF, we report that these
three methylated Arg residues in the inter-RRM linker region control SF2/ASF'’s
subcellular localization, which in turn determines the protein’s activity in
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enhancing NMD and regulating alternative splicing of endogenous pre-mRNA
targets.

In each and every aspect of SF2/ASF-mediated regulation of different
cellular processes, perturbations in SF2/ASF levels lead to dramatic
consequences. These studies emphasize the importance of PTM-directed
changes in subcellular localization of a regulatory protein, like SF2/ASF, as a
means of controlling its local concentration in different compartments of the cell,
which result in differential effects on individual cellular processes, depending
upon the location where they take place. Additionally, these findings also lay the
groundwork for future studies focusing on the physiological roles of other types of
modifications, not only in the case of SF2/ASF, but also for other SR proteins.

2.2 Results
2.2.1 SF2/ASF is extensively modified

We hypothesized that PTMs might be of great importance in regulating the
activities of SF2/ASF in different cellular processes, which in turn might be
influenced by key signaling events in the cell. Also, there might be a complex
interplay between different kinds of PTMs affecting such regulation. Most studies
to date of SF2/ASF PTMs using proteomic approaches (Velazquez-Dones et al.,
2005) or other techniques (Ngo et al., 2005; Sanford et al., 2005) have focused
on phosphorylation of serines in the RS domain. Even though phosphorylation of
the RS domain is well documented, with some insights into its effects, the studies
to date are incomplete and have not fully revealed the exact sites of
phosphorylation and their precise functional roles (see above).

Therefore, in order to thoroughly map all the possible modifications of
SF2/ASF protein, we analyzed C-terminal 6xHis tagged SF2/ASF, expressed
and purified from human 293-EBNAL1 (293E) cells, by mass spectrometry (mass-
spec). For the identification of specific modified residues, the purified protein was
further separated by SDS-PAGE to remove minute impurities. After staining with
mass-spec-compatible dyes, the bands corresponding to SF2/ASF were excised
and the protein was subjected to trypsin digestion that resulted in SF2/ASF
peptides containing individual modified residues. In general, two to three closely
migrating bands of SF2/ASF could be resolved by electrophoresis, reflecting
different modification states of the protein. Each of the individual bands was
carefully excised and analyzed separately. The trypsin-derived peptides were
then subjected to MALDI/TOF, followed by MS/MS analysis for some of the
selected peptides. As a control, full-length untagged SF2/ASF purified from
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bacteria, mimicking the unmodified mammalian protein, was included. A
truncated version of SF2/ASF lacking the RS domain, expressed in and purified
from 293E cells, the C-terminal 6xHis tagged SF2/ASF-ARS, was analyzed to
specifically look for phosphorylation events that may occur elsewhere in the
protein other than the RS domain. Further, N-terminal 6xHis tagged SF2/ASF
coexpressed with CIk/Sty in bacteria was also included in the analysis in an
attempt to identify phosphorylation events specifically catalyzed by CIk/Sty.

To our surprise, after a thorough comparative analysis of the four different
versions of SF2/ASF, consisting of multiple repeat experiments and followed by
mapping of individual PTMs, we found the presence of extensive modifications,
including Lys methylation and acetylation, Ser and Thr phosphorylation, Tyr
phosphorylation, and many novel sites of Arg methylation, in addition to those
described previously (Fig. 2.1). We further verified the results by MS/MS analysis
for some of the peptides, which also confirmed that SF2/ASF is methylated at
Arg residues 93, 97, and 109, consistent with the previous observations from
global proteomics (Shao-En Ong, 2004).

Similar analysis of 998, SRp20, and SC35 all expressed in and purified
from 293E cells, revealed fewer modifications (Table 1, 2, and 3). The lower
number of modifications found in these proteins may be a direct reflection of a
far less comprehensive analysis done in these cases as most of our effort was
focused on SF2/ASF. In general, this type of analysis is especially difficult in the
case of SR and SR-related proteins. Trypsin, which is usually used in these
experiments, cleaves after unmodified Arg or Lys residues in a polypeptide chain.
The presence of continuous repeats of RS/SR dipeptides in the RS domain of
these proteins makes the identification of PTMs in this region extremely difficult,
as it is almost impossible to map the observed masses in the mass-spec to a
specific peptide at a specific position, when many such short peptides exist
elsewhere in the same RS domain. This problem is further compounded by the
lack of other mass-spec-compatible proteolytic enzymes with well defined
cleavage specificities that are different from trypsin’s. For example, we used
chymotrypsin in some of our experiments, which preferentially cleaves after
aromatic residues (Phe, Trp, and Tyr) with high specificity, but in addition it also
cleaves after Leu, Met, and His with lower specificity, thus making the analysis of
the results difficult. Nonetheless, using optimized trypsin digestion conditions,
which allowed for up to three miscleavages in our searches, we were able to
obtain more than 70% peptide coverage in our analysis of SF2/ASF.
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2.2.2 The methyl-arginines affect the nucleo-cytoplasmic distribution of
SF2/ASF

Since the regulatory roles of SF2/ASF span both cytoplasmic and nuclear
compartments, we hypothesized that proper localization, controlled by post-
translational modification, is essential for its activities. Based on the studies of
Npl3p in yeast and other RNA-binding proteins, we further suspected that the
sites of Arg methylation in SF2/ASF (Fig. 2.3A) might influence its localization.
We anticipated that changes in the distribution of SF2/ASF between the nucleus
and cytoplasm may affect alternative splicing of target genes, as well as its other
functions. Since a very large number of Arg residues were found to be
methylated, we decided to focus on the three methyl-Arg residues that were
already described (Shao-En Ong, 2004). To investigate the functional
significance of the modifications, we mutated these sites singly or in combination
to Ala, to prevent methylation, as well as abolish the positive charge. Similarly, as
a control, we also mutated these residues to Lys, to retain the positive charge but
presumably prevent methylation. We determined the subcellular localization of
wild-type SF2/ASF (wt-SF2/ASF) and the missense mutants by indirect
immunofluorescence (IF) via an N-terminal T7 epitope tag after transient
transfection of the cDNAs into HelLa cells. We observed that the triple-Ala
mutant, A;A2A3, was predominantly cytoplasmic, in contrast to the corresponding
triple-Lys substitution mutant, K;K;K3, or wt-SF2/ASF, which localized to nuclear
speckles (Fig. 2.3B). The single- or double-Ala mutants displayed intermediate
phenotypes (Fig. 2.4).

To test if the A;A2A; mutant could still shuttle, we treated transiently
transfected HelLa cells with a nuclear export inhibitor, Leptomycin B. The
accumulation of T7 signal in the nucleus, upon treatment with the inhibitor,
indicates that A;AA; shuttles between the nuclear and cytoplasmic
compartments (Fig. 2.3C). We also tested the shuttling of the nuclear protein,
K1K2K3, using a heterokaryon assay, and found it to be the same as that of wt-
SF2/ASF (Fig. 2.3D). The heterokaryon assay (Pifiol-Roma and Dreyfuss, 1992),
which is used to test the shuttling activity of a nuclear protein, could not be used
in the case of the A;AA;z mutant, as it showed predominant cytoplasmic
localization.

2.2.3 The triple-Ala mutant, A1AA3, fails to enhance NMD

Splicing is a nuclear process (Black, 2003) and a nuclear activity of
SF2/ASF appears to be required for its stimulatory effect on NMD (Zhang and
Krainer, 2004). Therefore, we next assayed the activity of the above SF2/ASF
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mutants to enhance NMD, using an RNase-protection assay (RPA). We used a
full-length B-globin gene and a mutant version with a nonsense mutation in codon
39 in exon 2 as reporters. The nonsense mutation introduces a premature
termination codon (PTC), making the mRNA susceptible to NMD (Fig. 2.5D)
(Thermann et al.,, 1998; Zhang et al., 1998). RPA showed that upon
overexpression, the wt-SF2/ASF, as well as the K;K;K; version, strongly
enhanced NMD of the T39 (mut) mRNA, whereas the mislocalized A;AA3
mutant was similar to the empty vector control (Fig. 2.5A and C). The single- and
double-Ala mutants had intermediate effects (Fig. 2.5B and C).

To assay both alternative splicing and NMD using RPA, we used a
derivative of B-globin with a 5’ splice site (5'ss) duplication in the first exon
(5’ssD-wt) (Zhang and Krainer, 2004). Because of alternate 5'ss usage, the pre-
MRNA gives rise to two distinct mMRNAS: a longer proximal mRNA and a shorter
distal mMRNA. The mutant version of this gene (5'ssD-mut) carries a point
mutation that introduces a PTC in the proximal, but not the distal, spliced mRNA
(Fig. 2.6C). As reported previously (Zhang and Krainer, 2004), SF2/ASF
promoted the selection of the proximal 5’'ss and enhanced NMD of the resulting
MRNA. In contrast, the A;A,A; mutant efficiently promoted proximal splice-site
selection, but failed to enhance NMD; the K;K;K3 mutant, however, showed
identical activity as wt-SF2/ASF (Fig. 2.6A, B, and D). Again, as observed
above, the single- and double-Ala mutants had intermediate effects (Fig. 2.7).

2.2.4 Reduced activity of the AiAA; mutant in general and alternative
splicing in vitro

To further analyze the activity of these proteins in splicing, untagged
recombinant SF2/ASF and the A;AA; and K;K;K3 versions were purified to
homogeneity from E. coli. Post-translationaly modified versions of these proteins
were also purified after expression in 293E cells with a C-terminal 6xHis tag (Fig.
2.8A). Purified proteins were then tested for their ability to complement HelLa
S100 extract to carry out general splicing of various pre-mRNAs. We observed
that the K;K;K3 mutant was as active as wt-SF2/ASF, but the A;A,A; mutant was
approximately fourfold less active with B-globin pre-mRNA (Fig. 2.8B, D and
2.9). We obtained similar results with other substrates, including Ftz, AdML, IgM-
M1M2, IgM-C1C2, and &-crystallin (data not shown).

To test alternative splicing activity in vitro, we used a model 3-globin pre-
MRNA with a duplicated 5’ss in intron 1 (Zhang and Krainer, 2004). Again, we
observed that the K;K;K3 mutant was as efficient as wt-SF2/ASF in promoting
proximal 5'ss use in HelLa nuclear extract, whereas the A;A>A; mutant was
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slightly less active (Fig. 2.8C and E). In all the assays, the trend was similar and
did not vary when the proteins were obtained from bacteria or mammalian cells.
However, the specific activity of SF2/ASF obtained from 293E cells was
consistently higher than that from bacteria (data not shown), which may reflect
differences in PTMs and/or in purification/renaturation protocols and solubility.
The A31A,A; protein, irrespective of its source, was slightly less soluble under
splicing conditions, especially at higher concentrations. This may be one of the
reasons why the triple-Ala mutant was less active in these cell-free assays, in
contrast to the transient-transfection experiments (Fig. 2.6).

2.2.5 The A;AA3; mutant fails to modulate splicing of endogenous pre-
MRNAS

We recently identified BIN1 and MNK2 pre-mRNAs as endogenous
targets of SF2/ASF (Karni et al., 2007). To test the effect of the mutant proteins
on alternative splicing of these transcripts, we stably expressed cDNAs encoding
T7-tagged, wt-SF2/ASF, or the mutant A;A2A3 and K;K;K3 versions in primary
human lung fibroblasts (IMR90) using retroviral transduction. We analyzed total
RNA extracted from transductant pools by RT-PCR to detect the isoforms of the
above target genes. We observed that overexpression of both wt-SF2/ASF and
the K;KyK3 mutant promoted the inclusion of exon 12a in BIN1 and led to an
increase in the levels of the MNK2 alternatively spliced isoform MNK2b; however,
the K;K;K3; mutant was less active due to its lower level of expression. In
contrast, the relative levels of alternatively spliced isoforms of the target genes
upon overexpression of the A;AAz mutant were similar to the empty vector
control (Fig. 2.10). In contrast to the transient co-transfection experiments, which
result in substantial overexpression in the cells that take up the DNA, these
experiments involving stable transduction result in only about twofold
overexpression of SF2/ASF and the mutants (Fig. 2.10A). Because the A;AA3
mutant retains some ability to shuttle, the high levels of overexpression
presumably allow enough A;A>As protein to transit through the nucleus to alter
the splicing of B-globin pre-mRNA with a 5’'ss duplication (Fig. 2.3C and 2.6). In
contrast, with more physiological levels of overexpression, the triple-Ala mutant
fails to modulate the splicing of target genes (Fig. 2.10).

2.2.6 The Ai1A,A; protein is more active than wt-SF2/ASF in enhancing
translation in cells

To test whether the triple-Ala mutant of SF2/ASF can enhance translation,
we used previously described reporter constructs, in which either a wild-type or a
mutant ESE recognized by SF2/ASF is fused at the 5" end of firefly luciferase
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(Sanford et al., 2004). Co-transfection of the reporters, along with wild-type or
mutant versions of SF2/ASF and subsequent analysis of luciferase activity,
revealed that the A;A>A3 protein is twice as active as wt-SF2/ASF in promoting
translation in an enhancer-dependent manner (Fig. 2.11A). The increase in
luciferase activity in the cytoplasm upon overexpression of A;A,A; could be due
to three different possibilities: increased translational-stimulatory activity due to
mutation, greater accumulation of A;A2A3 in the cytoplasm, or increased levels of
luciferase mMRNA in the cytoplasm due to enhanced export. RT-PCR analysis of
luciferase mMRNA levels in nuclear and cytoplasmic fractions from the transfected
HeLa cells revealed that A;A,A3; does not enhance mMRNA export (Fig. 2.11B).
Furthermore, recombinant A;A,A; was equally active as wt-SF2/ASF in
enhancing translation of in-vitro-transcribed luciferase reporter in a cell-free
assay with translationally competent HelLa extract (Fig. 2.11C). We conclude that
the apparent increased activity of the A;A,A; mutant in enhancing translation in
cells is due to its increased residence time in the cytoplasm.

2.2.7 A nuclear-retained version of A;A,Azprotein promotes NMD

Based on the above observations, it seemed plausible that mislocalization
of the A1AA3; mutant was responsible for its loss of function in NMD. To test this
hypothesis, we fused a nuclear-retention signal (NRS) from the non-shuttling SR
protein SC35 to the A;A2Az and K;K;K3 versions of SF2/ASF at their respective
C-termini. C-terminal fusion of the NRS sequence, in the case of wt-SF2/ASF,
results in loss of shuttling activity (Cazalla et al., 2002). Furthermore, this
nuclear-retained version of SF2/ASF is active in splicing and NMD (Zhang and
Krainer, 2004), but fails to enhance translation in cells (Sanford et al., 2004).
Immunofluorescence analysis confirmed that fusion of the NRS sequence to the
A1A2A3 mutant restored nuclear localization (Fig. 2.3B). Furthermore, when
assayed for NMD, the NRS version of the A;A,A; mutant was as efficient as wt-
SF2/ASF in enhancing NMD, clearly indicating that nuclear localization is
essential for this activity (Fig. 2.12).

2.2.8 Tandem mass spectrometry reveals that the triple Lys mutant is
dimethylated

Surprisingly, our results showed that in all the assays, the K;K;K3 mutant
had very similar effects as wt-SF2/ASF. To address the possibility that the
substituted Lys residues at these positions undergo methylation, we expressed
the K;K;K3 mutant in 293E cells and analyzed the purified protein by mass
spectrometry. MS/MS analysis of one of the peptides corresponding to the region
of substitution revealed that the substituted Lys at position 109 was indeed
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dimethylated (Fig. 2.13). This unexpected finding points towards the possibility
that both the methylation state, and the positive charge at these positions, could
be responsible for the localization of SF2/ASF (see Discussion).

2.2.9 Mutation of the Gly residues in the RGG motifs restores SF2/ASF
localization and function

To address the question of whether charge or methylation or both are
involved in controlling localization of SF2/ASF, we mutated the Gly residues
surrounding the methyl-arginine residues to Ala as well as Arg at position 111 to
Lys, resulting in the SM mutant (Fig. 2.14). As a control, we also made the
corresponding mutations (Gly to Ala, and Arg™** to Lys) in the K;K,Ks version,
giving rise to the KM mutant (Fig. 2.14). All the Gly to Ala changes disrupt the
RGG/GRG motifs whereas the Arg*! to Lys substitution disrupts a RGG-related
RGR motif (Weiss et al., 2000).

We hypothesized that if methylation is responsible for the mislocalization
of SF2/ASF and methylation at these positions is dependent upon RGG motifs,
then disrupting the glycines should result in a similar phenotype, as observed for
the A1A A3 mutant. The K;K;K3 mutant was functionally indistinguishable from
SF2/ASF, which earlier suggested that charge, and not methyaltion was
important at these positions, but the unexpected discovery that at least one of the
substituted lysines could be methylated brought back the possibility that
methylation, or more likely both charge and methylation, are involved in
localization control (Fig. 2.13). We argued that if methylation of the substituted
Lys residue also depended upon KGG motif, which was highly unlikely, the KM
mutant would display activity similar to the A;A>Az mutant.

Alternatively, if charge and not methylation is involved in the regulation of
localization, then both SM and KM mutants should behave like the wt-SF2/ASF.
However, this conclusion would be entirely based upon one very crucial
assumption, that the presence of the RGG-type motif is essential for the
methylation of the Arg residues, which does not seem to be the case, since
methylation by PRMT1 is not restricted to RGG and related motifs (see
discussion). Therefore, if SM and KM both show activities similar to wt-SF2/ASF,
then we still cannot rule out the involvement of methylation in localization control
as both the Arg residues in SM and Lys residues in KM could still be methylated.

When analyzed by IF, both the SM and the KM versions of SF2/ASF
showed predominant nuclear localization with residual cytoplasmic staining (Fig.
2.15). As expected, when assayed for activity in enhancing NMD, both proteins
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showed similar activity as the wt-SF2/ASF (Fig. 2.16). As discussed above,
these results pointed to the same conclusion that charge and methylation
together control localization of SF2/ASF (see discussion).

2.2.10Interaction of SF2/ASF with import/export machineries is not
disrupted by methylation or charge

a. Interaction with TAP/NXF1

We next attempted to investigate the factors that may influence the
localization of SF2/ASF. Since shuttling ability is not affected, the predominant
cytoplasmic localization of the A;A>Az mutant may result due to either enhanced
export or decreased import. SF2/ASF acts as an adapter for mRNA export via its
interaction with  TAP/NXF1 and this interaction is dependent upon partial
dephosphorylation of the RS domain of SF2/ASF (Huang et al., 2004). We
sought to investigate whether the introduced Ala mutations in SF2/ASF disrupt or
more likely enhance its interactions with TAP/NXF1, especially, since the A;AA3
protein was found to be predominantly cytoplasmic (Fig. 2.3C). We transfected
plasmids expressing, either T7-tagged wt-SF2/ASF, or its mutant versions, into
HeLa cells and two days later cells were harvested and lysed in a buffer with or
without phosphatase inhibitors. The cell lysate without phosphatase inhibitors
were further subjected to treatment with calf intestinal phosphatase (CIP) to strip
the phosphates en masse from the modified proteins. We then performed
immunoprecipitation (IP) using T7 antibody coupled to agarose beads to pull
down the T7-tagged proteins and their associated factors from both CIP-treated
as well as CIP-untreated cell lysates. As expected, there was no interaction
between SF2/ASF or its mutants with TAP/NXF1 when the proteins were
phosphorylated (Fig. 2.17A). Quite unexpectedly, we did not observe any
interaction with SF2/ASF or its mutants even when the proteins were not
phosphorylated (Fig. 2.17B).

It has been reported previously that TAP/NXF1 interacts with SF2/ASF
when it is hypophosphorylated (Huang et al., 2004). It may be possible that in the
case where we tried to preserve the different phosphorylation states (hypo- and
hyper-) of SF2/ASF using phosphatase inhibitors, the amount of
hypophosphorylated protein was low enough in the cell lysates that we were
unable to detect any interaction with TAP/NXF1 (Fig. 2.17A). In the second case
the near complete dephosphorylation of SF2/ASF caused by CIP may have
prevented any interaction with TAP/NXF1, as certain level of phosphorylation is
required for interaction (Fig. 2.17B). We were unable to investigate the SF2/ASF-
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TAP/NXF1 interaction in great detail using in vitro pull down assays as we could
not purify GST-tagged TAP/NXF1 from bacteria due to technical difficulties.

b. Interaction with transportin-SR2

Transportin-SR and transportin-SR2 proteins belong to the importin-beta
family of proteins, which are involved in the nuclear import. SR proteins, including
SF2/ASF bound to the newly exported mRNA, are phosphorylated in their RS
domain by SRPK1, which causes their release from the mRNA. The
phosphorylated SF2/ASF then interacts with the transportin-SR proteins and is
subsequently imported back to the nucleus (Huang and Steitz, 2005; Lai et al.,
2001).

To test if mutation of the three Arg residues changes the ability of
SF2/ASF to interact with Transportin-SR2, we expressed and purified N-terminal
GST-tagged transportin-SR2 from bacteria and performed a series of GST-pull
down assays with wt-SF2/ASF and its mutant versions (Fig. 2.18A). We
observed that GST-transportin-SR2, but not GST alone, strongly interacted with
the untagged wt-SF2/ASF, as well as its mutants (A1A2A; and K;K;K3), which
were purified from bacteria. Further, this interaction was lost in an ATP
dependent manner, when the unmodified proteins were incubated in S100
extract prior to the pull-down assay (Fig. 2.18B). Incubation of SF2/ASF in the
cytoplasmic S100 extract, in the presence of ATP, results in the phosphorylation
of the RS domain. We also performed similar experiments with the C-terminal
His-tagged and modified versions of SF2/ASF and its mutants purified from 293E
cells. We observed that the 293 proteins, with their phosphorylated RS domains,
failed to interact with transportin-SR2 (Fig. 2.19). Consistent with the previous
pull-down assay involving the proteins obtained from bacteria, the 293 proteins
interacted strongly when they were treated with calf intestinal phosphatase (CIP)
(Fig. 2.19), which dephosphorylates almost all the phosphorylated residues (Fig.
2.13A). Since all three versions of proteins interacted with transportin-SR2, the
predominant cytoplasmic localization of the A;A,As; protein was not due to
inhibition of nuclear import mediated by transportin-SR2.

Intriguingly, we observed that SF2/ASF interacts with transportin-SR2 only
when it is dephosphorylated, which is in direct opposition to the previous
observations where phosphorylation of RS domain of SF2/ASF was required for
its interaction with transportin-SR2 (Lai et al.,, 2001). This discrepancy may be
caused due to the fact that GST-transportin-SR2, used in our experiments, was
obtained from bacteria, thus lacking any modifications, especially, the
phosphorylations of its RS domain. In contrast, Lai and coworkers added GST-
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tagged purified SF2/ASF, either phosphorylated or unphosphorylated, to HelLa
extracts and showed that only phosphorylated SF2/ASF was able to pull-down
the endogenous transportin-SR2.

2.3 Discussion

The coordinated and sequential events that lead to regulated gene
expression in eukaryotes are extremely complex, spanning across cellular
compartments and requiring numerous protein and RNA factors at various stages
and at specific locations. When a single protein factor, such as SF2/ASF, is
involved in multiple post-transcriptional events, it is essential that its movements
between cellular compartments be tightly regulated. SF2/ASF is a shuttling
protein that shows predominant nuclear localization in the steady state (Caceres
et al., 1998). Within the nucleus, SF2/ASF accumulates in nuclear speckles, and
its recruitment to active sites of transcription is modulated by phosphorylation of
Ser residues in the RS domain and various protein-protein interactions (Misteli,
1999). Phosphorylation of SF2/ASF also modulates its subcellular localization
(Koizumi et al.,, 1999). The RS domain is required for shuttling of SF2/ASF
(Caceres et al., 1998) and contributes to its nuclear localization (Caceres et al.,
1997).

Here we have demonstrated that additional signals, which control the
cellular localization of SF2/ASF, are present in the linker between RRM1 and
RRM2. The Arg residues in this linker region, in particular R93, R97, and R109,
are methylated (Shao-En Ong, 2004) and are important for correct localization,
as we found that mutating these residues, simultaneously to Ala, resulted in
cytoplasmic, rather than nuclear accumulation. These arginines are part of RGG-
type motifs that are typically recognized by PRMT1, the predominant
methyltransferase, which accounts for >85% of asymmetric dimethylated Arg
residues in mammalian proteins (Bedford and Clarke, 2009; Dreyfuss et al.,
1993), including SF2/ASF (Goulet et al., 2007).

The three guanidino nitrogen atoms in the Arg side chain can act as
hydrogen bond (H-bond) donors and potentially form five H-bonds, with H-bond
acceptors in both RNA and protein molecules, if present in the proper orientation
(Borders et al., 1994; Calnan et al., 1991). In the case of RNA, the acceptors
may include oxygen atoms in both phosphate and ribose 2’ OH, or groups on the
nitrogenous bases, potentially resulting in a network of H-bond interactions with
the Arg side chain. Such interactions are not possible with Lys, which has a
single terminal amino group. For example, a short Arg-rich basic peptide from
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HIV-1 Tat protein binds specifically to TAR RNA, and Lys substitution results in
loss of binding and transactivation (Calnan et al., 1991).

SF2/ASF has two RRMs through which it binds RNA. Though the
structures of individual RRMs of SF2/ASF have been reported (He, 2005; Ngo et
al., 2008; Tintaru et al., 2007a; Tintaru et al., 2007b), the complete structure of
SF2/ASF or its two RRMs in complex with RNA is lacking. In cases where the
structure of two-RRM containing proteins is known, such as UP1, sex-lethal, and
nucleolin, the inter-RRM linkers are disordered when not bound to RNA. In
contrast, in complexes with both RRMs bound to RNA or single-stranded DNA,
the interdomain linker cooperates with the RRMs in binding the nucleic acid,
providing increased affinity and specificity, though the nature of the linker-
mediated interactions varies in each case (Maris et al., 2005). In our study, the
triple-Lys mutant was functionally indistinguishable from wt-SF2/ASF, and the
triple-Ala mutant was as active as wt-SF2/ASF in promoting translation in vitro,
suggesting that RNA binding was not affected by these substitutions.

Methylation of the two terminal amino groups in the Arg side chain does
not alter the positive charge, but increases the hydrophobicity, makes the side
chain bulkier, and most importantly, blocks any potential H-bond formation. This
could provide a potential means of regulating protein-RNA as well as protein-
protein interactions, such that methylation of Arg residues abolishes some
interactions based on H-bonding, while leaving electrostatic interactions
unaffected. For example, Pro-rich motifs in Sam68 interact with both SH3 and
WW domains present in interacting partners; methylation of RG repeats that flank
the Pro-rich motifs reduce the binding of Sam68 to the SH3 domains of p59""
and phospholipase Cy-1, without affecting the binding to the WW domain of
FBP30 (Bedford et al., 2000).

Because the motif recognized by PRMT1 is not strictly limited to RGG and
related sequences (Wooderchak et al., 2008), it is possible that other Arg
residues of SF2/ASF are also modified by PRMT1. One precedent is methylation
of R3 in histone H4 by PRMT1, in which the methylated Arg is not part of an
Arg/Gly-rich region (Wang et al.,, 2001). As in the case of histones, the
methylation state in the SF2/ASF linker region may control various protein-
protein interactions, either directly or by influencing other modifications of
SF2/ASF, such as phosphorylation of the RS domain. Such regulation via Arg
methylation, in conjunction with phosphorylation-dephosphorylation cycles of the
RS domain, could play a role in localization and trafficking of SF2/ASF between
cellular compartments. A precedent for this type of cross-talk has been observed
for NpI3p in budding yeast, in which hypermethylation of Arg residues in the C-
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terminal RGG/RS domain interferes with phosphorylation of neighboring Ser
residues by the kinase Skylp, which in turn blocks the import of Npl3p to the
nucleus (Yun and Fu, 2000). Phosphorylation of the RS domain is essential for
the interaction of SF2/ASF with transportin-SR2 (TRN-SR2), which acts as a
receptor for the nuclear import of SR proteins (Lai et al., 2001). Furthermore, the
phosphorylation state of SF2/ASF influences its activity as an adaptor protein for
TAP-mediated mRNA export (Huang et al., 2004; Lai and Tarn, 2004). However,
when we analyzed the interactions of wt-SF2/ASF and its mutant versions
(A1A2A3 and K;K3K3) with either TAP or TRN-SR2, we observed that all versions
of SF2/ASF interacted similarly with these two proteins, arguing against the
possibility that these three Arg residues, or their methylation states, affect these
interactions.

In addition to changing the properties of binding sites and affecting other
modifications, methylated arginines are also directly involved in protein-protein
interactions. The Tudor domain of SMN protein directly interacts with symmetric
dimethyl Arg residues in proteins with this modification (Coté and Richard, 2005).
Tudor domains have highly conserved Trp, Tyr, and Phe residues, and it has
been suggested that methyl groups on arginines may increase their affinity for
aromatic rings by increasing stacking and hydrophobic interactions through the
expanded surface area of the guanidino group, which ensures greater
delocalization of positive charge (Hughes and Waters, 2006). Proteins and their
respective domains that may bind to asymmetric dimethyl Arg residues in
SF2/ASF, and other proteins with the same modification, are yet to be
discovered.

The triple-Ala mutant of SF2/ASF was unable to enhance NMD and failed
to modulate alternative splicing of endogenous target pre-mRNAs when modestly
overexpressed. Furthermore, due to the accumulation of the protein in the
cytoplasm, A;A,A; was more efficient at enhancing translation of a luciferase
reporter when compared to wt-SF2/ASF. When we restored the nuclear
localization of A;A,A; protein by C-terminal fusion of a nuclear-retention
sequence from the non-shuttling SR protein SC35 (Cazalla et al., 2002), the
resulting A1AA3-NRS1 protein was as effective in promoting NMD as wt-
SF2/ASF, demonstrating that the effects observed with A;AA3 were due to
mislocalization. However, we note that at high levels of overexpression, A;A2A3
was as effective as SF2/ASF in promoting selection of the proximal 5’ss of the [3-
globin model pre-mRNA with duplicated 5’'ss. The A;A,A; mutant retained the
ability to shuttle, such that in the context of high overexpression, there was
enough protein in the nucleus to modulate alternative splicing, whereas at lower
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levels of expression, A;A2A; failed to alter splicing of target genes. Yet it is
interesting that even at high levels of overexpression and with the ability to
shuttle, A;A>Az was inactive in promoting NMD. The ability of SF2/ASF to
regulate splicing in a concentration-dependent manner is well documented
(Cartegni et al., 2002), whereas the precise mechanisms underlying the effect of
SF2/ASF in NMD (Zhang and Krainer, 2004) remain largely unknown, although, it
was shown recently, that transient overexpression of SF2/ASF promotes an
increase in the efficiency of the pioneer round of translation (Sato et al., 2008).
Nonetheless, we have conclusively confirmed the initial observation (Zhang and
Krainer, 2004) that nuclear localization of SF2/ASF is essential for its activity in
enhancing NMD.

Though the detailed mechanisms through which SF2/ASF promotes
transformation are understood only in part (Karni et al., 2007), improper cellular
localization of SF2/ASF may be one of the ways through which it exerts its
oncogenic activity, especially due to its regulatory roles in multiple post-
transcriptional events, both in the nucleus and cytoplasm. For example, an
increase in the cytoplasmic levels of another splicing factor, hnRNP A2, in
sputum samples serves as a powerful predictor of lung cancer almost a year
prior to clinical detection (Tockman et al., 1994), suggesting that such a change
may be a prerequisite for the transformation of lung epithelial cells.

Intriguingly, the K;K;K3 mutant was functionally indistinguishable from wt-
SF2/ASF, pointing towards the importance of charge at these positions, as
opposed to the methylation state, per se. Studies of the yeast SR-like protein,
Npl3p (Shen et al.,, 1998; Yun and Fu, 2000), other shuttling RNA-binding
proteins in mammals, such as some hnRNPs (Herrmann et al., 2004; Liu and
Dreyfuss, 1995; Nichols et al., 2000) and the transcription factors TAF15 and
EWS (Araya et al., 2005; Jobert et al., 2008), have shown that Arg methylation of
RGG motifs is involved in controlling the nucleo-cytoplasmic distribution of these
proteins. However, no obvious defect in the nuclear export or localization of
Npl3p was observed upon substitution of Arg residues in the RGG motifs to Lys
(McBride et al., 2005; Xu and Henry, 2004). A similar observation was made with
the yeast protein Hrplp, which resembles hnRNPs and also contains RGG
motifs; but in this case, additional substitutions of the Arg residues to Glu or Gin
resulted in cytoplasmic localization, most likely through impaired nuclear import
(Xu and Henry, 2004). In mammals, the Ewing’s Sarcoma oncoprotein (EWS)
interacts with components of both the transcriptional machinery, via its N-terminal
transactivation domain, as well as with the splicing machinery via its C-terminal
domain, and is thought to couple transcription and splicing (Yang et al., 2000).
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EWS is methylated at two RGG-boxes, RGG2 and RGG3, which are required for
its nuclear localization (Araya et al., 2005; Belyanskaya et al., 2001). However,
only the substitution of Arg residues in the RGG boxes to Ala, and not to Lys,
altered the transcriptional activity of EWS (Alex and Lee, 2005).

Our observation, that at least one of the substituted lysines (R109K) in the
K1K2K3 version of SF2/ASF was dimethylated, suggests that both the methylation
state and the positive charge at these positions may contribute to the localization
of SF2/ASF. Lys methylation in histone tails, and its role in epigenetic regulation,
has been extensively studied. In mammals, two distinct set of Lys
methyltransferases have been identified: the SET domain family and the DOT1
family (Smith and Denu, 2009). More recently, Lys methylation was also
described in non-histone proteins, including p53, TAF7, and TAF10 (Lan and Shi,
2009). From our own analysis, we know that naturally occurring Lys residues in
SF2/ASF are methylated, but it was totally unexpected for us to find methylation
of one of the substituted Lys residues. Also, in the absence of quantitative mass-
spectrometry data, we do not know what fraction of the total K;K;K3; protein
expressed in 293E cells underwent this modification, so it is possible that
dimethylation of the substituted Lys109 is present in only a small fraction of the
protein. Unfortunately, further experiments involving the SM and the KM mutants,
which showed activities similar to wt-SF2/ASF, did not help solve the conundrum
of charge vs. methylation, due to a possibility that even in the absence of
surrounding glycines, the Arg residues in SM protein could be methylated by
PRMT1 (see above). Unless the presence of methyl-Arg residues in SM protein
is ruled out by direct observation (mass-spec), the possibility that methylation is
involved in regulation of localization still exists.

Here, we used site-specific mutagenesis to study the specific effect of Arg
methylation on the various activities of SF2/ASF. Studies of other proteins with
Arg methylation that used a similar approach, likewise found that substituting the
Arg residues to Ala invariably resulted in mutant proteins with loss of activity
(Alex and Lee, 2005). In cases in which substitution to Lys was included as a
control for positive charge, the mutant protein was functionally indistinguishable
from the wild-type protein (Alex and Lee, 2005; McBride et al., 2005; Xu and
Henry, 2004), except when the substituted Arg is directly involved in RNA binding
(Calnan et al., 1991). As both the methylation state and the positive charge of a
particular Arg residue may be involved in regulating the activity of any given
protein, it is conceivable that certain activities of the protein that depend on
electrostatic intra- or intermolecular interactions through the positively charged
Arg residues will not be affected by Lys substitution. In at least one instance in
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which Lys was able to functionally substitute for Arg, it was inferred that charge,
and not Arg methylation (of EWS), is critical for activity (Alex and Lee, 2005).
However, in light of our observation that a substituted Lys can itself undergo
methylation, it appears that both the methylation state and the positive charge of
a given Arg residue can control the activities of a protein, in this case SF2/ASF.

In summary, our findings underscore the importance of proper localization
of SF2/ASF for its activity in key nuclear and cytoplasmic processes. We have
further identified the signals that control the distribution of SF2/ASF between
nucleus and cytoplasm, and also generated mutants of SF2/ASF with partial loss
of function. Such mutants will prove useful in future studies to dissect the
mechanisms through which SF2/ASF affects various normal cellular processes,
as well as oncogenic transformation.

2.4  Future Perspectives

The proteomic analysis to thoroughly identify all the possible modifications
in SF2/ASF as well as other SR proteins, and the subsequent functional analysis
characterizing the effects of these modifications, remains incomplete. Our
proteomic analysis was done with SF2/ASF that was transiently overexpressed in
293E cells. The PTMs identified may not entirely reflect the true physiological
state of the protein in the cell, as overexpression might lead to over or under
modification or might be a consequence of mis-localization. Purification of native
SF2/ASF from primary, immortal, and cancer cells and subsequent comparative
proteomic analysis should enable us to thoroughly analyze all the modifications
present on endogenous SF2/ASF and map them in a more complete and
physiologically relevant manner. At the same time, it might also provide us with
clues regarding specific PTM signatures or mutations of SF2/ASF that are
potentially associated with cancer.

Nonetheless, in our initial analysis we found a number of novel
modifications on SF2/ASF, most notable among them Tyr phosphorylation, Lys
acetylation, and Lys methylation, which were not known to occur on SR proteins.
The list of novel modifications also included additional sites of Ser
phosphorylation other than those found in the RS domain, as well as many new
methylated Arg residues. The crucial role played by Tyr kinases in regulation of
gene expression and cancer via signal transduction is well known. It is quite likely
that some of these Tyr kinases regulate the activity of SF2/ASF by changing its
properties in a dynamic way by modifying one or more Tyrosines found to be
phosphorylated in our study. The functional characterization of these modified
Tyrosines may provide a better understanding of the mechanism of action of
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SF2/ASF in various cellular processes. Simultaneously, the characterization of
the upstream events and the specific Tyr kinases that are involved might provide
insights into how SF2/ASF may function in response to various cellular stimuli,
with obvious implications in SF2/ASF-mediated transformation.

Another such modification that has potential for widespread implications in
SF2/ASF'’s functions, as well as its role in cancer, is Lys acetylation/methylation.
The central role played by Lys acetylation and methylation of histone tails in the
epigenetic regulation of gene expression through chromatin remodeling,
especially in cellular differentiation during development, has been studied
extensively. Further, perturbations in these modification events are thought to be
one of the major ways by which a normal differentiated cell undergoes
‘dedifferentiation’, leading to its transformation and subsequent metastasis. This
is achieved again by chromatin remodeling events that result in an increase in
expression of oncogenes and repression of tumor suppressors, due to newly
formed euchromatin and heterochromatin regions, respectively. In a recent study,
SF2/ASF was found to be associated with interphase chromatin, which is
released from chromosomes during metaphase and reassociates after
completion of telophase, in a His3 Serl0 phosphorylation-dependent manner
(Loomis et al., 2009). Additionally, SF2/ASF was shown to be essential for the
release of heterochromatin protein 1 (HP1) from the metaphase chromosomes
via direct interation. These activities of SF2/ASF appear to be related to its role in
maintaining genomic stability by destabilizing the formation of R-loops during
transcription, thus preventing double-strand breaks in DNA (Li and Manley, 2005;
Lin et al., 2008). The interaction of SF2/ASF with chromatin places it in the direct
vicinity of histone acetylases and deacetylases (HATs and HDACSs), which are
responsible for modifying the histone tails during chromatin remodeling.

Lastly, it would be extremely interesting to investigate if there is any cross-
talk between various modifications present on SF2/ASF, and their roles in
modulating the activities of SF2/ASF. Precedents for such cross-talk already
exists in the SR-like yeast protein Npl3p (see above).

2.5 Materials and Methods
2.5.1 Plasmids

The plasmid pSP64-HBA6 (Krainer et al., 1984) and the duplicated 5'ss
version pSP64-5'ssD-wt (Zhang and Krainer, 2004) have been described. The
plasmid, pUCB128SV, has a full-length B-globin gene driven by its own promoter
and the SV40 enhancer (Caceres et al., 1994). The mutant version pUCB128SV-
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T39 and the wt and mutant duplicated 5’ss versions, pUC-5’ssD-wt and pUC-
5'SSD-mt have been described (Zhang and Krainer, 2004). The mammalian
expression plasmid, pCGT-SF2/ASF, encodes a T7-tagged version of human
SF2/ASF (Caceres et al., 1997). We used site-directed mutagenesis to create the
various T7-tagged pCGT versions of single, double, or triple missense mutants,
in which the Arg residues at positions 93, 97, and 109 were changed to either Ala
or Lys (Table 4). Further, using pCGT-A:AA; and pCGT-K;K;K3 as templates,
the pCGT-SM and the pCGT-KM were also created by site directed mutagenesis,
in which the Gly residues were changed to Ala. We replaced a Clal-BstBI
fragment in the pCGT-SF2/ASF-NRS1 plasmid (Cazalla et al., 2002) by the
corresponding fragment from pCGT-A;A2Az and pCGT-K;K,K3 to create pCGT-
A1A2A3-NRS1 and pCGT-K;K:K3-NRS1, respectively. We replaced the Sacll-
BamHI fragment in pET9c-SF2/ASF(R/S) (Krainer et al, 1991) by the
corresponding fragment from pCGT-A;A2Az and pCGT-K;1K,K3 to create pET9c-
A1A2A; and pET9c-K;K;K3, respectively, for bacterial expression and purification.
We added a C-terminal 6xHis-tag to the cDNAs of wt-SF2/ASF, A;AAs, and
K1K2K3 by PCR using their pCGT versions as templates. We then individually
subcloned these amplicons as Xbal-BamHI fragments in the mammalian
expression vector pTT3 (Durocher et al., 2002). Similarly, we inserted the
amplified cDNAs of AjA,A; and K3;K;K3; with an N-terminal T7-tag as BamHI-
EcoRI fragments in the retroviral vectors pBABE-puro and pWZL-hygro. Both
pPBABE-T7SF2/ASF and pWZL-T7SF2/ASF have been described (Karni et al.,
2007). The plasmids, pLCS-EDA and pLCS-EDA™, used for translation assays
involving transient transfection, as well as the constructs used for in vitro
translation, pLuc-3xEDA and pLuc-3xEDA™ were generous gifts from Javier
Céceres, and have been described (Sanford et al., 2004). pGEX-transportin-SR2
was generously provided by Rui-Ming Xu.

2.5.2 Expression and purification of recombinant proteins

We purified recombinant untagged SF2/ASF as described (Krainer et al.,
1991). Briefly, we expressed wild-type or mutant SF2/ASF cDNAs in E. coli using
PET9c-SF2/ASF(R/S)-type plasmids, followed by a series of purification steps
including cesium-chloride gradient centrifugation to remove nucleic acids,
selective precipitation in low salt, urea denaturation, ion exchange
chromatography, and subsequent refolding of the protein. We purifed C-terminal
6xHis tagged SF2/ASF expressed in human 293-EBNA1 (293E) cells grown in
suspension using a variation of a published method (Durocher et al., 2002). We
transfected 293E cells with wild-type or mutant pTT3-SF2/ASF-His and
harvested the cells 3-4 days after transfection. We resuspended the cells in lysis
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buffer (50 mM Tris-HCI pH 8.0, 1 M NaCl, 10 mM imidazole, 20 mM j-
mercaptoethanol, 0.1% [v/v] Triton-X100) and centrifuged them after sonication
to remove insoluble material. We then precipitated most of the cellular proteins
using ammonium sulfate at 40% saturation at 4 °C, and removed them by
centrifugation. We then purified the His-tagged proteins from the supernatant by
nickel-agarose affinity chromatography.

For the purification of GST-transportin-SR2, we grew bacterial cultures of
E. coli strain, BL21, transformed with pGEX-transportin-SR2, at 37 °C till ODegoo
reached 0.6, following which we induced the cultures with 1 mM IPTG and
transferred to 21 °C incubator and grew for additional 8 h. subsequently, we
harvested the cells and lysed them using sonication in GST-lysis buffer (50 mM
Tris pH 8, 150 mM NaCl, 1mM EDTA, 10% glycerol, and 1% triton). We
removed the insoluble cellular debris using centrifugation. The soluble GST-
tagged transportin-SR2 in the clarified cell extract were then pulled-down using
their affinity towards Glutathion agarose beads (GE Healthcare) using the batch
method, and further, eluted the proteins bound to the beads using GST-lysis
buffer supplemented with 10 mM reduced Glutathione. The purified protein was
then dialyzed in Buffer D (50 mM Hepes pH 8, 100 mM KCI, 1 mM EDTA, 1 mM
DTT, and 20% glycerol), aliquoted, snap frozen in liquid nitrogen and stored in -
80 °C till further use.

2.5.3 Cell culture, and transient and stable expression of proteins

We grew HelLa and IMR90 cells in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) at 37 °C with
5% CO,. We grew 293E suspension cultures in Joklik’s modified Eagle’s medium
(JMEM) (Invitrogen) supplemented with 5% calf serum (Invitrogen). We
transfected HelLa cells with Fugene 6 reagent (Roche Diagnostics), as per the
manufacturer's recommendations, unless otherwise stated. We transfected 293E
cells using linear polyethylenimine (PEI 25000; Polysciences Inc.). We prepared
a transfection mix consisting of 1 pg plasmid DNA, 2 ug PEI, and 50 ul of IMEM
for every 1 ml of cell culture to be transfected. We then incubated the mix at
room temperature for 10-15 min and added it to the suspension culture, which we
maintained at a density of 2 X 10° cells/ml. For stable expression, we generated
retroviruses by co-transfecting pBABE or pWZL constructs of wild-type or mutant
SF2/ASF, along with a vesicular stomatitis G protein (VSV-G) expression
construct, into Phoenix cells (a gift from Scott Lowe), an ecotropic packaging cell
line expressing essential viral proteins (Hemann et al., 2004). We used the
resulting viruses to infect primary human lung fibroblasts (IMR90) to establish
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stable cell lines overexpressing wild-type or mutant SF2/ASF, as described
(Karni et al., 2007).

2.5.4 Indirect immunofluorescence (IF)

We determined the subcellular localization of transiently expressed wild-
type or mutant versions of SF2/ASF by indirect immunofluorescence using the N-
terminal T7 epitope tag, as described (Cazalla et al., 2002). Briefly, we
transfected HelLa cells grown on coverslips in 6-well plates with 1 pg of wild-type
or mutant pCGT-SF2/ASF. We fixed the cells with 4% para-formaldehyde in
phosphate-buffered saline (PBS) 36 h after transfection for 30 min, followed by
incubation for 5 min in 0.2% (v/v) Triton X-100 to permeabilize the cells. We then
incubated the cells with anti-T7 monoclonal antibody (1:1000; Novagen) for 1 h,
washed with PBS, and incubated with Alexa Fluor 488-conjugated goat anti—
mouse IgG antibody (1:1000; Invitrogen) for 1 h. We mounted the coverslips on
slides using ProLong Gold Antifade Reagent with DAPI (Invitrogen) and imaged
the cells with a fluorescent microscope (Axioskop 2 Plus, Carl Zeiss) equipped
with a camera (AxioCam, Carl Zeiss).

2.5.5 Shuttling assays

We transfected HelLa cells grown on coverslips with T7-tagged wild-type
or A1AA; mutant SF2/ASF, as above. Twenty four hours after transfection, we
incubated the cells in tissue-culture medium supplemented with 10 ng/mL
Leptomycin B (Calbiochem) for an additional 12 h. We then fixed and
permeabilized the cells, and analyzed them by IF, as above.

The heterokaryon assay to assess the shuttling activity of nuclear proteins
has been described (Caceres et al., 1998; Pifiol-Roma and Dreyfuss, 1992). In
short, to achieve high transfection efficiency, we electroporated 1 X 10° Hela
cells with 4 pg of either pCGT7-SF2/ASF or pCGT-K;K;K3 and plated them on
coverslips; we included pCGT-SC35 as a negative control. We then co-incubated
the cells with an excess of untransfected mouse NIH 3T3 cells for 3 h in media
supplemented with 50 ug/ml cycloheximide; we then increased the concentration
of cycloheximide to 100 pg/ml, with additional incubation for 30 min. We fused
the cells using polyethylene glycol (PEG), and further incubated the resulting
heterokaryons for 2 h in medium containing 100 pg/ml cycloheximide. We
visualized the cells by IF using T7 antibody, as above. We distinguished mouse
nuclei (NIH3T3) from human nuclei (HeLa) in the heterokaryons by the former’s
characteristic punctate DAPI-staining pattern.
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2.5.6 Dual luciferase assay and cellular fractionation

We transfected 40-50% confluent HelLa cells grown in 6-well plates with
0.4 pg pLCS reporter (Sanford et al., 2004), 0.2 pg TK-Renilla Luciferase
(Promega), and 1.0 ug of wild-type or mutant pCGT-SF2/ASF. We lysed the cells
using passive lysis buffer (Promega) 48 h post-transfection, and assayed the
levels of Firefly and Renilla luciferase using a Dual Luciferase Assay Kit
(Promega), measuring the luminescence with a Monolight 2010 (Analytical
Luminescence Lab). For cellular fractionation, we harvested the cells 48 h after
transfection by trypsinization, resuspended them in PBS, and used 1/10" of the
cell suspension for the luciferase assay. We collected the remaining cells by
centrifugation, resuspended them in a hypotonic buffer (10 mM Hepes pH 8.0, 10
mM KCI, 1 mM MgCl,, 1 mM dithiothreitol, 0.5% [v/v] Nonidet P-40), incubated
them on ice for 5 min, and lysed them by gentle pipetting. We centrifuged the
lysate with intact nuclei and collected the supernatant as the cytosolic fraction.
We washed the nuclear pellet with PBS and extracted the nuclear proteins by
resuspending the pellet in Laemmli buffer. We analyzed both nuclear and
cytoplasmic fractions by Western blotting.

2.5.7 In vitro translation

In vitro translation reactions consisted of 200 ng of in vitro-transcribed
pLuc reporter mRNA, 200 ng of recombinant wild-type or mutant SF2/ASF, and
translation-competent HelLa cell extracts (Bergamini et al., 2000), incubated for
30 min at 37 °C, as described (Sanford et al., 2004). We stopped the reactions
by dilution with 100 pl of passive lysis buffer (Promega) and measured
luminescence as above, using Luciferase-activating reagent (Promega).

2.5.8 In vitro splicing

We prepared radiolabeled pre-mRNAs by in vitro transcription of pSP64-
HBA6 and pSP64-5'ssD-wt plasmids linearized with BamHI, with SP6 RNA
polymerase, in the presence of a-**P-UTP. We incubated the pre-mRNAs under
splicing conditions in HeLa nuclear or cytoplasmic S100 extracts, as described
(Mayeda and Krainer, 1999a, b). We extracted the RNAs and analyzed them by
denaturing PAGE and phosphorimage analysis on a FUJIFILM FLA-5100
instrument (Fuji Medical Systems USA, Inc.). We quantified the band intensities
using Multi Gauge software Version 2.3 (FUJIFILM).
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2.5.9 RNase protection assay (RPA)

We co-transfected 40-50% confluent HelLa cells, grown in 10-cm plates,
with 0.2 ng GFP plasmid, 0.5 pg wild-type or mutant pCGT-SF2/ASF plasmid,
and 2.5 pug wt-B-globin or mutant (T-39) NMD reporter plasmids. To test both
NMD and 5’ss selection, we co-transfected 0.2 pug GFP plasmid, 0.7 ug SF2/ASF
plasmid, and 2.1 pug 5’'ssD-wt or 5’ssD-mt plasmid. We isolated total RNA 36 h
after transfection by ultracentrifugation of the cell lysates layered on a 5.7 M CsCl
cushion at 20 °C, and carried out RPA as described (Huang and Carmichael,
1996; Zhang and Krainer, 2004). We analyzed the radioactive protected
fragments by denaturing PAGE and phosphorimaging, as above.

2.5.10RT-PCR

We extracted total RNA from IMR90 cells stably expressing wild-type or
mutant SF2/ASF using Trizol reagent (Invitrogen) and reverse transcribed 2 ug
from each RNA sample using Superscript-1l (Invitrogen). We amplified the cDNAs
corresponding to transcripts of endogenous target genes of SF2/ASF by PCR
using Tag-gold polymerase (Invitrogen) with specific primers and conditions
described previously (Karni et al., 2007).

2.5.11 Antibodies and Western Blotting

We lysed cells in Laemmli sample buffer and analyzed the proteins by
Western blotting with various primary antibodies specific for SF2/ASF (mAb
AK96), SRp55 (mAb 9-1-56), Myc (mAb 9E10), T7 (Novagen), B-Catenin
(Transduction Labs), TAP/NXF1 (Abcam) and Caspase-3 (a gift from Yuri
Lazebnik). The secondary antibody was goat anti-mouse IgG conjugated to
Alexa Fluor 532 (Invitrogen). After washing, we scanned the nitrocellulose
membranes (Whatman) on a phosphorimager, and quantified fluorescence band
intensities as above.

2.5.12 Mass spectrometry

Wild-type or mutant versions of SF2/ASF were purified from 293E cells as
described above, and analyzed by mass spectrometry. Briefly, we separated the
purified proteins by SDS-PAGE and stained them with Gelcode Blue (Pierce).
We digested and processed the bands for analysis as described (Allemand et al.,
2007). We analyzed the tryptic peptides either by LC-MS/MS on an LTQ mass
spectrometer (Thermo) or by targeted fragmentation on a MALDI TOF/TOF
spectrometer (Applied Biosystems) (Bish et al., 2008). We analyzed the LC-
MS/MS runs using the X! Tandem search engine (Craig et al., 2004) using the
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following parameters: variable modifications include mono-, di-, and
trimethylation of Lys and mono- or dimethylation of Arg residues. For targeted
fragmentation, we first analyzed the precursor mass list using either Profound or
Peptidemap software packages (http://prowl.rockefeller.edu/). We then selected
peaks with precursor masses consistent with methylated peptides for
fragmentation and analyzed the resulting spectra using MS-Product
(http://prospector.ucsf.edu/). We resolved ambiguities by comparison with
theoretical spectra derived from all possible methylation patterns.

2.5.13 Immunoprecipitation and GST pull-down

For immunoprecipitation (IP), we transfected 1 pg of pCGT-SF2/ASF or its
mutants into 40-50% confluent HeLa cells grown in 10 cm petridishes and forty
eight hours later we harvested the cells by trypsinization and lysed them by mild
sonication in IP buffer (Tris-HCI pH 7.4, 150 mM NaCl, 1 mM DTT, 1 mM EDTA,
Complete EDTA free protease inhibitors [Roche diagnostics]) with or without
phosphatase inhibitors (2 mM activated NazVO,, 20 mM NaF and 25 mM -
glycerophosphate) and quantified for protein content using Micro-BSA kit
(Pierce). Protein complexes associated with T7-tagged SF2/ASF of its mutants
were pulled-down using anti-T7-agarose beads (Novagen) form the lysates
containing 500 pg of total protein in 1 ml volume. The pulled-down complexes
were resolved using SDS-PAGE followed by Western blot analysis.

For GST pull-down experiments, we added 2 pg of both the bait (GST-
transportin-SR2) and the test proteins (different versions of SF2/ASF and its
mutants) to 1 ml of Buffer D (50 mM Hepes pH 8, 400 mM KCI, 1 mM EDTA, 1
mM DDT, and 20% glycerol) and mixed by rotating gently at 4 °C for an hour.
We then pulled-down the interacting proteins using Glutathione agarose beads
(GE Healthcare), separated the proteins by SDS-PAGE and subsequently,
analyzed them by Western blotting. Wherever necessary the proteins were
incubated with S100 extract with or without ATP in buffer D with low salt (100 mM
KCI) to phosphorylate the bacterially obtained proteins before conducting the
pull-downs.

CIP treatment in both cases, wherever necessary, was carried out prior to
the pull-downs with 20 units of CIP (New England Biolabs).
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2.7 Tables

Table 1. Modified residues identified in 998

Modification Residues | Positions

Monomethylation Arg 156, 195, 214, 230

Monomethylation Lys 185

Dimethylation Arg 3,6,93,172, 180, 222

Phosphorylation Ser 32, 89, 128, 130 157, 159, 165,
167, 198, 200, 202, 204, 208, 209

Phosphorylation Tyr 33,34

Ubiquitination Lys K12, K212, k219

Table 2. Modified residues identified in SRp20

Modification Residues | Positions
Monomethylation Arg 43, 57, 163
Dimethylation Lys 11, 85
Dimethylation Arg 28, 86, 159
Phosphorylation Ser 81, 87, 148
Phosphorylation Tyr 104
Ubiquitination Lys 146
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Table 3. Modified residues identified in SC35

Modification Residues | Positions
Monomethylation Arg 5,178, 190
Monomethylation Lys 36, 52, 197
Dimethylation Arg 146, 150, 188, 205
Phosphorylation Ser 128, 145, 147, 191, 196
Ubiquitination Lys 148, 170, 172, 207

Table 4: Primers used for site-directed mutagenesis

Primer Sequence

MUTSF2AF1 | GTGGAGTTTCCTCGAAGCGGCGCTGGAACAGGCCGAG
GCGGCGGC

MUTSF2AF2 | CGAAGCGGCCGTGGAACAGGCGCAGGCGGCGGCGGG
GGTGGAGGT

MUTSF2KF1 | GTGGAGTTTCCTCGAAGCGGCAAAGGAACAGGCCGAG
GCGGCGGC

MUTSF2KF2 | CGAAGCGGCCGTGGAACAGGCAAAGGCGGCGGCGGG
GGTGGAGGT

MUTSF2KF3 | GGTGGAGGTGGCGGAGCTCCCAAAGGTCGCTATGGCC
CCCCATCC

MUTSF2AR1 | GCCGCCGCCTCGGCCTGTTCCAGCGCCGCTTCGAGGA
AACTCCAC

MUTSF2AR2 | ACCTCCACCCCCGCCGCCGCCTGCGCCTGTTCCACGG
CCGCTTCG

MUTSF2KR1 | GCCGCCGCCTCGGCCTGTTCCTTTGCCGCTTCGAGGAA
ACTCCAC

MUTSF2KR2 | ACCTCCACCCCCGCCGCCGCCTTTGCCTGTTCCACGGC
CGCTTCG

MUTSF2KR3 | GGATGGGGGGCCATAGCGACCTTTGGGAGCTCCGCCA

CCTCCACC
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MUTSF2F1

GTGGAGTTTCCTCGAAGCGGCGCTGGAACAGGCGCAG
GCGGCGGCGGGGGTGGAGGT

MUTSF2F2 GGTGGAGGTGGCGGAGCTCCCGCAGGTCGCTATGGCC
CCCCATCC

MUTSF2R1 ACCTCCACCCCCGCCGCCGCCTGCGCCTGTTCCAGCG
CCGCTTCGAGGAAACTCCAC

MUTSF2R2 GGATGGGGGGCCATAGCGACCTGCGGGAGCTCCGCCA

CCTCCACC
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2.8 Figures and Figure legends

Figure 2.1 Mass-spec analysis reveals that SF2/ASF is extensively
modified at multiple residues. We purified SF2/ASF expressed in 293E cells,
separated them by SDS-PAGE after either with or without the treatment with CIP
and stained them with GelCode blue. Next, we excised individual bands,
digested them with trypsin, and analyzed them by MALDI-TOF. We also
analyzed the unmodified SF2/ASF obtained from bacteria, purified SF2/ASF-ARS
from 293 cells, and the purified SF2/ASF coexpressed with CIk/STY in E. coli the
same way for comparison. The different modifications identified after the
extensive comparative analyses were mapped and their individual positions are
represented on the polypeptide sequence of SF2/ASF. The orange bars show
the boundaries of conserved RNP1 and RNP2 motifs in both the RRMs of
SF2ASF (Birney et al., 1993). The secondary structure elements based on the
available NMR structures are also depicted. Arrows: B-strands, cylinders: a-helix
(He, 2005; Tintaru et al., 2007a; Tintaru et al., 2007Db).
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Figure 2.2 Types of arginine methylation in mammals. The mechanism
of action of the three different types of protein arginine methyl-transferases
(PRMTSs) is shown. All three types, PRMT-I, II, and Il catalyze the formation of
w-monomethylarginine (w-MMA) from arginine in an unmodified polypeptide
chain.  Further, PRMT type-l enzymes convert w-MMA to w-
assymetricdimethylarginine (w-ADMA), whereas PRMT type-Il convert w-MMA to
w-symmetricdimethylargine (w-SDMA). Type-lll PRMTs only form w-MMA
(Bedford and Clarke, 2009). The added methyl groups are depicted in red.
Another class of enzymes, protein arginine demethylases (PADs), can only use
w-MMA as substrate and convert them to citrulline by releasing methylamine.
SAM: s-adenosylmethionine, SAH: S-adenosylhomocysteine.
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Figure 2.3 Localization and shuttling activity of wild-type and mutant
SF2/ASF. (A) Modular structure of SF2/ASF and mutants in the inter-RRM linker
region. The three Arg residues in bold are methylated, and we mutated each one
to Ala or Lys. (B) Indirect immunofluorescence of HelLa cells transfected with
wild-type or mutant T7-tagged SF2/ASF cDNA, with or without fusion to a
nuclear-retention signal peptide from SC35 (NRS1) (Cazalla et al., 2002). (C)
Indirect immunofluorescence of Hela cells transfected with T7-tagged SF2/ASF
or A1A A3 mutant, with or without prior treatment with 10 ng/ml leptomycin B for
12 h. (D) Heterokaryon assay (Caceres et al., 1998; Pifiol-Roma and Dreyfuss,
1992). We transfected Hela cells with T7-tagged SF2/ASF, K;K2K3, or SC35 as a
control. After 24 h, we treated the cells with cycloheximide, fused them with
mouse NIH 3T3 cells using polyethylene glycol, and incubated them for 2 h. After
fixation, we determined the localization of the transiently expressed proteins in
the heterokaryons by indirect immunofluorescence. The panels on the right
column show the merged images of T7 and DAPI signals. The arrows indicate
mouse nuclei within human-mouse heterokaryons, distinguished from human
nuclei by their characteristic DAPI staining (middle column). The panels on the
left column show phase-contrast images of the same heterokaryons.
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Figure 2.4 Localization of single or double Ala mutants of R93, R97,
and R109 of SF2/ASF. The panels show indirect immunofluorescence of HeLa
cells co-transfected with GFP and wild-type or mutant T7-tagged SF2/ASF.
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Figure 2.5 Effect of overexpression of wild-type or mutant SF2/ASF
on NMD. (A) We co-transfected a human B-globin gene (WT) or a mutant (MT)
version with an in-frame PTC, with wild-type or mutant versions of SF2/ASF into
HelLa cells. We extracted total RNA 36 h after transfection and analyzed it by
RPA. We also co-transfected a GFP-expressing plasmid as an internal reference,
and used B-globin and GFP probes simultaneously for RPA. Western blot with T7
antibody in the bottom panel shows expression of each tagged protein. (B) Effect
of single or double Ala mutants of SF2/ASF on sensitivity to a PTC upon
overexpression. We performed transient co-transfection and RPA as in (A). (C)
Quantification of phosphorimager signals from multiple experiments as in (A) and
(B). We normalized the individual mRNA intensities to the corresponding GFP
intensities in each lane. We plotted the ratios of normalized MT mRNA to WT
MRNA intensities to show the relative NMD enhancement upon overexpression
of each protein. n = 2-5; error bars = standard deviation (SD). (D) Schematic
representation of the WT and MT (-globin reporters and the RPA probe.
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Figure 2.6 Effect of overexpression of wild-type or mutant SF2/ASF on
alternative 5'ss selection and NMD. (A) A co-transfected (3-globin minigene
(WT) has duplicated 5’ss, and can be spliced via either the proximal or the distal
5’'ss; the mutant (MT) version has an in-frame PTC, such that the proximal
MRNA is susceptible to NMD (Zhang and Krainer, 2004). We analyzed total RNA
recovered from HelLa cells after transient co-transfection with wild-type or mutant
versions of SF2/ASF by RPA. We co-transfected GFP plasmid as a reference,
and used B-globin and GFP probes simultaneously. The bottom panel shows the
expression of each tagged protein analyzed by western blotting. (B)
Quantification of phosphorimager signals from multiple experiments as in (A).
The plot shows individual WT proximal and WT distal-mRNA intensities
normalized to the corresponding GFP intensities in each lane. n = 2-5; error bars
= SD. All three versions of SF2/ASF promote use of the proximal 5'ss. (C)
Schematic representation of the WT and MT [(-globin reporters with duplicated
5’ss, and the RPA probe. (D) Same as (B). We plotted the normalized intensities
of both WT and MT proximal-mRNA levels to show the NMD enhancement upon
overexpression of the depicted proteins. The wild-type and K;K;K3 versions
promoted NMD, whereas the A1A2A3 version was inactive.
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Figure 2.7 Effect of single- or double-Ala mutants of SF2/ASF on
alternative 5’ss selection and sensitivity to a PTC upon overexpression. We
cotransfected B-globin and GFP probes simultaneously into HelLa cells as in Fig.
2.6 and performed RPA with GFP signal as a reference. All versions of SF2/ASF
promote use of the proximal 5’ss. Individual Ala substitutions promote NMD as
efficiently as the wild-type or K;K;K3 version; the double-Ala substitutions in
every possible combination have intermediate effects when compared to the
triple mutant.
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Figure 2.8 In vitro splicing activity of wild-type and mutant SF2/ASF.
(A) Coomassie stain of SDS-polyacrylamide gel showing the different versions of
recombinant SF2/ASF purified from either 293E cells or E. coli. (B) S100-
complementation assay to test the general splicing activity of wild-type or mutant
SF2/ASF purified from 293E cells, using a radiolabeled (-globin minigene pre-
MRNA. We added increasing amounts of each protein (4, 8, 16, 24 pmol) to
otherwise identical reactions. The mobilities of pre-mRNA and mRNA are
indicated on the right. M: molecular-weight marker; NE: splicing in nuclear
extract. (C) In vitro splicing assay to test the alternative splicing activity of wild-
type or mutant SF2/ASF purified from 293E cells, using a model B-globin pre-
MRNA with a duplicated 5’ss derivative (Zhang and Krainer, 2004). The positions
of the pre-mRNA and the two spliced mRNA isoforms are indicated on the right.
We supplemented the splicing reactions in HeLa nuclear extract with increasing
amounts of each protein (4, 8, 16, 24 pmol). (D) Graph showing quantification of
phosphorimager signals from multiple experiments as in (B). We normalized the
MRNA intensities to the corresponding pre-mRNA intensities in each lane, and
plotted them as the percentage of splicing as a function of the amount of protein
added. n = 2-3; error bars = SD. (E) Graph showing quantification of
phosphorimager signals from multiple experiments as in (C). We divided the
proximal-mRNA intensities by the sum of proximal and distal mMRNA intensities in
each lane, and plotted them as the percentage of proximal mRNA as a function
of the amount of protein added. n = 2; error bars = SD.
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Figure 2.9 In vitro splicing activity of unmodified wild-type or mutant
SF2/ASF. (A) S100-complementation assay to test the general splicing activity of
recombinant wild-type or mutant SF2/ASF purified from E. coli, using
radiolabeled B-globin pre-mRNA. Pre-mRNA, splicing intermediates, and
products are depicted on the right. M: molecular weight markers; NE: splicing in
nuclear extract. The A;A,Asz mutant was less active than the wild-type or K;K;Ks
versions. (B) Quantification of phosphorimager signals from several experiments
as in (A). We normalized the mRNA intensities to the corresponding pre-mRNA
intensities in each lane, and plotted the percentage of splicing as a function of
the amount of recombinant protein added (2, 4, 8, 12, 16, 20, 24, 32, 64 pmol). n
= 1-5; error bars = SD.
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Figure 2.10 Effects of wild-type or mutant SF2/ASF on alternative
splicing of endogenous transcripts in IMR90 cells. (A) We extracted total
RNA and protein from IMR90 cells stably overexpressing the indicated proteins
after retroviral transduction (Karni et al., 2007). We analyzed total RNA by RT-
PCR and detected the expressed T7-tagged proteins and endogenous SRp55
and SF2/ASF by Western blotting. (B) & (C) Graphs showing the levels of
different mMRNA isoforms of MNK2 and BIN1, respectively, after quantification of
the corresponding lanes in (A).
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Figure 2.11 Effect of wild-type or mutant SF2/ASF on ESE-dependent
stimulation of translation. (A) Diagram of the translation reporter with an in-
frame fibronectin EDA wild-type or mutant ESE upstream of the Firefly luciferase
ORF (Sanford et al., 2004) (top panel). We co-transfected HelLa cells with the
reporter, wild-type or mutant T7-tagged SF2/ASF cDNA, and a Renilla luciferase
reporter as a control for transfection efficiency. We harvested the cells after 48 h
and analyzed them by the Dual Luciferase Reaction (DLR) assay. The bottom
panel shows the ratios of Firefly to Renilla luciferase activity (bottom panel). n =
4; error bars = SD. (B) Subcellular distribution of the luciferase reporter mMRNAs
upon overexpression of wild-type or mutant SF2/ASF. We prepared nuclear and
cytosolic fractions from aliquots of the transfected cells used for the DLR assay in
(A), and measured the levels of the Firefly reporter mRNA by RT-PCR, as well as
endogenous GAPDH mRNA as a reference (bottom two panels). Western blots
show the levels of nuclear c-Myc protein and cytosolic Caspase-3 protein to
verify proper fractionation (top two panels). (C) Effect of wild-type or mutant
SF2/ASF on stimulation of translation in vitro. Diagram of the in vitro reporter
(Sanford et al., 2004) (top panel). We incubated in vitro transcribed reporter
MRNAs (200 ng) with three copies of wild-type or mutant EDA ESE in a HelLa
cell translation extract with or without 200 ng of recombinant wild-type or mutant
SF2/ASF at 37 °C for 30 min. The histogram shows the luciferase activity for
each reaction.
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Figure 2.12 Enhancement of NMD by SF2/ASF or mutants fused to a
nuclear-retention signal. We co-transfected T7-tagged, wt-SF2/ASF, or the
A1A2A3 and K;K;K3 mutants, with or without the NRS1 peptide from SC35 fused
at the C-terminus, with B-globin with or without a PTC. (A) RPA of total RNA
after transient expression, as in Figure 4 (A). The bottom panels show western
blots with anti-T7 antibody to detect the expressed tagged proteins, and
endogenous [(-catenin as a reference. (B) Quantification of phosphorimager
signals from multiple experiments as in (A). We normalized the individual mRNA
intensities to GFP mRNA, and plotted the ratios of normalized MT to WT mRNA
intensities as in Figure 4 (C). n = 2-5; error bars = SD.
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Figure 2.13 Tandem mass spectrometry of the K;K;K3 protein. (A)
Coomassie stained SDS-polyacrylamide gel showing the different versions of
SF2/ASF purified from 293E cells, before and after treatment with calf intestinal
phosphatase (CIP). (B) We purified wild-type and mutant SF2/ASF expressed in
293E cells, treated them with CIP, separated them by SDS-PAGE, and stained
them with GelCode blue. Next, we excised individual bands, digested them with
trypsin, and analyzed them by MALDI-TOF. We selected peptides corresponding
to the region of interest and analyzed them by MS/MS. The MS/MS spectrum
shown is from one such peptide from the K;K;K3 protein with two methyl groups.
The largest peak (b16 = 1112.5) has a match only when one of the three Lys
residues is dimethylated, and not if two of them are monomethylated. The
peptides marked with an asterisk correspond to peptide mass peaks that can
occur only when Lys at position 109 is dimethylated. The ion-matches observed,
when one of the three Lys is dimethylated, (K*™®) is represented at the bottom,
which indicates that Lys109 is indeed dimethylated in this peptide.
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Figure 2.14 Schematic representations of the motif mutations
introduced to create SM and KM proteins. Figure shows the different Gly—Ala
as well as Arg™!—Lys substitutions introduced in the inter-RRM linker region of
SF2/ASF as well as the K;K;K3 mutant to alter the RGG and RGG-related motifs.
The individual motifs are underlined. The Arg residues under investigation in wt-
SF2/ASF are shown in orange and the corresponding initial triple mutations
(A1A2A3 and K;K3K3) are shown in red. The Ala substitutions of the surrounding
Gly residues as well as the substituted Lys at position 111, for both SF2/ASF and
K1K2K3, are depicted in green.
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Figure 2.15 Subcellular localization of SM and KM mutants. Indirect
immunofluorescence of HelLa cells co-transfected with GFP and wild-type or
mutant T7-tagged SF2/ASF.
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Figure 2.16 Effect of overexpression of SM and KM mutants on NMD.
We cotransfected B-globin and GFP probes simultaneously into HelLa cells as in
Fig. 2.5 and performed RPA with GFP signal as a reference. Both SM and KM
versions of SF2/ASF promote NMD as efficiently as the wild-type or K;K:K3
version.
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Figure 2.17 Interactions between TAP/NXF1 and SF2/ASF. (A) We
transfected HelLa cells with T7-tagged SF2/ASF or its mutants and 48 h later,
prepared the cell extracts with phosphatase inhibitors. We used 500 pg of the
lysates for immunoprecipitation (IP) using anti-T7 agarose beads (Novagen), and
eluted the final immunpprecipitated proteins by resuspending the beads in
Laemmli buffer. We used 1% each of the eluted fraction as well as the whole cell
lysate, resolved the constituent proteins by SDS-PAGE and analyzed by Western
blotting (WB) using anti-T7 antibody. We analyzed the remaining eluted immune
complexes by SDS-PAGE followed by WB with anti-TAP/NXF1. (B) Same as in
(A) except cell lysates were prepared without phosphatase inhibitors and treated
with calf intestinal phosphatase (CIP) before conducting the IP. The red arrows
point to the expedted position of band corresponding to TAP/NXF1.
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Figure 2.18 Unmodified SF2/ASF interacts with transportin-SR2. We
purified GST-transportin-SR2 as well as SF2/ASF and its mutants from E. coli
and used 2 ug of each protein for the GST pull-down. To visualize the interaction
we resuspended the beads in Laemmli buffer, separated them by SDS-PAGE
and analyzed by Western blot using anti-SF2/ASF (mAb96). In order to see the
effect of phosphorylation on the interaction, we incubated SF2/ASF or its mutants
in cytoplasmic S100 extract with ATP for 30 minutes pririon to GST pull-down.
The wt-SF2/ASF incubated in S100 extract without ATP was used as a control.
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Figure 2.19 Dephosphorylated SF2/ASF interacts with transportin-
SR2. We purified SF2/ASF or its mutants from 293E cells and used 2 pg of each
protein for GST pull-down using GST-transportin-SR2 as bait either with or
without prior treatment with calf intestinal phosphatase (CIP).
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Chapter 3:

Antisense oligos: towards a cure for ‘life without pain or tears’
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3.1 Introduction

It has been estimated that a substantial proportion of inherited genetic
diseases are the results of splicing mutations (Lopez-Bigas et al., 2005). As
described earlier, there are two ways splicing mutations can result in disease.
The first mechanism involves mutations in the cis-acting elements present on the
pre-mRNA, specifically, 5'ss, 3'ss, BPS, enhancers (ESE and ISE), and silencers
(ESS and ISS) (see Chapter 1). The second mechanism involves changes in the
physiological levels of trans-acting splicing regulatory proteins, which recognize
enhancers and silencers. Perturbation of any kind, either mutations or changes in
the levels of the core splicing machinery, rarely results in disease, probably
because such events may be almost always incompatible with life and survival
(Tazi et al., 2009).

In the first mechanism, a major fraction of disease-causing genetic
mutations, which may either disrupt or create new cis-acting splicing elements,
remain undetected due to our lack of understanding of the extremely degenerate
enhancers and silencers, as well as our inability to distinguish between real and
pseudo splice sites. As a direct result, even in the present era when the
sequence of the entire human genome is available, complete information about
all possible splice variants of a vast majority of important genes involved in
diseases is lacking (see Chapter 1) (Wang and Cooper, 2007). However, our
accumulated knowledge about splicing, as well as its involvement in disease, is
ever increasing, with a growing list of diseases caused by splicing mutations
(Cartegni et al., 2002; Wang and Cooper, 2007). In one study, about 10% of
approximately 80,000 mutations reported in the human gene mutation database
(HGMD) affect ‘known’ splice sites (Cooper et al., 2006).

Familial dysautonomia (FD) is one such autosomal condition that is
caused by a recessive 5'ss mutation. FD or Riley-Day syndrome, as it was
known earlier (Riley, 1952; Riley et al., 1949), is a hereditary sensory autonomic
neuropathy type-lll (HSAN-III), which is characterized by poor development and
progressive degeneration of sensory and autonomic neurons (Axelrod and
Simson, 2007). FD is a rare genetic disorder found almost exclusively in the
Ashkenazi Jewish population, with a frequency of 1/3600 live births and a carrier
frequency of 1/30, which increases up to 1/18 in Ashkenazi Jews of Polish
descent (Maayan et al., 1987; Slaugenhaupt and Gusella, 2002). Almost all of
the symptoms of FD result from widespread neuronal dysfunction caused by the
continued degeneration of unmyelinated neurons involved in sensory and
autonomic pathways. The most notable symptoms include: anhidrosis
(inappropriate sweating) leading to hypothermia; absence of fungiform papillae
on the tongue resulting in decreased taste; depressed deep tendon reflexes;
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postural hypotension; mild to moderate loss of pain and temperature perception;
lack of overflow tears with emotional crying (alacrima); gastroesophageal reflux;
and scoliosis (Axelrod and Simson, 2007). The extent and severity of the
symptoms vary among patients, but even with advanced management, the
disease leads to premature death, with only half of the patients surviving to 40
years of age (Slaugenhaupt and Gusella, 2002).

Sixteen years ago, FD was found to be genetically linked to the long arm
of Chromosome 9 (9931) (Blumenfeld et al., 1993), but the gene responsible for
FD, called IKBKAP, was identified and cloned only later (Anderson et al., 2001).
The IKBKAP gene consists of 37 exons spanning a region of approximately 68
kb that encodes for the 150-kDa IKAP protein, comprised of 1332 amino acids
(Fig. 3.1). A single recessive intronic point mutation in exon 20 (IVS20+6T—C) of
the IKBKAP gene was found linked with the disease in over 99.5% of the cases.
The mutation weakens the 5'ss of intron 20, as it replaces the conserved
thymidine at position +6 with a non-consensus nucleotide, cytosine, leading to
the skipping of exon 20 (Anderson et al., 2001). The skipping of exon 20 causes
a frameshift, introducing a PTC in exon 21, which results in a truncated protein of
only 699 amino acids (Fig. 3.2). The presence of a PTC in the skipped mRNA
also makes it potentially susceptible to degradation via the NMD pathway (see
Chapter 1). Additionally, two more missense mutations were identified,
specifically, a single point mutation in exon 19 (G-»C; R696P) and another
mutation in exon 26 (P914L). Both the missense mutations represent minor
mutations, as they are always accompanied by the major intronic non-coding
mutation on the other allele (Leyne et al., 2003). Though it is clear that FD
involves a splicing defect, it is not fully understood why pathogenesis is specific
and exclusive to the peripheral nervous system, especially when disruption of
IKBKAP splicing is ubiquitous across different tissues. Moreover, homozygous
mutant cells derived from FD patients, as well as various patient tissues, express
both included and skipped versions of the IKBKAP mRNA (Gold-von Simson and
Axelrod, 2006; Slaugenhaupt et al., 2001). It has been observed that the relative
levels of IKBKAP splice variants differ among different tissues in patients, with
the levels of the full-length mRNA being the lowest in central and peripheral
nervous systems, thus leading to the proposal that the restriction of phenotype
exclusively to the neuronal tissue may result from tissue-specific differences in
splicing and/or NMD (Cuajungco et al., 2003; Slaugenhaupt et al., 2001).

Very little is known about the mechanism by which depletion of the IKAP
protein results in the pathogenesis of FD. IKAP was first described as an IkB
kinase (IKK) complex-associated protein that acts as a scaffold and binds both
NF-kB-inducing kinase and IKKs through separate domains, thus assembling
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them into an active kinase complex (Cohen et al.,, 1998); this claim was
subsequently repudiated (Krappmann et al., 2000). Today, it is established that
IKAP is part of the human elongator complex and has a role in transcriptional
elongation (Hawkes et al., 2002; Kim et al., 2002). Elongator complex was first
identified as part of RNAP-II holoenzyme and isolated from yeast chromatin
(Otero et al., 1999). Further characterization showed that the elongator is
comprised of two sub-complexes that combine to form the holo-elongator,
consisting of 6 subunits, elongator proteins 1-6 (Elpl, Elp2, Elp3, Elp4, Elp5, and
Elp6) (Fellows et al., 2000; Krogan and Greenblatt, 2001; Li et al., 2001; Winkler
et al., 2001). The core complex consists of Elp1-3, with Elpl (IKAP) being the
largest subunit. Another constituent of the core, Elp3, is similar to the GCN5
family of histone-acetyltransferases (HATs) based on homology (Wittschieben et
al., 2000; Wittschieben et al., 1999). Though Elp3 is part of the core complex, it is
not sufficient for HAT activity and requires the association of a smaller sub-
complex comprised of Elp4-6. It was demonstrated that the holo-elongator (Elp1-
6) preferentially acetylates histone H3, with a weaker affinity for histone H4
(Winkler et al., 2002), and promotes RNAP-II transcription from chromatin, but
not naked DNA, in an acetyl-CoA-dependent manner (Kim et al., 2002).
Subsequent evidence showed that the elongator complex associates with the
transcription machinery after initiation of transcription and promotes elongation
(Kouskouti and Talianidis, 2005; Metivier et al., 2003). In a more recent study,
microarray analysis of IKAP/Elpl-depleted HelLa cells revealed that a subset of
genes regulated by elongator are involved in cell migration. Consistently, both
IKAP-depleted HelLa cells, as well as FD-patient-derived fibroblasts, show
pronounced defects in cell migration and motility. These are processes critical for
development and maintenance of the nervous system, suggesting the role of loss
of elongator in FD pathogenesis (Close et al., 2006). In addition to its role in
transcription, the elongator has been implicated in various other cellular events,
including stress signaling, exocytosis, and tRNA modification (Svejstrup, 2007).
However, how these additional functions may be related to FD phenotype is not
known.

FD is undoubtedly the most studied among the HSANs and the only one
for which a genetic screen is commercially available. Although there have been
various attempts to find a therapy, to date prevention by prenatal screening
remains the only weapon in the fight against FD. Almost all of the attempts to find
a cure have focused on correcting the splicing defect by increasing the levels of
exon 20 inclusion through treatment with various small molecules, with varying
degrees of success. Most notable among these small molecules are tocotrienols,
epigallocatechin gallate (EGCG), and kinetin. It was shown that treatment of FD-
derived human fibroblasts, as well as neuronal-derived cells with d-tocotrienol, a
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member of the vitamin A family, results in the increased transcription of the
IKBKAP gene, which in turn leads to increased levels of full-length IKAP protein
(Anderson et al., 2003b). EGCG, a polyphenol, was shown to increase the levels
of full-length IKAP mRNA and protein by increasing the inclusion of exon 20 in
FD-derived cells, probably by downregulation of the splicing repressors hnRNP
A2/B1l. Combined treatment with both &-tocotrienol and EGCG resulted in a
synergistic increase in IKAP protein levels in FD patient fibroblasts (Anderson et
al., 2003a). Similar to EGCG, a plant cytokine, kinetin, has also been shown to
promote the inclusion of exon 20 in FD-derived lymphoblasts (Slaugenhaupt et
al., 2004). In a recent clinical study, which involved 29 healthy individuals that
were heterozygous for the major FD mutation, orally administered kinetin was
shown to increase the levels of full-length IKAP mRNA after 8 days of treatment
(Gold-von Simson et al., 2009).

Besides small molecules, antisense oligonucleotides (ASOs) provide
another avenue towards therapy for various genetic disorders, including those
caused by splicing mutations. ASOs have great therapeutic potential due to the
ease with which they can be designed, synthesized, and then used to specifically
micromanipulate a given aspect of gene expression without affecting other
processes. For example, ASOs can be used to block translation through
formation of a duplex with the mRNA, to direct RNaseH-mediated degradation of
the target mRNA through the formation of RNA-DNA hybrids, or to modulate
alternative splicing of target pre-mRNA by blocking splice sites and/or
enhancers/silencers. More recently, a new class of ASOs that utilize the RNA
interference machinery to shut off target genes have emerged as potential
therapeutic agents. These new ASOs are: small interfering RNA (siRNA), short
hairpin RNA (shRNA), and micro RNA (miRNA). Besides ASOs, there are other
classes of oligonucleotides that are being used or have the potential to be used
as therapies; most notable are aptamers, ribozymes, and RNA decoys. The
concept that the cellular machinery can be redirected by ASOs (or by other
oligonucleotides), towards a more favorable outcome, especially in the case of
various genetic diseases, has existed for a long time. However, only in a couple
of instances have the oligonucleotides made it to the clinic as drugs. The first
such drug to be ever approved by the Food and Drug Administration (FDA) for
treatment of a human disease was Fomivirsen, which is an ASO that blocks
translation from mRNA of an important cytomegalovirus gene and is used to treat
retinitis (Holmlund, 2003). The other FDA-approved drug is an aptamer,
Pegaptanib, which acts as an anti-angiogenic agent by binding to VEGF and is
used in the treatment of age-related macular degeneration (AMD) (Bonetta,
2009).
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The various hurdles that have impeded the development of ASOs as
drugs are multilayered, and include stability, tissue-specific delivery, and
specificity. For a long time, the major hurdle has been the lack of desired levels
of stability of the ASOs. Unmodified ASOs, if administered, are rapidly cleared,
often in a matter of hours, by the action of various nucleases. Recent advances
in chemical modifications that alter the backbone of ASOs, have largely
overcome stability issues and have ensured that ASOs persist in the vascular
system long enough (most often weeks to months), and in sufficient quantities, to
fully exert their therapeutic potential. Some of these modifications include
morpholino, peptide nucleic acid (PNA), locked nucleic acid (LNA), 2’-O-methyl,
phosphothioate, and 2’-O-methoxyethyl (ISIS Pharmaceuticals) (Karkare and
Bhatnagar, 2006). Due to these advances, there has been a renewed interest in
ASOs as therapeutic agents, with an increasing number of potential ASOs
reaching the stage of clinical trials (Bonetta, 2009).

Other criteria that are crucial, especially if ASOs are intended to modulate
the splicing of target genes, are nuclear accumulation and affinity of binding. The
ASOs must not only be able to reach the nucleus, but also should be able to
overcome and outcompete various RNA-RNA and RNA-protein interactions
between the spliceosome and the splice-signals, such that splicing is directed
towards a more desirable alternative outcome. It is expected, however, that not
all oligos can overcome the native ribonucleoprotein (RNP) interactions. Besides,
information about cis-acting sequences other than splice-sites (enhancers and
silencers), is usually lacking, which makes it difficult to predict the precise region
where an oligo should be targeted. Therefore, multiple overlapping oligos should
be tested by tiling stretches of pre-mRNA of varying lengths in order to identify
the best functional oligo that can affect splicing.

In collaboration with ISIS Pharmaceuticals, our laboratory has successfully
developed a few antisense-oligonucleotide (ASO) drug candidates that have the
potential to treat or even cure spinal muscular atrophy (SMA) by correcting
SMNZ2 exon 7 splicing (Hua et al., 2007; Hua et al., 2008). These oligos carry
either a 2’-O-methoxyethylribose-phosphorothioate or 2’-O-methoxyethylribose-
phosphate backbone (referred to as pS-MOE-ASOs and pO-MOE-ASOs,
respectively) instead of the ribose-phosphate backbone present in the natural
RNA, which confers to them not only very high resistance to both exo- and
endonucleases, but also much higher affinity for the target sequences (Fig. 3.5).
Moreover, these oligos do not support cleavage of hybridized mRNA by RNase H
and the modifications do not affect their nuclear penetration. The pO-MOE-ASOs
are used in cell culture assays, whereas pS-MOE-ASOs are used in animal
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model systems, as they are more stable and are more efficiently internalized in
comparison.

SMA is a common motor neuron degenerative disease, which is caused
by the loss or inactivation of survival of motor neuron (SMN) protein (Lefebvre et
al., 1995; Talbot and Davies, 2001). SMN is essential for cell viability, as it plays
a crucial role in snRNP biogenesis (Neuenkirchen et al., 2008). In humans, there
are two genes that encode the SMN protein, survival of motor neuron 1 (SMN1)
and 2 (SMN2), both of which have identical open reading frames. However, the
majority of full-length functional protein in the cell results from expression of the
SMN1 gene. A single nucleotide difference between SMN1 and SMN2 at position
6 of exon 7 (C—T) leads to skipping of exon 7 in SMN2. Though the naturally
occurring single-nucleotide substitution in exon 7 of SMN2 does not alter the
amino acid sequence, it inactivates an ESE and probably creates an ESS,
leading to the skipping of exon 7 in a major fraction of SMN2 trancripts (Cartegni
et al., 2006). The skipped splice variant of SMN2 results in a truncated protein,
SMNAY7, which is highly unstable and is non-functional. Only a small fraction of
the SMNZ2 transcripts, ranging from 10-20% depending on tissue type, is spliced
into full-length mRNA leading to functional SMN protein. All SMA patients show
either loss or inactivation of SMN1, but preserve at least one copy of SMN2. As
the severity of SMA is inversely proportional to SMN levels, the severity of the
disease symptoms vary widely among patients, depending upon the number of
copies of SMN2 present in the genome (Wirth et al., 2006). One approach for
SMA therapy is to correct the splicing defect in SMN2 by promoting exon 7
inclusion, and thus alleviating the SMN deficiency. In our laboratory, Hua and
coworkers employed the tiling approach (see above) to scan exon 7 and the
surrounding intronic sequences with 15-20mer MOE-ASOs and thus identified
several oligos that had a strong positive effect on exon 7 inclusion. Exon
inclusion is promoted when ASOs bind to cis-acting silencers (ESS and ISS) and
conversely, oligos that target enhancers (ESE and ISE) lead to exon skipping.
The screen not only characterized oligos that were able to correct the SMN2
splicing defect but also identified several new enhancers and silencers that
control the splicing of exon 7, both within exon 7 and in the surrounding intronic
regions (Hua et al., 2007; Hua et al., 2008). A few such MOE-ASOs that target
an intronic region immediately downstream of the 5’ss of intron 7 could achieve
up to ~95% SMN2 exon 7 inclusion in both patient-derived cells and in various
tissues in type Il SMA mice, after systemic administration (Hua et al., 2008). The
increase in MRNA was correlated with a significant increase in full-length SMN
protein. Further analysis of the target intronic region revealed the precise silencer
element (ISS) and its trans-acting factor, hLnRNPA1, providing mechanistic insight
into the regulation of exon 7 splicing (Hua et al., 2008).
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However, other hurdles mentioned above still remain. For example, ASOs
are unable to cross the blood-brain barrier, and upon systemic administration,
some organs, like liver and kidney, may be better targeted than others, like
pancreas and muscle (Bonetta, 2009; Hua et al., 2008). Though specificity of an
ASO can be easily predicted by BLAST search, off-target effects of a given oligo
must be empirically determined through studies in animal model systems, and
subsequent trials in primates, and finally, human subjects, like any other putative
drug.

The widespread malfunction of the peripheral nervous system observed in
FD patients, is a direct result of poor development and progressive loss of the
sensory and autonomous neurons. Although consistent neuropathological
condition related to central nervous system (CNS) has not been documented in
case of FD, quite frequently, generalized atrophy of certain regions including
cerebellum are observed in older patients resulting in their inability to maintain
proper balance and ataxic gait. Further, changes in mental processing as well as
progressive atrophy of optical nerve have also been observed in some adult FD
patients (Axelrod and Simson, 2007). Since it is not entirely clear whether these
anomalies are a direct manifestation of the disease, or are secondary in nature,
resulting due to the labile blood pressure observed in FD patients, delivery of
MOE-ASOs to the central nervous tissue may be critical for their effectiveness as
a therapy. Recently, to circumvent the blood brain barrier, Hua and coworkers
used surgically inserted osmotic pumps for direct intracerebroventricular (ICV)
infusion to deliver the MOE-ASOs into the central nervous system (CNS) of SMA
type Il mice. Direct administration of MOE-ASOs to the nervous tissue resulted
in complete rescue of splicing, leading to significant increase in human SMN
protein in both brain and spinal cord (Hua et al., 2009). Remarkably, in another
approach, a single ICV injection in prenatal embryos resulted in complete rescue
of tail and ear loss, which are the overt phenotypic traits of SMA type Il mice.

Here we show that the observations and the progress made towards a
cure for SMA using MOE-ASOs, can be extended to other splicing-based genetic
disorders like FD. In a similar approach employed previously for SMA, we used a
tiling screen with 15mer overlapping MOE-ASOs to scan the entire sequence of
exon 20 and the flanking upstream and downstream intronic regions in the
IKBKAP pre-mRNA. We have identified extremely promising MOE-ASOs that are
fully able to restore the splicing of mutant IKBKAP in patient-derived fibroblasts
and are currently testing their effectiveness in correcting splicing defects in a
human IKBKAP transgenic mouse model (Hims et al., 2007). Combined with
mutational analysis of the IKBKAP minigene, we have identified novel silencer
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elements in IKBKAP pre-mRNA, and are engaged in characterizing the trans-
acting factors that regulate the splicing of exon 20.

3.2 Results

3.2.1 MOE-ASO walk reveals several enhancers and silencer regions in
IKBKAP

The genomic region that spans the IKBKAP gene is very large (~68 kb)
(Fig. 3.1). For ease of manipulation, we created minigenes by cloning the
genomic fragment of IKBKAP, ranging from either exon 19 to exon 21 (wt19-21)
or exon 19 to exon 22 (wt19-22), under the control of the cytomegalovirus (CMV)
promoter. We introduced the major mutation found in FD (IVS20+6T—C) into
both versions of the minigenes via site-directed mutagenesis to get the
corresponding mutant minigenes, mtl19-21 and mt19-22 (Fig. 3.3). All these
different minigenes carried an artificial in-frame ATG as the first codon, within a
Kozak sequence at the 5’ end, downstream of the CMV promoter, as well as a
stop codon at the 3’ end upstream of the poly(A) signal. All the minigenes were
tranfected in 293 cells and the splicing patterns of the expressed RNA were
analyzed by RT-PCR. We observed that the mutant versions of the mingenes
(mt19-21 and mtl19-22) consistently showed predominant skipping of exon 20,
thus recapitulating the effects observed in FD patients (Fig. 3.4A).

We designed a total of 49 15mer pO-MOE-ASOs (Fig. 3.5), which were
complementary to the entire IKBKAP exon 20, as well as the 100-nucleotide
regions immediately upstream and downstream of exon 20. Each pair of
consecutive oligos had a 10-nucleotide overlapping region, such that a different
ASO was tiled every five nucleotides, moving from 5’ to 3’ in the genomic region
specified above. An oligo with unrelated sequence was used as a negative
control.

To test whether some of these oligos could promote the inclusion of exon
20 in the context of the major FD mutation in cells, we co-transfected each oligo
individually with the mt19-21 minigene in 293 cells by electroporation, and two
days later assayed the splicing behavior of expressed RNA by RT-PCR. The
lanes with wt19-21 and mtl9-21 minigenes alone were used as a point of
reference for exon 20 inclusion levels, whereas the lane that contained mt19-21
with the control oligo, served as a control for non-specific effects of pO-MOE-
ASO on splicing (Fig. 3.6, 3.7, and 3.8).

To our surprise, six consecutive oligos (oligo# 414161-66), which target a
40-nucleotide long intronic region immediately downstream of the 5’ss of exon
20, dramatically increased the inclusion levels of exon 20, suggesting the
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presence of multiple silencer elements within this region, which we termed ISS-
40 (Fig. 3.8). The positive effect of the ASOs decreased slightly as the distance
of their target sequence increased from the 5’ss. Three more oligos (414135-37),
which target a 20-nucleotide long region in the upstream intron 19 (ISS-20), also
had a positive effect on exon 20 inclusion and resulted in about a twofold
increase (Fig. 3.6). In contrast, exon 20 is apparently full of enhancers, as
almost every oligo targeting the exonic sequences resulted in nearly complete
skipping (Fig. 3.7). However, the skipping caused by the oligos targeting the
extreme 5 end (414147) and extreme 3’ end (414159) of the exon 20, was in
part due to the fact that they target the 3’'ss and 5’ss, respectively. Besides these
exonic oligos, there were other intronic oligos that caused increased skipping,
most probably because they targeted cis-splice signals. These are oligos
414143-45, which target the Py-tract (Fig. 3.6), and oligo 414160 that targets the
5’'ss of exon 20 (Fig. 3.8). We also identified at least two oligos (414167-68) that
apparently target an intronic enhancer element (ISE-20) and decreased the
levels of included mMRNA isoform by half when compared to the untreated control
(Fig. 3.8).

3.2.2 Oligo-walk with an NMD-responsive minigene

We repeated the experiment, this time utilizing the wt- and mtl19-22
minigenes, in order to check for reproducibility, and more importantly, to
determine the role played by nonsense-mediated mRNA decay (NMD) in the
stability of the skipped mRNA isoform (Fig. 3.9, 3.10, and 3.11).

As mentioned earlier, the skipping of exon 20 causes a frameshift and
introduces a premature termination codon (PTC) in the skipped mRNA. The PTC
lies in exon 21 and is located more than 50 nucleotides upstream of the last
exon-exon junction between exon 21 and exon 22, therefore making the skipped
MRNA potentially susceptible to degradation via NMD according to the
characterized rules of the mRNA surveillance pathway (see Chapter 1) (Nagy
and Maquat, 1998). However, unlike the natural context, the skipped mMRNA
resulting from the 19-21 minigene does not have an exon junction downstream of
the PTC, and therefore, is incapable to respond to NMD. This was a crucial
aspect of experimental design, as it allowed us to look at the effect of the oligos
exclusively in altering splicing without interference from NMD in the previous
experiment (Fig. 3.6, 3.7, and 3.8).

As far as the effect of individual oligos was concerned in the inclusion or
skipping of exon 20, we observed exactly the same pattern as seen previously
when we used the 19-21 minigenes, thus giving an indication of reproducibility
(Fig. 3.9, 3.10, and 3.11). Further, we did not find any evidence that would
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suggest that the skipped mRNA isoform is subjected to NMD. If the skipped
MRNA (19-21-22) were unstable, we would expect to see an increase in
inclusion percentages all across the oligo-walk; on the contrary, we observed that
the inclusion levels of exon 20 were lower than observed with the 19-21
minigenes, in all cases. This suggested that even though the skipped mRNA
isoform has all the characteristics of an NMD substrate, it somehow evades the
surveillance machinery and is stable.

To confirm this finding, we corrected the frameshift that occurs due to
skipping of exon 20, by a single nucleotide deletion in exon 21 of the mt19-22
minigene, giving rise to the mt19-22/FC minigene (Fig. 3.3B). The restored
reading frame abolishes the PTC, and hence in theory, should make the skipped
MRNA isoform more stable. We transfected the different minigenes into 293 cells
and analyzed the expressed RNA by RT-PCR. Consistent with the observation
made during the oligo walk, we found that the skipped mRNAs, either with or
without the PTC, were equally stable, thus confirming that at least in 293 cells the
skipped mRNA isoform is not subjected to degradation via NMD (Fig. 3.4B).

3.2.3 High resolution micro-walk in the 1SS-40 region

Since the 1SS-40 region showed the most dominant repressive effect on
inclusion of exon 20 in the context of the major FD mutation, we hypothesized
that the optimal ASO that could restore the splicing defect with maximal effect
must target this region. To search for such an oligo, we designed 10 new 20mer
overlapping MOE-ASOs, which were complementary to and covered the first 30-
nucleotide stretch of the ISS-40 with one-nucleotide increments, starting from the
+6 position in exon 20. We cotransfected these oligos with the wt19-21 and
mt19-21 minigenes in 293 cells, followed by RT-PCR, as earlier, to analyze the
expressed mRNA levels. The microwalk lead to the discovery of oligo 421992,
which strikingly, almost completely restored exon 20 inclusion levels (up to 96%)
in the case of the mutant minigene (Fig. 3.12). This clearly suggests that this
oligo blocks a very strong silencer, or probably more than one silencer, in the
region complementary to its sequence, which spans from +6 to +26 in intron 20.
In general, the 20mer MOE-ASOs exhibited a stronger positive effect on exon 20
splicing than their 15mer counterparts, which targeted the same region, probably
because the longer oligos were better able to interfere with the activities of
multiple silencer elements in the region and/or because they hybridized more
efficiently to the target RNA.
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3.2.4 Effect of oligo 421992 in FD-derived fibroblasts

To investigate the effect of our best candidate oligo, 421992, in a more
natural context, we acquired the patient fibroblast line GM04899 (Coriell Cell
Repository), which was isolated from an individual homozygous for the major FD
mutation. As the primary fibroblasts from patients are not amenable to
electroporation (Hua et al., 2007), we used Lipofectamine 2000 to deliver
increasing amounts of the oligo, ranging from 2-800 nM. Even though the basal
level of exon 20 inclusion was higher in the FD fibroblasts (~64%) compared to
those resulting from mutant minigenes described above, we observed that very
low amounts of the 421992 oligo (10 nM) were sufficient to almost completely
supress the splicing defect (Fig. 3.13). Further increase in oligo dosage resulted
in saturation of the included isoform, indicating that the effective oligo dose in
these patient fibroblasts was somewhere between 2-10 nM. The experiments to
determine whether the increase in levels of the included isoform observed after
oligo treatment also results in the accumulation of full-length IKAP protein in
these cells are underway.

3.2.5 1SS-40 harbors at least two silencer elements

Having identified 1SS-40 as one of the major determinants that controls
splicing of exon 20 in IKBKAP, as well as promising target for therapy of FD, we
focused our efforts on demarcating the precise boundaries of the silencers
present in the region. Mapping of the silencers is crucial, as it may provide clues
regarding the corresponding trans-acting factors that regulate IKBKAP exon 20
splicing. The knowledge of the factors involved, may in turn, lead to a better
understanding of the underlying molecular mechanisms, which are responsible
for the strict tissue-specific manifestation of the disease, even when the splicing
defect is ubiquitous and not restricted to the nervous system alone (see
Introduction).

To delineate the silencers within the 1SS-40 region, we individually
mutated each of the first 31 constituent nucleotides of this region by changing
them to their complementary bases (transversion) in the mtl9-21 minigene
through site-directed mutagenesis. The mutations resulted in a series of 31 new
minigenes, each carrying two mutations: first, the major FD mutation at position
+6 in intron 20 that was common to all, and a second mutation that consisted of
one of the transversions in ISS-40, starting at position +7 and going up to
position +37. Further, in addition to the already existing mt19-21 minigene that
carried the major FD mutation (IVS20+6T —C), two additional minigenes were
created where the thymine at position +6 was changed to either a guanosine
(IVS20+6T—G) or an adenine (IVS20+6T—A. All of the 33 new minigenes, along
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with the wt19-21 and mt19-21 minigenes (total 35), were individually transfected
into 293 cells, and two days later, the levels of the expressed spliced isoforms
were analysed by RT-PCR, as above. The analyses revealed eight different
individual transversions that promoted exon 20 inclusion in the context of the
major FD mutation, and clustered in two different 6- to 8-nucleotide regions within
the 1SS-40 region (Fig. 3.14 and 3.15). The first cluster consisted of 3 mutations,
+10A—T, +13G—C, and +15A—T, which resulted in a three- to fourfold increase
in exon 20 inclusion levels, suggesting that the hexamer, ATTGTA, is part of a
putative silencer (Fig. 3.14). The second cluster comprised five mutations,
+28A—T, +29G—C, +31T—A, +32A—T, and +33G—C, which span an eight-
nucleotide region, TAGTTAGC, containing two signature hnRNPAL core (UAG)
motifs (Abdul-Manan and Williams, 1996; Burd and Dreyfuss, 1994; Si et al.,
1998). The individual mutations in the hnRNP core sequence resulted in a three-
to sevenfold increase in exon 20 inclusion levels (Fig. 3.15). Together with
previous observations that showed that the AG dinucleotide in the core sequence
is crucial for hnRNPA1 binding (Hua et al., 2008), our data strongly suggest that
this region constitutes an hnRNPA1 binding site. The close proximity of the two
core motifs raises interesting questions regarding the mechanisms through which
hnRNPA1 might recognize and bind this sequence to carry out its silencing
activity, as simultaneous recognition of both UAG cores seems sterically
impossible.

3.3 Discussion and future perspectives

The recent advances in antisense technology have led to a renewed
interest in ASOs as therapeutic agents, with an increasing number of ASOs and
other therapeutic oligos, reaching clinical trials for a wide variety of ailments
(Bonetta, 2009). Towards this end, our laboratory has also made significant
contributions by developing a system and methodology to correct splicing defects
caused by genetic mutations and further utilized such methodology to make
considerable advances in the direction of treatment or even a cure for SMA (Hua
et al., 2009; Hua et al., 2007; Hua et al., 2008). The potential of ASOs in treating
genetic disorders that affect splicing is especially noteworthy and holds great
promise, due to the ease with which different oligos can be designed and
synthesized to target the regulatory cis-elements towards a favorable splicing
outcome (see Introduction). The current study not only extends the previous
findings, but also proves that the two-step methodology, pioneered in our
laboratory to identify the most effective oligo for therapy (Hua et al., 2007; Hua et
al., 2008), is an extremely effective approach, and can be applied to other
genetic diseases. The two-step approach involves an initial coarse walk in a
larger region to identify potential regulatory sequences as target regions,
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followed by a high-resolution microwalk in the identified small target regions to
search for the optimal oligo.

Using an identical approach, we were able to identify three specific
regions that influence the splicing of IKBKAP exon 20 in the context of the major
FD mutation. These regulatory cis-elements are: the ISS-20 in upstream intron
19, the strong 1SS-40 silencing region immediately downstream of exon 20, the
ISE-20 intronic enhancer downstream of 1ISS-40, and an enhancer region right in
the middle of exon 20, probably spanning most of the exon (see results). As
inclusion of exon 20 is the desired outcome for therapeutic purposes, based on
our data it was clear that the 1SS-40 region is the strongest candidate as a target
sequence. This prompted us to concentrate our efforts towards the search for the
most effective oligo that hybridizes within the ISS-40 region, which resulted in the
discovery of the 20mer MOE-ASO, 421992. We show that the 421992 MOE-ASO
could not only rescue the splicing defect in the mutant minigenes (mt19-21 and
mt19-22), but could also almost completely restore exon 20 inclusion levels at
very low doses in patient fibroblasts.

Encouraged by these promising results, we moved to the next logical step,
and acquired the transgenic mice that have a few copies of the entire human
IKBKAP gene with the major FD mutation, in addition to the mouse lkbkap (Hims
et al., 2007). Prior to the creation of the transgenic mice, attempts by others to
humanize the mice by introducing the major FD mutation (IVS20+6T—G) in the
mouse lIkbkap gene had failed, as the mutation did not result in the skipping of
exon 20 in the resulting mouse pre-mRNA. We presume that the failure was due
to the fact that the mouse genome lacks the ISS-40 region entirely, as we have
seen in our experiments that the 1SS-40 region has the most dominant silencing
effect on the inclusion of exon 20. Though the transgenic mice are completely
normal and do not show any overall phenotype, due to the presence of the
mouse lkbkap gene, the expressed mRNA from the introduced copies of the
mutant human IKBKAP gene do show a pattern of skipping similar to that of FD
patients. This allows us to deliver the best candidate oligo in this mouse model
and observe the effects at the level of splicing by RT-PCR analysis of the
expressed mRNA using human-specific primers. We are currently investigating
whether oligo 421992 leads to an increase in exon 20 included mMRNA levels in
various tissues in the FD mice upon systemic delivery, as well as in the nervous
tissue after direct delivery through either postnatal or prenatal ICV injections, as
done previously in case of SMA mice (Hua et al., 2009; Hua et al., 2008). We are
also using a commercial human-specific IKAP antibody to monitor if the increase
in full-length mRNA levels of IKBKAP correlates with the increase in the levels of
IKAP protein. In our study, we use osmotic pumps to deliver oligos directly into
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the mouse brain. The pump carrying the oligo is surgically placed under the skin
on the back of the mice. Once implanted, the pump releases a small and
continuous dose of oligo by osmosis. Similar, but more advanced and
programmable pumps are already in existence for use in humans, which are
transplanted inside the patients and used to deliver pain killers directly to the pain
receptors in the spinal cord (Medtronic). Such pumps can be adapted for the
delivery of pS-MOE-ASOs to the cerebrospinal fluid, and may be instrumental in
future clinical trials.

The antisense technology employed in our experiments not only aided us
in finding a therapeutic oligo, but also led to the identification and the
characterization of various cis-regulatory elements that are involved in controlling
the splicing of IKBKAP exon 20 (see above). Further analysis of the ISS-40
region by a ‘mutation walk’, involving individual transversions of most of the
constituent nucleotides, revealed at least two silencer elements, one of which is
possibly recognized by hnRNP Al. hnRNPAL1 is a well known splicing repressor
(see Chapter 1) and in a previous study from our laboratory, it was shown that it
is responsible for the silencing of exon 7 inclusion in SMN2 by binding to a cis-
element (ISS-N1) immediately downstream of exon 7 (Hua et al., 2008).
However, among the two putative silencer motifs identified in IKBKAP in the 1SS-
40 region, the hnRNP Al motif is more distally located from exon 20. Still, the
presence of the whole ISS-40 region immediately downstream of exon 20 in
IKBKAP has strong parallels to the regulatory environment of exon 7 in SMNZ2,
and raises some intriguing questions. For example, are all or most alternatively
spliced exons influenced by a strong silencer immediately downstream of the
5’ss? Or are exon 20 in IKBKAP and exon 7 in SMN2 exceptions? Further, does
the extent of silencing depend upon the distance from the 5’'ss? Why does the
silencer only affect the weaker mutant splice site and not the stronger wild-type
splice site? Exploration of these and many related questions may provide us with
a more generalized understanding of alternative splicing regulation, which is of
prime importance in gene expression and the main contributor of proteomic
diversity in higher eukaryotes.

My major focus at present is the identification and characterization of
trans-acting factors that bind to the 1SS-40 region and regulate the splicing of
exon 20 in IKBKAP. Knowledge of these factors and their mode of action may
provide important clues regarding the mechanics of disease manifestation in FD.
For example, these factors may be differentially expressed or their activities may
be regulated differently among various tissues, especially neurons, which may
explain why the degenerative nature of the disease is specifically restricted to the
peripheral nervous system.
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In summary, this study is the first of its kind to utilize ASOs toward finding
a cure for FD. Our findings have set the stage for work in animal models, which
we are actively pursuing with our experiments in transgenic FD mice (Hims et al.,
2007). IKBKAP knockout mice are embryonic lethal; however, recently, an
Ikbkap-knockout mouse has been described in which the embryonic lethality was
rescued by the human IKBKAP gene (Chen et al., 2009). This creates an
interesting possibility in which the embryonic lethality in IKBKAP knockout mice
may be rescued by providing the mutant human IKBKAP gene carrying the major
FD mutation. This may result in a mouse model that mimics some visible FD
phenotypes. Moreover, by varying the copy number of the mutant human
IKBKAP gene, it may even be possible to modulate the severity of the
phenotype. Use of our oligo in such a mouse model to rescue the FD-like
phenotypes would be the next logical step and the success of such studies may
one day lead us to clinical trials.

3.4  Materials and methods
3.4.1 Oligonucleotide synthesis

All the MOE-ASOs used in our study were synthesized and purified at ISIS
Pharmaceuticals using an Applied Biosystems 380B automated DNA synthesizer
(Applied Biosystems) as described previously (Hua et al., 2007). We dissolved
the oligos in water before use. The list of all the oligos and their sequences are
provided in Table 1.

3.4.2 Plasmids

We amplified the IKBKAP genomic fragments spanning exons 19-21 and
19-22 using specific primers with linkers and human genomic DNA (Promega) as
template. We cloned the genomic fragments into pCDNA3.1 (Invitrogen), using
the sites BamHI and Xbal, giving rise to pCDNA3.1-wt19-21 and the pCDNA3.1-
wt19-22 plasmids. We introduced the major FD mutation (IVS20+6T —C) using
site-directed mutagenesis to create the minigenes pCDNA3.1-mt19-21 and
pPpCDNAS3.1-mt19-22. All the other transversions for the mutation walk were also
introduced by site-directed mutagenesis using pCDNAS3.1-mt19-21 as the
template. The primers used for amplification of genomic fragments, as well as
those used for site-directed mutagenesis, are listed in Tables 2 and 3,
respectively.

3.4.3 Cell culture and transfections

We grew 293 cells in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (Invitrogen) at 37 °C with 5% CO..
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We grew the patient fibroblast cell line GM04899 (Coriell Cell Repository) in
minimal essential medium (Invitrogen) supplemented with non-essential amino
acids (Invitrogen) and 10% fetal bovine serum also at 37 °C with 5% CO,. We
cotransfected 3 pg of the minigenes and 100 nM of the pO-MOE-ASOs into 293
cells for the macro- as well as microwalk, by electroporation, as described
previously (Hua et al., 2007). We used 12 pl Lipofectamine 2000 transfection
reagent (Invitrogen) to transfect different amounts of pO-MOE-ASOs, ranging
from 2-800 nM, in 40-50% confluent patient fibroblasts grown in 10 cm dishes,
according to the manufacturer's recommendations. For the mutation walk, 3 pg
of each individual minigene was transfected into 40-50% confluent 293 cells
grown in 10 cm plates using Fugene 6 transfection reagent (Invitrogen) as per
the manufacturer’s instructions.

3.4.4 RT-PCR

We extracted total RNA from 293 cells or patient fibroblasts using Trizol
reagent (Invitrogen) and reverse transcribed 2 pg from each RNA sample using
Superscript-1l  (Invitrogen) and oligo-dT primers. We amplified the cDNAs
corresponding to transcripts of either minigenes or the endogenous IKBKAP
gene by PCR using AmpliTag DNA polymerase (Invitrogen) with vector-specific
(pCDNA3.1) and human-specific primers, respectively, as per conditions
described earlier (Hua et al., 2007). The list of primers used for RT-PCR analysis
can be found in Table 4.

To deduce exon 20 inclusion levels, the a-*P-dCTP labeled PCR-
amplicons were analyzed by native PAGE followed by phosphorimage analysis
on a FUJIFILM FLA-5100 instrument (Fuji Medical Systems USA, Inc.). We
guantified the band intensities using Multi Gauge software Version 2.3
(FUJIFILM), which were normalized for G+C content before representation.
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3.6 Tables

Table 1 List of pO-MOE-ASOs

Oligo # Sequence Length
4141-29 | AGAGAATTACCACAA 15mer
4141-30 | TTCACAGAGAATTAC 15mer
4141-31 | AACTCTTCACAGAGA 15mer
4141-32 | TACCTAACTCTTCAC 15mer
4141-33 | CATTTTACCTAACTC 15mer
4141-34 | TACACCATTTTACCT 15mer
4141-35 | CAGGATACACCATTT 15mer
4141-36 | ATAGCCAGGATACAC 15mer
4141-37 | TTTAAATAGCCAGGA 15mer
4141-38 | AAACATTTAAATAGC 15mer
4141-39 | GTAGAAAACATTTAA 15mer
4141-40 | ATTAAGTAGAAAACA 15mer
4141-41 | TTTTAATTAAGTAGA 15mer
4141-42 | AACATTTTTAATTAA 15mer
4141-43 | GCAGTAACATTTTTA 15mer
4141-44 | TTAAAGCAGTAACAT 15mer
4141-45 | ATAAATTAAAGCAGT 15mer
4141-46 | CTTAAATAAATTAAA 15mer
4141-47 | GTTTCCCCTTGGCAT 15mer
4141-48 | TCTAAGTTTCCCCTT 15mer
4141-49 | CAACTTCTAAGTTTC 15mer
4141-50 | ATGAACAACTTCTAA 15mer
4141-51 | CGATGATGAACAACT 15mer
4141-52 | GGGCTCGATGATGAA 15mer
4141-53 | AACCAGGGCTCGATG 15mer
4141-54 | GCTAAAACCAGGGCT 15mer
4141-55 | TCTGAGCTAAAACCA 15mer
4141-56 | CCGAATCTGAGCTAA 15mer
4141-57 | CACTTCCGAATCTGA 15mer
4141-58 | CCAACCACTTCCGAA 15mer
4141-59 | TTGTCCAACCACTTC 15mer
4141-60 | TACAATGGCGCTTAC 15mer
4141-61 | AACAGTACAATGGCG 15mer
4141-62 | TCGCAAACAGTACAA 15mer
4141-63 | ACTAGTCGCAAACAG 15mer
4141-64 | AGCTAACTAGTCGCA 15mer
4141-65 | TCACAAGCTAACTAG 15mer
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4141-66 | ATAAATCACAAGCTA 15mer
4141-67 | CACACATAAATCACA 15mer
4141-68 | GTCTTCACACATAAA 15mer
4141-69 | TTATTGTCTTCACAC 15mer
4141-70 | AATACTTATTGTCTT 15mer
4141-71 | AATAAAATACTTATT 15mer
4141-72 | ATTGTAATAAAATAC 15mer
4141-73 | TCGAAATTGTAATAA 15mer
4141-74 | AGTTCTCGAAATTGT 15mer
4141-75 | TTTTAAGTTCTCGAA 15mer
4141-76 | CATAATTTTAAGTTC 15mer
4141-77 | CTTTTCATAATTTTA 15mer
42-1991 | TCGCAAACAGTACAATGGCG | 20mer
42-1992 | GTCGCAAACAGTACAATGGC | 20mer
42-1993 | AGTCGCAAACAGTACAATGG | 20mer
42-1994 | TAGTCGCAAACAGTACAATG | 20mer
42-1995 | CTAGTCGCAAACAGTACAAT | 20mer
42-1996 | ACTAGTCGCAAACAGTACAA | 20mer
42-1997 | AACTAGTCGCAAACAGTACA | 20mer
42-1998 | TAACTAGTCGCAAACAGTAC | 20mer
42-1999 | CTAACTAGTCGCAAACAGTA | 20mer
42-2000 | GCTAACTAGTCGCAAACAGT | 20mer

Table 2 List of PCR primers used to amplify IKBKAP genomic

fragments
Primer Sequence
GGGGAAGGATCCGCCATGGAGTTAATGGTGTGTTTAGCATTA
IKAP19F6 | CAGG
IKAP21R3 | GGGGAATCTAGACTTAGGGTTATGATCATAAATCAGATTGAG
GGGGAATCTAGATTACTTCAATTCTGTAAAAAACAAGTTAATAT
IKAP22R G
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Table 3

List of primers used for RT-PCR

a. Primers used to amplify minigene-specific mRNA

Primer sequence

pCDNAF | TAATACGACTCACTATAGGG

IKAP21R4 | CTTAGGGTTATGATCATAAATCAG

IKAP22R2 | TTCAATTCTGTAAAAAACAAG

b. Primers used to amplify endogenous IKBKAP-derived mRNA

Primer

Sequence

IKAPRT19F

GTTCTGCGGAAAGTGGAGAG

IKAPRTZ21R

CATGCATTCAAATGCCTCTTT

Table 4

List of primers used for site directed mutagenesis

Primer

Sequence

IKAPIN20MtR
4

AACTAGTCGCAAACAGTACAATG

IKAPI20+40A
TF

ACTGTTTGCGACTAGTTAGCTTGTGTTTTATGTGTGAAGAC
AATAAGTATTTT

IKAPI120+39G
CF

ACTGTTTGCGACTAGTTAGCTTGTCATTTATGTGTGAAGAC
AATAAGTA

IKAPI20+38T
AF

ACTGTTTGCGACTAGTTAGCTTGAGATTTATGTGTGAAGAC
AATAAG

IKAPI120+37G
CF

GTACTGTTTGCGACTAGTTAGCTTCTGATTTATGTGTGAAG
ACAATAAG

IKAPI20+36T
AF

GTACTGTTTGCGACTAGTTAGCTAGTGATTTATGTGTGAAG
ACAATAA

IKAPI20+35T
AF

GTACTGTTTGCGACTAGTTAGCATGTGATTTATGTGTGAAG
ACAATA

IKAP120+34C
GF

TGTACTGTTTGCGACTAGTTAGGTTGTGATTTATGTGTGAA
GACAA

IKAPI20+33G
CF

CATTGTACTGTTTGCGACTAGTTACCTTGTGATTTATGTGTG
AAGACA

IKAPI20+32A
TF

CATTGTACTGTTTGCGACTAGTTTGCTTGTGATTTATGTGTG
AAGAC

MIKAPIN20Mt
R3

AAACAGTACAATGGCGCTTAC
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IKAPI20+31T
AF

GCCATTGTACTGTTTGCGACTAGTAAGCTTGTGATTTATGT
GTGAAG

IKAPI20+30T
AF

GCCATTGTACTGTTTGCGACTAGATAGCTTGTGATTTATGT
GTGAAG

IKAPI20+29G
CF

GCCATTGTACTGTTTGCGACTACTTAGCTTGTGATTTATGT
GTGAAG

MIKAPI20+28
ATF

GCGCCATTGTACTGTTTGCGACTTGTTAGCTTGTGATTTAT
GTGTGAAG

MIKAPI20+27
TAF

GCGCCATTGTACTGTTTGCGACAAGTTAGCTTGTGATTTAT
GTGTGAA

MIKAP20+26
CGF

GCGCCATTGTACTGTTTGCGAGTAGTTAGCTTGTGATTTAT
GTGTG

MIKAPI20+25
ATF

AGCGCCATTGTACTGTTTGCGTCTAGTTAGCTTGTGATTTA
TGTGTG

MIKAPI20+24
GCF

AAGCGCCATTGTACTGTTTGCCACTAGTTAGCTTGTGATTT
ATGTG

MIKAPI20+23
CGF

GTAAGCGCCATTGTACTGTTTGGGACTAGTTAGCTTGTGAT
TTATGTG

MIKAPI20+22
GCF

GTAAGCGCCATTGTACTGTTTCCGACTAGTTAGCTTGTGAT
TTATG

MIKAPIN20Mt
R2

ATGGCGCTTACTTGTCCAACC

MIKAPI20+21
TAF

GGACAAGTAAGCGCCATTGTACTGTTAGCGACTAGTTAGCT
TGTGATT

MIKAPI20+20
TAF

GGACAAGTAAGCGCCATTGTACTGTATGCGACTAGTTAGCT
TGTG

MIKAPI20+19
TAF

GGACAAGTAAGCGCCATTGTACTGATTGCGACTAGTTAGCT
TGTG

MIKAPI20+18
GCF

GGACAAGTAAGCGCCATTGTACTCTTTGCGACTAGTTAGCT
TGTG

MIKAPI20+17
TAF

GGACAAGTAAGCGCCATTGTACAGTTTGCGACTAGTTAGCT
TGTG

MIKAPI20+16
CGF

GGACAAGTAAGCGCCATTGTAGTGTTTGCGACTAGTTAGCT
TG

MIKAPI20+15
ATF

GTTGGACAAGTAAGCGCCATTGTTCTGTTTGCGACTAGTTA
GCTTG

MIKAPI20+14
TAF

GTTGGACAAGTAAGCGCCATTGAACTGTTTGCGACTAGTTA
GC

MIKAPI20+13
GCF

GTTGGACAAGTAAGCGCCATTCTACTGTTTGCGACTAGTTA
GC

MIKAPI20+12
TAF

GGTTGGACAAGTAAGCGCCATAGTACTGTTTGCGACTAGTT
AG

IKAPIN20MtR
1

CTTACTTGTCCAACCACTTCC

MIKAPI20+11
TAF

GTGGTTGGACAAGTAAGCGCCAATGTACTGTTTGCGACTA
GTTAG
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MIKAPI20+10
ATF

GTGGTTGGACAAGTAAGCGCCTTTGTACTGTTTGCGACTA
GTTAG

MIKAPI20+9 | GTGGTTGGACAAGTAAGCGCGATTGTACTGTTTGCGACTA

CGF G

MIKAPI20+8 | GAAGTGGTTGGACAAGTAAGCGGCATTGTACTGTTTGCGA

CGF CTAG

MIKAPI20+7 | GAAGTGGTTGGACAAGTAAGCCCCATTGTACTGTTTGCGA

GCF CTAG

IKAPI20+6TG | GGAAGTGGTTGGACAAGTAAGGGCCATTGTACTGTTTGCG

F AC

IKAPI20+6TA | GGAAGTGGTTGGACAAGTAAGAGCCATTGTACTGTTTGCG

F AC
GATTCGGAAGTGGTTGGACAAGTAAGCGCCATTGTACTGT

MUTIKAP-F | TTGCGACTAGTTAG
CTAACTAGTCGCAAACAGTACAATGGCGCTTACTTGTCCAA

MUTIKAP-R | CCACTTCCGAATC
CTTTCTCTGTCTTCTCACAGACTATGTTTAAAGAGGCATTTG

MUTIKAPF2 | AATG

MUTIKAPR2

CATTCAAATGCCTCTTTAAACATAGTCTGTGAGAAGACAGA
GAAAG
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3.7 Figures and Legends

Figure 3.1 Genomic structure of IKBKAP gene. IKBKAP gene spans
across a 68 kb region in the 9931 region of the Chromosome 9. The gene has 37
exons and gives rise to two mMRNA species of different lengths, a shorter 4.8 kb
and a longer 5.9 kb. The two different mMRNA species are a result of alternative
polyadenylation sites and vary only in the lengths of their 3’ untranslated region
(UTR).
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Figure 3.2 The Major FD mutation causes predominant exon 20
skipping in IKBKAP. The genomic region of IKBKAP spanning exon 19 to exon
21 is shown. Both wild-type (WT) and the mutant (MT) alleles are shown with the
T—C mutation at position +6 in intron 20 shown in the blow up of the 5’ss region.
The consensus 5’ss sequence found in humans is also represented for reference
in which the height of the letters correspond to their frequency of occurrence
(Burge et al., 1998). The T-C change, also known as the major FD mutation,
results in predominant skipping of the exon 20. The skipping of 74-nucleotide
long exon 20 causes a frame shift, which introduces a premature stop codon
(PTC) in the exon 21 in case of the skipped mMRNA. The PTC in skipped splice
variant of IKBKAP not only results in a truncated (699 amino acids instead of
1332 amino acids) but also, in theory, makes the mRNA susceptible to
degradation via nonsense-mediated mMRNA decay (NMD).
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Figure 3.3 Schematic representation of the minigene constructs. (A)
Both wild-type (WT) and the mutant (MT) versions of the 19-21 series of
minigenes are shown. The major FD mutation (IVS+6T —C) was introduced in
the case of MT minigene by site directed mutagenesis and is shown by a red
arrow. The broken arrows represent the location of the complementary
sequences of the minigene-specific primers, which were used for RT-PCR
analysis (Table 3.3a). The lengths of each individual exon and intron are
depicted at the top in smaller font. The restriction sites used to clone the the
minigenes cassette into pCDNA3.1Neo(+) are mentioned at the bottom. (B)
Same as in (A) except this panel shows the 19-22 series of minigene constructs.
In the case of the mt19-22FC minigene, the red circle shows the deleted T
nucleotide from exon 21, which occurs at position +4 in the natural context. The
deletion of T nucleotide restores the frameshift that is caused by skipping of exon
20 in the skipped splice variant.
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Figure 3.4 Splicing patterns of expressed pre-mRNAs from the
minigenes. (A) We transfected the empty vector (V), the wt19-21, and the mt19-
21 minigenes in three different cell lines, which are: human epithelial kidney 293
(HEK293) cell line and the two neuroblastoma lines, LN308p40 and U118-MG.
The panels show the ethidium bromide stained agarose gels showing the pattern
of splicing of the expressed RNA as analyzed by RT-PCR using minigene
specific primers shown in Fig. 3.3a and Table 3.3a. M: marker, C: PCR water
control, V: pCDNAS3.1Neo(+). (B) Same as in (A) except this panel shows pattern
of splicing of the expressed 19-22 minigenes in HEK293 cells as analyzed by
RT-PCR using primers described in Fig. 3.3b and Table 3.3a.
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Figure 3.5 The MOE-ASO structures. The figure shows the structure and
modifications of the anti-sense oligonucleotides used in the study. In all oligos
the 2’ OH in the ribose is replaced by a 2’ methoxyethyl group. When used in
animal model systems, the phosphate in the backbone is replaced by
phosphorothioate moiety.
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Figure 3.6 Coarse oligo-walk for upstream intron 19 using 19-21
minigenes. We cotransfected 293 cells with the mt19-21 minigene along with the
individual 15mer pO-MOE-ASOs by electroporation; two days later we isolated
total RNA and performed reverse transcription (RT) to obtain the expressed
cDNAs, which were then subjected to PCR analysis in the presence of
radioactive a-**P-dCTP using primers described in Fig. 3.3a and Table 3.3a. The
panel shows the scanned phosphorimage of the labeled PCR products after they
were resolved by native PAGE. We quantified the band intensities, normalized
for G+C content, and then calculated the ratio of included to skipped band, which
are depicted as inclusion percentages at the bottom of each individual lane. As a
reference, the first and the second lanes show exon 20 inclusion levels in the
expressed mRNAs from the wt19-21 and mt19-21 minigenes, respectively, in the
absence of any ASO. The third lane shows mRNA levels when the mt19-21
minigene was cotransfected with a control oligo of unrelated sequence and
serves as a control for non-specific effects of pO-MOE-ASO on splicing. The
inclusion ratios where an ASO is suspected to target the cis splice-signals are
underlined. Tiling of the 100-nucleotide region immediately upstream of exon 20
by overlapping ASOs at 5-nucleotide intervals is schematically represented at the
bottom. Each underlined nucleotide in the intronic sequence (lower case letters)
marks the start of the target sequence by an ASO. Each line below the intronic
sequence represents an ASO and is coded by color based on its effect on exon
20 inclusion; blue: neutral, green: positive and red: negative. The 1SS-20 region
is demarcated by a line above the intronic sequence.
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Figure 3.7 Coarse oligo-walk for exon 20 using 19-21 minigenes.
Same as in Fig. 3.6. The exonic sequence is shown in upper case letters. The
conserved AG dinucleotide of the 3'ss and the 5’ss sequence at the ends of the
exon are shown in orange.
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Figure 3.8 Coarse oligo-walk for downstream intron 20 using 19-21
minigenes. Same as Fig. 3.6. The 1SS-40 as well as the ISE-20 are marked by
lines and shown above the intronic sequence.

127



Antisense oligo-walk for downstream exon-20

3
~*
}_\
[
N
I_\

Empty vector
wtl19-21
4141-60
4141-61
4141-62
4141-63
4141-64
4141-65
4141-66
4141-67
4141-68
4141-69
4141-70
4141-71
4141-72
4141-73
4141-74
4141-75
4141-76
4141-77

|
|
|

See - - SOPPCSOOOOO® o

- 99 14 88 79 74 78 66 40 1317 21323231 3129273125 <% Inclusion
ISE-20
Exon-20 ISS-40
K A gccattgtactgtttgcgactagttagctigtgatttatgtgtgaagacaataagtattttattacaatttcgagaacttaaaattatgaaaag

Figure 3.8



Figure 3.9 Coarse oligo-walk for upstream intron 19 using 19-22
minigenes. We cotransfected the mt19-22 minigenes with the individual 15mer
pO-MOE-ASO into 293 cells and performed RT-PCR analysis as shown in Fig.
3.6. First two lanes with the wt19-22 and the mt19-22 transfected alone serve as
references. The cotransfection of mt19-22 with an unrelated oligo in the third lane
serves as control. The band intensities were normalized and the inclusion ratios
were calculated as in Fig. 3.6 and are presented as inclusion percentages at the
bottom of each lane. The tiling as well as the effects of individual oligos is
schematically represented at the bottom as in Fig. 3.6.
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Figure 3.10 Coarse oligo-walk for exon 20 using 19-22 minigenes.
Same as Fig. 3.9.
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Figure 3.11 Coarse oligo-walk for downstream intron 20 using 19-22
minigenes. Same as Fig. 3.9.
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Figure 3.12 High resolution microwalk for the 1SS-40 region using 19-
21 minigenes. We cotransfected the mt19-21 minigenes with the individual
20mer pO-MOE-ASO into 293 cells and performed RT-PCR analysis as shown in
Fig. 3.6. First two lanes with the wt19-21 and the mt19-21 transfected alone
serve as references. The cotransfection of mt19-21 with an unrelated oligo in the
third lane serves as control. Cotransfections with the 15mer oligos (414161-66),
which had positive effects in the earlier experiment (Fig. 3.8) were included for
comparison. The inclusion ratios were calculated as in Fig. 3.6 and are presented
as percent-inclusion at the bottom of each lane. The first 30 nucleotides of the
ISS-40 region (shown in red) were tiled with the overlapping 20mer ASOs
(421991-2000) at one-nucleotide intervals and are shown schematically at the
bottom following the same color scheme as in Fig. 3.6. The tiling of 15mer oligos
used for comparison is also shown.
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Figure 3.13 Effect of best candidate oligo in patient fibroblasts and
dose response. (A) We transfected the patient-derived GM04899 cell line with
increasing doses (2, 10, 20, 50, 100, 200, 400, and 800 nM) of the 421992 oligo
using Lipofectamin 2000 and analyzed the levels of endogenous IKBKAP mRNA
levels by radioactive RT-PCR using specific primers shown in Table 3.3b. The
radioactive RT-PCR analysis and the subsequent calculation of inclusion
percentages were performed as in Fig. 3.6. (B) The inclusion-percentages from
three independent experiments as in (A) are plotted as a function of oligo
dosage. Error bars = standard deviation.
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Figure 3.14 Mutation analysis of the first half of 1SS-40. We mutated
each nucleotide of the 1SS-40 region, one at a time, starting at position +7 in
intron 20, by site directed mutagenesis using the mt19-21 minigene as template
giving rise to a series of minigenes, which carried a single transversion in the
ISS-40 region in context of the major FD mutation. We also changed the thymine
at position +6 in intron 20 in the wt19-21minigene to either a guanine or adenine
giving rise to the +6T —G and +6T—A mutants, respectively, which are
analogous to the mtl9-21 carrying the major FD mutation (+6T —C). We
transfected wt19-21, mt19-21, +6T—G, +6T—A, and all the mt19-21 minigenes
with individual transversions from intron 20 position +7 to position +20 into 293
cells using Fugene 6 transfection reagent. We isolated the total RNA days after
transfection, analyzed the expressed mRNA isoforms by RT-PCR, and calculated
the exon 20 inclusion-percentages as done in Fig. 3.6. The nucleotide
transversions, which showed a positive effect on exon 20 inclusion in context of
the major FD mutation, are labeled as green. The putative silencer motif (or part
of a silencer motif) is underlined.
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Figure 3.15 Mutation analysis of the second half of ISS-40. Same as
Fig. 3.14. The wt19-21, mt19-21, and the different mt19-21 minigenes with
individual transversions from position +21 to position +37 in intron 20 were
transfected and analyzed. The nucleotide transversions, which have the positive
effect on the inclusion of exon 20 are shown in green and the putative hnRNP
core motifs are underlined.
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