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Abstract

Aurora-A is a serine/threonine kinase known to regulate mitotic events in cells. Its over-
expression in tumours promote cell survival by modulating cell proliferation and overcoming
apoptosis. Previously, it has been shown that Aurora-A is important for the stability of a
serine/arginine (SR)-rich protein, ASF/SF2, thereby altering the alternative splicing of
apoptosis-related genes. In consistence with this role in splicing, we have discovered that the
interactome of Aurora-A contains a large number of spliceosome components - both core and

non-core spliceosomal proteins.

My PhD work aimed to characterize the function of Aurora-A in pre-mRNA splicing
and to investigate its function at the molecular level. I show that Aurora-A interacts directly
with splicing factors such as SR proteins and hnRNP proteins and also phosphorylates few of
them in vitro. I demonstrate that Aurora-A is important for the stability of ASF/SF2 and many
other SR proteins. Using immunofluorescence microscopy, I further demonstrate that Aurora-
A localizes to nuclear speckles, the sites where splicing proteins are stored, as well as to the
periphery of nuclear speckles where a majority of pre-mRNA splicing is known to take
place. Notably, addition of recombinant Aurora-A enhances the splicing efficiency of beta-
globin pre-mRNA in vitro. Through RNA-seq analysis using the VAST tool, I identified 414
alternative splicing events that are altered upon inhibition of Aurora-A. Surprisingly the
important SR protein kinases, CLK1 and CLK4 are also identified to be alternatively spliced

in an Aurora-A dependent manner.

Altogether my work reveals a broad and novel role of Aurora-A in pre-mRNA splicing
and suggests molecular means through which Aurora-A could modulate the spliceosome and

splicing factors.



Résumé

Aurora-A est une sérine/thréonine kinase connue pour réguler les événements
mitotiques dans les cellules. Sa surexpression dans les tumeurs favorise la survie cellulaire en
modulant la prolifération cellulaire et en inhibant 1’apoptose. Auparavant, il avait ét€ montré
qu'Aurora-A était important pour la stabilité d'une protéine riche en sérine / arginine (SR),
ASF/SF2, modifiant ainsi 1'épissage alternatif des geénes liés a I'apoptose. En cohérence avec
ce role dans 1'épissage, nous avons découvert que l'interactome d'Aurora-A contient un grand
nombre de composants du spliceosome - des protéines spliceosomales centrales et non

essentielles.

Mon travail de thése a consisté a caractériser la fonction de Aurora-A dans I'épissage
pré-ARNm et a étudier sa fonction au niveau moléculaire. J’ai montré qu'Aurora-A
interagissait directement avec des facteurs d'épissage, tels que les protéines SR et les protéines
hnRNP, et phosphorylait également quelques-unes d'entre elles in vitro. J’ai démontré
qu'Aurora-A est important pour la stabilit¢ de ASF/SF2 et de nombreuses autres protéines SR.
En utilisant la microscopie a immunofluorescence, j’ai démontré en outre qu'Aurora-A localise
vers les taches nucléaires, les sites ou les protéines d'épissage sont stockées, ainsi qu'a la
périphérie des taches nucléaires ou une majorité d'épissage de pré-ARNm est connue. L'ajout
d'Aurora-A recombinant améliore notamment 1'efficacité d'épissage du pré-ARNm de la béta-
globine in vitro. En analysant la méthode RNA-seq a 'aide de 1'outil VAST, j'ai identifié¢ 414
événements d'épissage alternatifs qui sont modifiés lors de l'inhibition de Aurora-A. De
manicre surprenante, les protéines kinases SR importantes, CLK1 et CLK4, sont également
identifiées comme étant épissées de manicre alternative d'une maniére dépendante de Aurora-

A.

Dans I’ensemble, mes travaux révelent le role important et novateur d’ Aurora-A dans
I’épissage des ARNm et suggérent des voies moléculaires permettant a Aurora-A de moduler

les facteurs d’épissage et d’épissage.
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1. Introduction

1.1. The splicing of RNA

1.1.1. The central dogma of life and RNA processing

DNA acts as a source of genetic information in most of the living organisms with
the exception of RNA viruses, which can reverse transcribe their genetic information
from RNA to DNA. The highly stable DNA is transcribed into highly reactive and
unstable RNA. This intermediary RNA is then translated into a final functional product
called proteins. The whole process is described as “central dogma of life”. In the late
1970s, it was assumed that the eukaryotic genetic information is organized and regulated
in the same way as that of the bacterial genome. However, the descriptive understanding
of the eukaryotic genetic material and its appearance inside the cells with a nucleus

shattered the initial beliefs regarding the eukaryotic genome (Sharp, 1994).

On the other hand, the RNA is not directly converted to protein. The transcribed
pre-mRNA undergoes three main processes before it is recognized by the translational
machinery to be decoded into proteins. These processes include 5° capping, RNA splicing
and 3' polyadenylation. All these processes are predominantly co-transcriptional and
contribute to both the efficiency and fidelity of gene expression (Moore and Proudfoot,
2009). The 5’ capping is the first RNA processing on the nascent transcript by the action
of three enzymes namely triphosphatase, a guanylyltransferase, and a methyltransferase,
where the pppA in the 5° terminus is converted to 7meGpppA (Shuman, 2000). The RNA
splicing is a process of removal of introns and joining of exons from the pre-mRNA
transcript. 3' polyadenylation is the process of adding poly(A) tail to a messenger RNA
and is important for the nuclear export, translation, and stability of mRNA (Proudfoot et

al., 2002).

1.1.2. Pre-mRNA splicing

The intervening nonsense DNA sequences are present in-between the coding
DNA sequences and are then as such transcribed to the RNA molecule. These intervening

sequences are removed from the newly formed RNA molecule and this process is called



RNA splicing (Crick, 1979; Sharp, 1994) (Figure 1). The sense coding region is called
exon and the intervening non-sense sequence is called intron. In the 1970s, another
puzzling observation was the finding of long RNA in the nucleus of vertebrate cells when
compared to the shorter mRNA that appeared in the cytoplasm. The comparison of
complementarity between the mRNA sequence in the cytoplasm to that of the adenoviral
DNA sequence from which it was transcribed led to the discovery of “split genes” and
“RNA splicing” (Berget et al., 1977; Chow et al., 1977). Later these split genes and RNA
splicing have also been identified in higher organisms. For example, the globin gene of

Rabbit contains the intervening or intronic sequences (Jeffreys and Flavell, 1977).

5'88 &**""" 7T+ BP 3'SS

5'9 P A=——pll=3l-3
l Step 1
3“‘ ( P p
5'- OH A—pll=AN -3
l Step 2

() s
A——OH mRNA

Excised intron-lariat

Figure 1| The RNA splicing reaction happens in two consecutive transesterification steps. During the
first step, the 2’-hydroxyl of an adenosine on the branch point sequence (BPS) in the intron attack the
phosphodiester bond at the 5” splice site (SS). This generates a free 5’ exon and an intron lariat-3’ exon
(Step1). Subsequently, the phosphodiester bond at the 3’SS is attacked by the 3’-hydroxyl of the 5’ exon,
leading to ligation of exons and excision of the lariat intron (step 2). Figure adapted from (Wahl and

Lithrmann, 2015a)

The most important questions till date are “Why are introns present” and “Where
do introns come from?”. Though the presence of intron can be answered by relating it to
the protein diversity as a result of alternative splicing, the question on the origin of introns
still remains a mystery leading to controversial discussions. Based on the structure and
functional features, the introns are classified into 4 types namely, the group I self-splicing
introns, group II self-splicing introns, tRNA introns and spliceosomal intron. Group I
introns catalyze their own splicing reaction and are present either in nuclear ribosomal
RNA genes or in mitochondrial and/or plastid genes in most eukaryotic supergroups as

well as in some bacteria and viruses. tRNA introns are very short introns and their splicing



is carried out by protein enzymes and not by ribozymes. Spliceosomal introns are present
in all eukaryotic nuclear genomes and their splicing is carried out by the spliceosome.
Group 1II self-splicing introns are found in bacterial genomes and in chloroplast and
mitochondrial genomes of widely diverged eukaryotes. They are also believed to be
responsible for the origin of eukaryotes. It is also proposed that the eukaryotic introns are
evolved from the integration of early mitochondrion containing group-II introns to the
eukaryotic cells. The spliceosomal intron is believed to be originated from the group-II

self-splicing introns due to their similarity in the splicing catalysis (Irimia and Roy, 2014).

Pre-mRNA splicing gives rise to protein diversity and thus acts as an important
factor for deciding the complexity of an organism. It is worth noting that C. elegans and
humans have almost the same number of genes. However, humans remain more complex
than C. elegans and this complexity is believed to be determined by the increase in protein
diversity as a result of the complex splicing mechanism in humans (Figure 2). RNA
splicing is also known to be important for the development of an organism, tissue

diversity, circadian cycle, health and disease.
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Figure 2 | The complexity of an organism decided by alternative splicing.

1.1.3. Cis-acting elements in pre-mRNA

This section is focussed on the elements present in pre-mRNA that defines the
introns to be recognized and removed by the spliceosome during the splicing reaction.
The pre-mRNA contains elements that are short and conserved sequences such as 5’ splice
site (SS), 3'SS and branch site (BS) (Figure 3). During the initial stages of splicing
reaction, the 5°SS is recognized by the Ul snRNP and later U2 snRNP is recruited to the
branch site/point (Will and Lithrmann, 2011).
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Figure 3 | The cis-acting elements of a metazoan and yeast pre-mRNA. Conserved sequences found at
the 5’ and 3’ splice sites and branch site of a pre-mRNA introns in metazoans and budding yeast (S.
cerevisiae) are shown in red letter. Y = pyrimidine and R = purine. The polypyrimidine tract is indicated

as (Yn). The figure is adapted from (Will and Lithrmann, 2011)

1.1.4. Spliceosome — the splicing machinery

Every cellular process is carried out by a specific machinery. For instance,
replication is carried out by a DNA polymerase whereas transcription and translation are
carried out by RNA polymerase and ribosomes respectively. Similarly, pre-mRNA

splicing is carried out by a complex and dynamic machinery called spliceosome.
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Figure 4 | The components of the major and minor spliceosome. U1, U2, U4 and U6 snRNPs are
specific to major spliceosome. The Ull, Ul2, Udatac and Ubatac snRNPs are specific to minor
spliceosome. U5 snRNP is common to both spliceosomes. The figure is adapted from (Vazquez-Arango

and O’Reilly, 2017)

The spliceosome is of two types, major and minor spliceosome. The major
spliceosome (containing U1, U2, U4, U5 and U6 snRNP) is responsible for the splicing
of a vast majority of pre-mRNA introns (called U2 type introns). The minor spliceosome

made of U11, U12, U5, U4atac and Ubatac is responsible for splicing of a rare subset of



pre-mRNA introns called U12 type intron (Figure 4). These U snRNPs are responsible
for carrying out a number of catalytic functions during splicing through their interaction
with the RNA and protein components of the spliceosome. Altogether, these snRNPs
bring about a 3D structure containing two active sites that catalyze the two steps of

splicing reactions (shown in Figure 1) (Will and Lithrmann, 2001).

1.1.4.1. U snRNPs

Both the spliceosomes are made of five different snRNP proteins and their
associated non-snRNP proteins (Wahl and Lithrmann, 2015a). Each snRNP protein is
again made of different components such as snRNA and proteins. All the five snRNPs
(except U6 snRNP) contains the same set of seven Sm proteins (B/B’, D3, D2, D1, E, F,
and G). The U6 snRNP contains LSm proteins (Lsm2-8) in place of Sm proteins. All the

RNA and protein components of the six snRNPs are shown in Figure 5.

Figure 5 | The protein and RNA components of human spliceosomal snRNPs. All seven Sm proteins
(B/B’, D3, D2, D1, E, F, and G) or LSm proteins (Lsm2-8) are indicated by “Sm” or “LSm” at the top of
the boxes showing the proteins associated with each snRNP. The U4/U6.U5 tri-snRNP contains two sets
of Sm proteins and one set of LSm proteins. The figure is adapted from (Wahl and Lithrmann, 2015a).



1.1.4.2. Multi-protein subunits of the spliceosome

Apart from the core spliceosomal snRNPs, spliceosome also contains many pre-
organized multi-protein subunits such as the Prp19 complex (Prp19), the Intron-Binding
Complex (IBC), the pre-mRNA REtention and Splicing complex (RES) and the Exon
Junction Complex (EJC) (Figure 6).
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Figure 6 | The multi-protein subunits of the spliceosome. The different proteins that make each of the

multi-protein complexes are shown. The figure is adapted from (Wahl and Lithrmann, 2015a).

The RES complex is an evolutionarily conserved trimeric complex that associates
with spliceosome before the first step of splicing reaction. It enhances the splicing of a
subset of transcripts and promotes the nuclear retention of unspliced pre-mRNAs in yeast
(Dziembowski et al., 2004). It is required for the efficient transformation of the
precatalytic B spliceosome into an activated B*' complex (Bao et al., 2017). The Prp19
or NineTeen complex is important for the stable association of U5 and U6 with the
spliceosome during spliceosome activation (Chan and Cheng, 2005). This complex is
necessary for the first step of splicing (Makarova et al., 2004). This complex is also shown
to be important for the formation of stable tri-snRNP (U4/U6.U5 snRNP) by K63
mediated ubiquitination of Prp3 (a component of U4 snRNP), which increases the affinity
of Prp3 towards Prp8 (a component of U5 snRNP) (Song et al., 2010). IBC is a pentameric
complex and it plays a significant role in Exon Junction Complex (EJC) assembly (De et
al., 2015). The exon junction complex (EJC) is a dynamic multi-protein complex loaded
onto nuclear-spliced mRNAs upstream of exon-exon junctions. It plays an important role
in splicing, translational yield, NMD (nonsense-mediated mRNA decay), subcellular
mRNA localization and mRNA export (Tange et al., 2004; Wang et al., 2014b). All these
multi-protein subunits help in the different steps of spliceosome assembly enabling the

faithful splicing reaction.



The other components of the spliceosome such as the RNA helicases will be

discussed along with the spliceosome assembly.

1.1.5. Spliceosome assembly

The spliceosome is known to contain U1, U2, U4, U6, and U5 snRNPs and non-
snRNP proteins. Unlike other types of machinery, the spliceosome is not a pre-assembled
complex. Instead, it assembles on a pre-mRNA in a stepwise manner (Frendewey and
Keller, 1985; Konarska and Sharp, 1986). Yeast and humans are widely used as a model

system to study the assembly of the spliceosome.

The spliceosome assembly starts with the Ul snRNP where 5’end of the Ul
snRNA forms base-pairing with the 5’SS of the intron in an ATP independent manner. In
higher eukaryotes, this interaction is stabilized by the serine-arginine rich (SR) proteins
and the protein components of Ul snRNP (Cho et al., 2011; Staknis and Reed, 1994)
(Figure 7). In the next step, SF1/BBP protein bind to BS (branch site) and the U2
auxiliary factor (U2AF) subunits, U2AF65 and U2AF35, bind to the polypyrimidine tract
and 3’SS respectively (Figure 7). At this stage, the spliceosome complex is called E

complex.

U2AF65

U1l snRNP

Exon

Figure 7 | The spliceosomal E complex. The pre-mRNA is shown with exons in blue and introns in grey.
The 5°SS is recognized by the Ul snRNP (in orange). The branch site is bound by SF1/BBP, whereas the
polypyrimidine tract and 3’ splice site (SS) are bound by the U2 auxiliary factor (U2AF) subunits U2AF65
and U2AF35, respectively. U2AF65 binds both SF1/BBP and U2AF35. Figure adapted from (Wabhl et al.,
2009).

The next step is an ATP dependent process catalyzed by Prp5 and Sub2. During
this step, the U2 snRNA base-pairs with the branch site (BS) and this weak interaction is
stabilized by heteromeric protein complexes of U2snRNP (SF3a and SF3b) and SR
domain of U2AF65 (Gozani et al., 1996; Valcarcel et al., 1996). Then it is followed by
replacement of SF1 from BS with the p14. At this stage, SF3b155 interacts with the C



terminal RRM (RNA recognition motif) of U2AF65 (Gozani et al., 1998). This complex

is called pre-spliceosomal complex or A complex (Figure 8).
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Figure 8 | The spliceosomal A complex. During the formation of A complex, the SF1/BBP is replaced
with the U2-associated protein p14 which interacts with the BS while U2AF65 interacts with SF3b155. The
base-pairing between U2 snRNA and BS is stabilized by components of the U2 snRNP and by the arginine-
serine rich (RS) domain of U2AF65. Figure adapted from (Wahl et al., 2009)

Subsequently, the pre-assembled tri-snRNP (U4/U6.US snRNP) is recruited to the
A complex. This leads to the formation of the B complex or pre-catalytic spliceosome.
Though this complex contains all the proteins that are necessary for carrying out splicing
reaction, it is still catalytically inactive (Figure 9). This B complex undergoes structural
and component re-arrangement before it transforms into an active spliceosomal complex.
At this stage, the Ul and U4 snRNP are eliminated from the B complex. It is further
remodeled by Brr2 and stabilized by a Prp19 complex (not shown in Figure 9) to form
the B*' complex. The B*' complex is subsequently transformed into a catalytically active
B* complex by the ATPase, Prp2. The activated B* complex carries out the first step of
splicing and thus leads to the formation of C complex. Later the C complex undergoes
additional rearrangement by the ATPase, Prp16 in order to perform the second step of
splicing. Subsequently, the post-splicing complex is released from mRNA by the ATPase,
Prp22. Finally, all the snRNPs are individualized by ATPases Prp43 and Brr2 and
recycled for the next cycle of spliceosome assembly (Wahl and Lithrmann, 2015a; Wahl
et al., 2009) (Figure 9).

Though the initial steps of spliceosome are well studied, the late complexes are
still not well characterized. With the evolution of cryo-EM techniques and discovery of
new splicing inhibitors the intermediate and less transient complex are being more and
more discovered. The “resolution revolution” (Kiihlbrandt, 2014) inspired the groups of

Luhrmann, Nagai and Shi to apply state-of-the-art electron cryo-microscopy techniques



to the spliceosome. They identified and resolved the structures of few other intermediate
complexes such as pre-B complex (Boesler et al., 2016), C* complex (Bertram et al.,
2017; Fica et al.,, 2017; Yan et al, 2017; Zhang et al., 2017), ILS (intron-lariat
spliceosome) (Yan et al., 2015). The high resolution of these cryo-EM structures of
spliceosome provided the mechanistic insights and revealed the molecular mechanism of
the pre-mRNA splicing (Scheres and Nagai, 2017). The ordered assembly of spliceosome

containing these newly identified complexes is shown in Figure 10.
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Figure 9 | Canonical assembly and disassembly pathway of the major spliceosome. The pre-mRNA
containing exon and intron sequences are indicated by boxes and lines, respectively. The step-wise
interactions of the snRNPs (indicated by circles) are shown. For simplicity, the non-snRNP proteins (like
Prp19) are not included in the figure. The RNA helicases and ATPases which facilitate structural and
conformational remodeling at each stage are indicated (Prp5, Sub2/UAPS6, Prp28, Brr2, Prp2, Prpl6,
Prp22 and Prp43, or the GTPase Snul14). At the end of the splicing reaction, the spliceosome is released
from mRNA and its components are recycled. Figure adapted from (Will and Lithrmann, 2011).



Throughout the spliceosome assembly, a lot of structural and compositional re-
arrangements enable the formation of different spliceosomal complexes. This remodeling
is carried out by a class of proteins containing DEAD- and DEAH-box ATPases called
RNA helicases (Figure 9). These helicases are responsible for the fidelity of the

spliceosome assembly and hence ensures the faithful splicing reaction (Wahl et al., 2009).
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Figure 10 | Spliceosome assembly cycle. The schematic representation showing the order of spliceosome

complexes. The newly identified complexes are shown in red. Figure modified from (Fica and Nagai, 2017).

1.1.6. Alternative pre-mRNA splicing

Alternative pre-mRNA splicing is a mode of gene regulation and results in the
synthesis of different mRNA from a single primary transcript and thus is responsible for
protein diversity in eukaryotes. The protein isoforms originating from alternative splicing
can have different activities, interactions and differential localization and thus can serve
different functions (Kelemen et al., 2013). Alternative splicing can also cause mRNA
downregulation by nonsense-mediated decay (NMD) by introducing premature
termination codons (PTCs). In certain cases, alternative splicing can impact regulatory
regions that are important for mRNA stability, localization or translation efficiency
(Kalsotra and Cooper, 2011). It is also important for all biological processes and
determines the cell- and tissue-specificity and normal functioning of cells (Kalsotra and
Cooper, 2011). Almost 95% of human multi-exon genes undergo alternative splicing (Pan

et al., 2008). In the 1980s, the splicing of endogenous mammalian genes such as
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immunoglobin and calcitonin was reported for the first time (Liu et al., 1980; Rosenfeld

etal., 1981, 1982).

Depending on the physiological conditions, alternative splicing patterns of genes
constantly change, allowing an organism to respond to changes in the environment. The
real-life scenario of such alternative splicing is shown by Kurokawa et al., where the
alternative splicing of phosphatidylinositol 3-kinase-related protein kinase (SMG-1) is
altered as a result of stress in medical students due to exams. This might have later effects
on nonsense-mediated RNA decay and the p53 pathway (Kurokawa et al., 2010). It would
be very interesting to carry out similar studies with the Indian employees working in the
field of “information technology” and “business-process-outsourcing” since they are
diagnosed with serious health issues such as musculoskeletal symptoms, hypertension,

diabetes, dyslipidemia, depression, anxiety, insomnia and obesity (Padma et al., 2015).
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Figure 11 | Alternative splicing patterns. The different patterns of alternative splicing events that lead to

inclusion or skipping of regions in mRNAs. Exons and introns that are not spliced are called constitutive.
The main types of alternative splicing events are alternative 3’ and 5’ splice sites, cassette exons, retained
introns and mutually exclusive exons. Figure adapted from (Wagner and Berglund, 2014; Wahl and

Lihrmann, 2015b).
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In a mRNA that contains multiple exons, the splicing pattern can be of different
types (Figure 11). Most of the exons are always spliced or included in the mRNA and
this pattern of splicing is called constitutive splicing. An exon that is regulated in order
to be either included or excluded from the mRNA is called a cassette exon. In some cases,
the multiple cassette exons are mutually exclusive and thus produce mRNAs that always
include exactly one of the several possible exon choices. The exon sizes can be altered
by the use of splice sites (5’ or 3 SS) at different position and the resulting splicing
patterns are called Alternative 5’SS or Alternative 3’SS. Alternative promoters that alter
the transcription start sites result in mutually exclusive alternate first exons. Similarly,
regulation of alternative polyadenylation sites results in alternate last exons that are
mutually exclusive. Finally, in some transcripts, the failure to remove an intron results in

the splicing pattern called intron retention (Wagner and Berglund, 2014).

1.1.7. Regulation of alternative splicing

Alternative splicing can be regulated by the “additional cis-acting elements” and
the trans-acting splicing factors. Apart from the cis-acting elements (5’SS, 3’SS and
branch site), pre-mRNA also contains cis-regulatory elements (also called additional cis-
acting elements) which are divided into four groups according to their position in the pre-
mRNA (exon/intron) and their function (enhancers/silencers). These four elements are
exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing
enhancers (ISEs) and intronic splicing silencers (ISSs) (Goren et al., 2006). These cis-
regulatory elements are targeted by RNA-binding proteins (RBPs) called trans-acting
splicing regulators. These trans-acting splicing factors include heterogeneous nuclear
ribonucleoprotein (hnRNPs) (Gallinaro et al., 1981) and serine-arginine-rich proteins (SR
proteins). These RBPs are non-snRNP (non-core) proteins that are not strictly required
for spliceosome assembly or splicing catalysis. Instead, these RBPs promote or interfere
with the recruitment of spliceosome components (U1 and U2 snRNPs) to particular splice
sites (Figure 12). For instance, hnRNPs bind to silencer sequences on introns and exons
(ESS and ISS) and prevent the recruitment of spliceosome components and thus prevent
a particular exon from being included or spliced. On the other hand, SR proteins bind to
the enhancer sequences on introns and exons (ESE and ISE) to promote the recruitment
of spliceosome components and thus favours the inclusion or splicing of particular exons
(Coelho and Smith, 2014). Overall these two factors (cis-regulatory elements and trans-

acting splicing factors) together majorly regulate the alternative splicing.
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Figure 12 | The regulators of alternative splicing. The pre-mRNA containing the cis-regulatory elements
(ESS, ESE, ISS, ISE) are shown in pink and purple colour. The trans-acting splicing factors that bind to
these cis-regulatory elements are shown in violet colour (called SR protein) (in top panel) and maroon
colour (called hnRNPs) (in bottom panel). These trans-acting factors either promote or prevent the
recruitment of the spliceosomal components Ul and U2 snRNPs to particular splice sites. The figure is

adapted from (Wahl and Lithrmann, 2015b).

Another mode of regulating alternative splicing is through the combinatorial
effect (cooperation or competition between splicing factors) of different RBPs (Figure
13a and 13b). For instance, different cell types express different amounts of RBPs and
this can influence alternative splicing. These kinds of combined effects of RBPs are
attributed to cell and tissue-type specific alternative splicing patterns (Fu and Ares, 2014).
The expression and localization of these splicing factors can also vary in certain
physiological conditions based on the environmental cues and in turn, can also regulate
the alternative splicing patterns. An increasing amount of evidence suggests that the speed
of the transcription elongation may also influence the splice site selection thus modulating

the alternative splicing (Figure 13¢) (Fu and Ares, 2014; Kornblihtt, 2007).

In addition to these regulatory elements, the secondary structure of the pre-
mRNAs can sequester the cis-regulatory elements from being recognized by the splicing
factors. The splicing factors usually recognize only the single-stranded form of cis-
regulatory elements (Coelho and Smith, 2014). Also, the epigenetic changes such as DNA
and RNA methylation, chromatin structure and histone modifications also regulate

alternative splicing (Coelho and Smith, 2014; Luco et al., 2010).
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Figure 13 | Cooperation and competition between splicing factors in regulating alternative splicing.
(a) Distinct splicing factors may cooperatively bind to adjacent cis-regulatory elements, which may be
mediated, at least partly, by their protein—protein interactions (indicated by two-headed arrows). (b)The
same cis-regulatory elements, regardless of whether they are located in exons or introns, may be recognized
by related RNA-binding splicing regulators. This results in competition between related splicing regulators.
(c) The speed of transcription elongation may influence splice site selection, which creates opportunities
for the splicing factors to recognize their binding sites co-transcriptionally, thus modulating alternative
splicing during these integrated events in gene expression. 3'SS, 3’ splice site; ESE, exonic splicing
enhancer; ESS, exonic splicing silencer; hnRNP, heterogeneous nuclear ribonucleoprotein; ISS, intronic

splicing silencer; Pol II, RNA polymerase II. The figure is adapted from (Fu and Ares, 2014)

Generally, SR and hnRNP proteins are considered as trans-acting splicing factors.
However, a subset of the core spliceosomal proteins apart from its general role in
spliceosome assembly is also regulating alternative splicing (Papasaikas et al., 2015). For
instance, the depletion of core snRNP protein SmB/B9 resulted in a reduction in the
inclusion of multiple alternative exons including its own pre-mRNA in HeLa cells
(Saltzman et al., 2011). Depletion of an another spliceosome component, PRPFS§ is
reported to be preferentially altering the splicing of a subset of genes that contain weak
57 splice site and these genes are enriched to mitotic progression (Wickramasinghe et al.,

2015). The effect of depletion of core spliceosomal proteins on alternative splicing could
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result from a decrease in the ratio of spliceosomal components to splice sites and thus
creates a competitive environment. When the core spliceosomal proteins are abundantly
present, their recruitment to splice sites would not be rate limiting and under such a
situation, the usual factors regulate alternative splicing. But when the core spliceosomal
proteins are less abundant, the spliceosomal components are recruited efficiently only to
certain splice site pairs and thus would result in altered splicing pattern (Nilsen and
Graveley, 2010). In most of the cases, depletion of spliceosome components alter the
dynamics of spliceosome complex assembly and the minimum availability of core
spliceosome components creates a tug-of-war between strong and weak splice sites and

in turn leads to alteration of splicing pattern.

1.1.7.1. Heterogeneous nuclear ribonucleoproteins (hnRNPs)

The hnRNPs belongs to a large family of RNA binding proteins (RBPs)
that are involved in multiple nucleic acid related metabolism, including alternative
splicing, mRNA stabilization, and transcriptional and translational regulation. The
hnRNP proteins were initially described as a major group of chromatin-associated RBPs
(Dreyfuss et al., 1993; Swanson, 1995). They are bound to nascent RNA as soon as they
are transcribed and form a hnRNP complex which is essential for their function in RNA
metabolism. Approximately 30 hnRNP proteins were identified from the
immunoprecipitation of the hnRNP complex proteins (Dreyfuss et al., 1993; Swanson,
1995). Many experimental pieces of evidence indicate shuttling of many hnRNPs
between nucleus and cytoplasm (Dreyfuss et al., 1993; Nakielny and Dreyfuss, 1997;
Swanson, 1995). The hnRNP proteins play diverse roles both in nucleus and in cytoplasm

and regulate the gene expression at various levels.

The hnRNP proteins possess different types of RNA binding domains, which
directly interact with RNA, most likely in a sequence-specific manner. One such
prevalent domain is the RRM (RNA recognition motif) that mediates specific interactions
with the pre-mRNA. All hnRNPs contain this RRM except for hnRNPs E/K, which
interact with RNA via the hnRNP KH (K homology) domain. Most hnRNPs also harbour
RGG boxes (repeats of Arg-Gly-Gly tripeptides), and additional glycine-rich, acidic or,
proline-rich domains (Dreyfuss et al., 1993) (Figure 14). Typically, the RRM is
characterized by a Pi-oi-B2-f3’-a2’-Ps’ structure and the presence of two highly

degenerate RNP consensus sequences, RNP-1 and RNP-2. Some hnRNPs also contain
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atypical RRM (aRRM) that differ from the usual RRM. For instance, hnRNP-H/F
contains an extra B3’ loop compared with classical RRMs and lack the RNP consensus
sequences. Similarly, hnRNP-I contain five strands in the -sheet of its second and third
RRM domains and also lacks the consensus RNP sequences (Geuens et al., 2016; Han et
al., 2010). These domain variabilities in hnRNPs contribute to their structural and

functional diversity allowing them to have different RNA-binding efficiency.
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Figure 14 | Domain structure of hnRNP proteins. The alphabets on the left side of the figure represent
different hnRNP proteins. ‘A’ represents the hnRNP A/B proteins (A0, Al, A2/B1 and A3) that are
structurally similar. Gly-Rich — glycine-rich; RRM — RNA recognition motif; aRRM — atypical RNA
recognition motif; KH — K homology. The figure is adapted from (Han et al., 2010).

1.1.7.2. Serine- and arginine-rich proteins (SR proteins)

The SR proteins are named after their typical RS domain that is rich in serine (Ser,
S) and arginine (Arg, R). They are conserved in evolution and are present in all metazoan
organisms and plants. They function in both constitutive and alternative splicing. SRSF1
(ASF/SF2) is the first member of SR proteins that was identified as a splicing factor that
is required for the splicing of a B-globin pre-mRNA in vitro (Krainer and Maniatis, 1985).
SRSF2 (SC35) is the second member of SR proteins that was identified to be important
for the first step of splicing reaction (Fu and Maniatis, 1992). These two SR proteins are

characterized with one or two conserved RRM in the N-terminal and an RS domain in the



C-terminal. Soon it was identified that there are many other proteins that contain similar
domains. There were many proteins that share some but not all the features, such as the
presence of RRM and RS domains and the function in splicing, and yet they are not
grouped into the same family. In order to avoid this confusion, Manley and Krainer
defined that SR proteins are the proteins with the following minimal attributes “one or
two N-terminal RRMs, followed by a downstream RS domain of at least 50 amino acids
with >40% RS content, characterized by consecutive RS or SR repeats”. Finally, they
came up with 12 proteins following those features and grouped them as canonical or
classical SR proteins. They named these 12 proteins as SRSF 1-12 (Figure 15) (Manley
and Krainer, 2010). The remaining proteins that follow only a few of these defined
features are termed as SR like or SR related proteins (Long and Caceres, 2009). For
instance, RNPS1 protein which contains both SR and RRM domains are yet considered
as SR like proteins since its SR domain is in N-terminal and RRM domain is in the C-

terminal.
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Figure 15 | Domain structure of human serine/arginine (SR) proteins. Serine/arginine-rich splicing
factor (SRSF) 1-12 are members of the canonical SR protein splicing family that is defined by the N-

terminal RNA recognition motifs (RRMs) followed by a downstream arginine/serine (RS) domain. The

RRM is responsible for RNA binding, while the RS domain mediates protein/protein interactions.
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1.1.7.2.1. Regulation of SR proteins
The RRM domain is generally known for its ability to bind to RNA whereas RS
domain is known for its ability to promote protein-protein or protein-RNA interaction.
Additionally, the RS domain acts as an NLS (nuclear localization signal), affecting the
subcellular localization of SR proteins by mediating the interaction with the SR protein
nuclear import receptor, transportin-SR (Kataoka et al., 1999; Lai et al., 2000). Both the
RRM and RS domains are required for the recruitment of SR proteins to the site of

transcription from the nuclear speckles (Misteli et al., 1998).

Many SR proteins are exclusively present in the nucleus whereas few SR proteins
(SRSF1, SRSF3, SRSF4, SRSF6, SRSF7 and SRSF10) are known to shuttle between the
nucleus and cytoplasm. The differential expression, localization and regulatory pattern
suggest non-redundant and distinct roles in pre-mRNA splicing. The shuttling of SR
proteins is also implicated in protein translation (Sanford et al., 2004; Swartz et al., 2007).
Botti et al. showed the shuttling of two SR proteins (SRSF2 and SRSF5), which was
previously thought to be nuclear. However they observed this effect only in pluripotent
P19 mouse embryonic carcinoma cells but not in P19 differentiated neural cells and HeLa
cells and this effect is dependent on the post-translational status of the SR proteins (Botti

et al., 2017).

Post-translational modifications (PTMs) of SR proteins is an important signal that
modulates various aspects of SR proteins namely localization, activity, interaction and
stability. All SR proteins are phosphorylated predominantly in their SR domains.
Phosphorylation is the most studied PTMs of SR proteins. It is known that
phosphorylation on SR domains is responsible for their recruitment to the site of
transcription from the nuclear speckles (Misteli et al., 1998). Gui et al., purified the first
member of the SR-specific kinase called SRPK1 (SR protein specific kinase 1), that is
responsible for the redistribution of SR proteins from highly localized nuclear speckled
domains in interphase cells to the nucleoplasm when cells enter mitosis. SRPK1 is
specific for the phosphorylation of the SR domain present in all SR proteins (Gui et al.,
1994a, 1994b). Moreover, SRPK1 shows the highest activity during mitosis which is

responsible for the re-distribution of SR proteins from nuclear speckles.

The phosphorylation-dephosphorylation cycle of SR proteins is important for the
spliceosome assembly and splicing catalysis. For instance, phosphorylation of the RS

domain in SF2/ASF is responsible for enhancing the protein—protein interactions with
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other RS domain containing splicing factors, such as U1-70K (Xiao and Manley, 1997).
On the other hand, dephosphorylation of SR and SR-related proteins is also required for
splicing catalysis to proceed (Cao et al., 1997; Tazi et al., 1993). Inhibition of any of these
two ordered events (phosphorylation and dephosphorylation) does not favour the

completion of the splicing catalysis.
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Figure 16 | Destabilization of SC35 by TIP60. TIP60 prevents the translocation of SRPK1 and SRPK2
to the nucleus and acetylates SC35. The prevention of the nuclear translocation of SRPK1 and SRPK2
maintains SC35 in hypo-phosphorylated form. This hyperacetylated/hypo-phosphorylated form of SC35 is
degraded by the proteasome. On the other hand, HDAC6 counteracts this effect of TIP60 on SC35. The
figure adapted from (Edmond et al., 2011).

A hand full of studies shows that the phosphorylation and other PTMs of SR
proteins are known to impact on the stability of the SR proteins. SRSF2 or SC35 is the
best example to explain the role of PTMs in regulating the stability of SR proteins.
Edmond et al., described that SC35 undergoes acetylation at lysine 52 at RRM by the
acetyltransferase Tip60 which leads to degradation of SC35 by the proteasome. TIP60
also prevents the phosphorylation of SC35 by inhibiting the nuclear translocation of
SRPK1 and SRPK2 and thus leading to degradation of SC35 proteins. This effect of
TIP60 can be counteracted by HDAC6 (Edmond et al., 2011) (Figure 16). From this
study, it can also be assumed that nuclear SRPK could act as an important factor for the
stability of SR proteins such as SC35. Gongalves et al., showed that the inhibition of
GSK3p leads to decrease in SRPK1 protein levels, which in turn leads to cytoplasmic
accumulation and degradation of ASF/SF2 (SRSF1) (Figure 17) (Gongalves et al., 2014).
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Similarly, Moore et al and Jones et al., reported the destabilization of ASF/SF2 protein
levels upon inhibition of Aurora-A (Jones et al., 2017; Moore et al., 2010).
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Figure 17 | Posttranslational modifications regulating SRSF1 (ASF/SF2) protein. Cytoplasmic SRPKI1
constitutively phosphorylate the just synthesized cytoplasmic SRSF1 protein at serine residues in the proximal SR
domain (pRS). This allows the nuclear import of SRSF1, followed by a second phosphorylation step at the distal SR
domain (dRS) that includes several serine-proline (SP) motifs by CLK1 or nuclear SRPK 1. SRSF1 phosphorylated at
both proximal and distal SR allows its accumulation in nuclear speckles from where it is recruited to the spliceosome.
SRSF1 dephosphorylation induces its nuclear to cytoplasmic translocation and lack of phosphorylation by SRPK1 in
the cytosol leads to its proteolytic degradation. The figure is adapted from (Gongalves and Jordan, 2015).

Another study shows the increased ubiquitylation of SRSF1 in activated T cells
and its degradation by proteasome. Interestingly, T cells from patients with SLE (systemic
lupus erythematosus) showed increased ubiquitylation of SRSF1 when compared to those
from healthy individuals (Moulton et al., 2014). A similar proteasome mediated
degradation was observed in other SR proteins such as SRSF5 during late erythroid
differentiation (Breig and Baklouti, 2013). In contrast to SC35 (SRSF2), acetylation of
SRSF5 by TIP60 on K125 antagonizes the Smurfl mediated ubiquitylation and
degradation of SRSF5 upon glucose intake. Upon glucose starvation, the HDACI1
deacetylates SRSF5 and mediates its degradation by proteasome (Chen et al., 2018).
Overall all these reports suggest that each SR protein follows a different mode of

degradation. The stabilization/degradation of the same SR proteins can vary depending
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on the cell and tissue type since the degradation of each SR protein relies on more than
one regulatory proteins and the expression and localization of these regulatory proteins

might vary between different cell and tissue types.

1.1.8. Alternative splicing and disease

The defects in the regulation of splicing have been implicated in many different
diseases. It is known that almost 15% of the mutation that causes genetic diseases alter
the pre-mRNA splicing (Srebrow and Kornblihtt, 2006). The mutation in cis-acting
elements or cis-regulatory elements or trans-acting splicing factors or spliceosomal
proteins can be responsible for human pathogenesis such as cancer. In addition, the mis-
regulation of the expression of these trans-acting splicing factors and spliceosomal
proteins can also cause human diseases. The defects in these elements give rise to the
selection of a wrong splice site and, which in turn, alter the alternative splicing pattern.
The emerging knowledge in understanding the normal and pathological splicing

regulation would help in developing treatment options.

The mutation in the core spliceosomal protein, PRPF31 and PRPS is responsible
for the autosomal dominant forms of retinitis pigmentosa (Boon et al., 2007; Vithana et
al., 2001; Wilkie et al., 2008). A point mutation generates an alternative 3'SS in HBB
(the gene that encodes [B-globin) results in B*-thalassaemia, a condition that is

characterized by reduced B-globin protein levels and anaemia (Busslinger et al., 1981).

Spinal muscular atrophy (SMA) is a neurodegenerative disease caused due to
deletion or loss-of-function mutations in the gene SMN1 which results in a decrease in
SMN protein levels. Interestingly there is a homologous gene, SMN2. But then a single
nucleotide difference in exon 7 causes decreased inclusion of exon 7 that in turn results
in truncated protein isoform. It was hypothesized that the exon 7 of SMN2 could be more
included by using an antisense oligonucleotide (Hua et al., 2011). This antisense
oligonucleotide is now been approved by the FDA under the name of nusinersen/Spinraza

(Biogen) and it is being used to treat SMA patients (Corey, 2017).

Cancer cells acquire 8 main traits for its development. These include sustaining
proliferative signaling, reprogramming of energy metabolism, resistance to cell death,
enabling replicative immortality, evasion of growth suppressors, acquisition of the ability

to invade normal tissues and metastasize, induction of angiogenesis and avoidance of
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immune destruction (Hanahan and Weinberg, 2011). Each of these fundamental traits

could be linked to aberrant splicing regulations (Liu and Cheng, 2013) (Figure 18).
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Figure 18 | Mis-regulated alternative splicing of genes responsible for cancer. The 8§ traits that are
obtained by cancer cells are shown. The splicing of genes that are mis-regulated is shown next to each trait.

The figure is adapted from (Liu and Cheng, 2013).

Genome analysis of multiple tumours has revealed the frequent mutations in the
core and auxiliary components of spliceosomes such as SF3b1, U2AF35, SRSF2 and
ZRSR?2 in haematological malignancies (Dvinge et al., 2016). Similarly, in solid tumours,
the splicing factors are mutated but are less frequent. For instance, SF3B1 in breast cancer
and melanoma (Darman et al., 2015; Furney et al., 2013), U24AF35 and RBM 10 in non-
small cell lung tumours (Brooks et al., 2014) and HNRNPL in colon tumours (Sebestyén
et al., 2016) are mutated. A large scale analysis of known and putative RBPs coding genes
has shown that mutations in known and putative RBPs are mostly limited to these cases
in solid tumours (Sebestyén et al., 2016). Furthermore, change in the expression of
splicing factors greatly impacted on the alternative splicing when compared to the
mutation in splicing regulators or factors (Jung et al., 2015; Sebestyén et al., 2015). Also,
the mutation and differential expression of splicing factors seem to produce different
splicing outcomes. For instance, modulating the expression of SF3B/ in cells does not

produce the same splicing outcome when SF3B1 is mutated (Alsafadi et al., 2016). The
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complete understanding of the relation between the splicing outcome and the mis-
regulated splicing factors would enable developing a therapy against cancer. Many small
molecule inhibitors are being identified and their anti-tumour properties are also being
observed. For instance, pladienolides, spliceostatin A and its analogues sudemycins that

target SF3b1 are known to have anti-tumour activity (Bonnal et al., 2012).

Alternatively, the mis-regulation of the splicing kinases such as SRPKs, CLKs
and PRP4K is also responsible for the tumorigenesis (Corkery et al., 2015; Dominguez et
al., 2016; Wang et al., 2014a). Targeting such kinases for cancer treatment does not
represent a solid therapeutic option since increased or decreased activity or expression of
these kinases are known to promote tumorigenesis (Wang et al., 2014a). Additionally,
many recent studies report that many kinases previously known for their cell signalling
activity are also involved in splicing regulation (Moore et al.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>