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Zusammenfassung

ZUSAMMENFASSUNG

Die Sequenzierung des menschlichen Genoms hat gezeigt, dass Menschen eine
unerwartet geringe Anzahl von Genen besitzen. Einer der Hauptmechanismen, der an der
Herstellung der Proteinvielfalt aus der iiberraschend geringen Anzahl von Genen beteiligt
ist, ist alternatives Spleiflen. Daten von Mikroarray-Analysen zeigen, dass etwa 75% der
menschlichen Gene alternativ gespleifit werden. Somit ist die Kontrolle des alternativen
Spleilens eine wichtige Komponente der Genexpressions-Regulation. Bislang sind
insbesondere die mit Signaltransduktionwegen assoziierten Mechanismen der Spleif3-
Regulation kaum untersucht und verstanden.

In dieser Arbeit wurde ein Beitrag zum Verstindnis des Mechanismus der
Regulation des alternativen Spleiflens erbracht. Die Ergebnisse konzentrieren sich auf das
Protein YT521-B, das mit verschiedenen Spleififaktoren interagiert und selbst
SpleiBvorgénge beeinflussen kann. YT521-B ist ein Kernprotein, das in einer neuen
Kern-Substruktur, den YT-bodies, vorliegt. YT521-B gehort zu keiner bekannten
Proteinfamilie und hat keine vorher beschriebenen RNA-Bindungsdoménen.

Im ersten Teil der Arbeit wurde eine neue Proteindomine in YT521-B
identifiziert, die phylogenetisch sehr stark konserviert ist. Diese Doméne wurde YTH, fiir
YT521-B Homologie, genannt. Thre vorhergesagte Sekundarstruktur besteht aus vier o-
Helices und sechs B-Faltbléttern. Die Konservierung von aromatischen Aminoséduren in
den B-Faltblittern ist vergleichbar mit dem RNA Erkennungsmotiv (RRM). EMSA-
Analysen zeigen, dass die YTH Doméne purinreiche RNA binden kann. Analysen von
YTH Mutanten zeigen auch, dass mindestens 7 aus 14 konservierten Aminosduren
wichtig fiir die Bildung von YT-bodies sind.

Im zweiten Teil der Arbeit wurde gezeigt, dass Lokalisation und Funktion von
YT521-B durch Tyrosin-Phosphorylierung reguliert sind. YT521-B wird durch einige
spezifische Tyrosinkinasen phosphoryliert. Obwohl YT521-B im steady state im Zellkern
lokalisiert ist, kann es durch membranstindige Tyrosinkinasen phosphoryliert werden,
weil YT521-B sich sehr schnell zwischen Cytosol und Zellkern bewegt. Die Tyrosin-
Phosphorylierung 16st YT-bodies auf und sorgt fiir eine Assoziation zwischen YT521-B
in der unloslichen Kernmatrix. Durch diese Sequestrierung reguliert die Tyrosin-

Phosphorylierung den Effekt von YT521-B auf die Auswahl alternativer Spleif3stellen.

Vil



Abstract

ABSTRACT

Sequencing of the human genome has revealed that humans have an unexpectedly
small number of genes. Alternative splicing emerges to be one of the major mechanisms
involved in generating protein diversity from the relatively limited number of genes.
Microarray data now show that nearly 75% of human genes produce transcripts that are
alternatively spliced. In consequence, the control of splicing becomes an important
component of gene regulation. To date, the mechanisms that regulate splicing, in
particular the associated signal-transduction pathways, are not well understood.

The focus of this work is to understand the mechanism of the alternative splicing
regulation. The results presented here concentrate on the YT521-B protein, which has
been identified as a protein interacting with several splicing factors, such as hnRNP-G,
Sam68, and rSAF-B. YT521-B is present in the nucleus, where it defines a novel
compartment, the YT bodies. It has also been shown that YT521-B can change
alternative splice site usage in a concentration-dependent manner. YT521-B does not
belong to any of the known protein families and does not have in its structure any
previously known RNA-binding domain.

The first part of this work shows the presence of a domain, which is conserved
among proteins of several species. It is named YT521-B Homology (YTH) domain. Its
predicted secondary structure consists of four o-helices and six [-strands. The
conservation of aromatic residues in the -sheets is reminiscent of the RNA recognition
motif (RRM). The performed electrophoretic mobility shift (EMSA) experiments with
YT521-B deletion mutant containing YTH domain show that the protein binds purine-
rich RNA. In addition, mutational analysis shows that at least 7 of the 14 conserved
residues are necessary for YT bodies’ formation.

The second part of this work demonstrates that localization and function of
YT521-B is regulated by tyrosine phosphorylation. It is shown that YT521-B is
phosphorylated by specific nuclear non-receptor tyrosine kinases. It is also
phosphorylated by membrane-bound kinases, as the protein shuttles between nucleus and
cytosol. Tyrosine phosphorylation causes dispersion of YT521-B from YT bodies to the
nucleoplasm and moves the phosphorylated protein into insoluble nuclear fraction.
Finally, tyrosine phosphorylation of YT521-B changes the protein effect on alternative

splice site selection of several reporter genes.

viil



Introduction

1. INTRODUCTION

The initial primary transcript synthesized by RNA polymerase II undergoes
several processing steps before a mature mRNA is produced. Eukaryotic messenger RNA
processing includes several major events, such as 5’ capping, 3’ polyadenylation (Shatkin
and Manley, 2000), splicing (Neugebauer, 2002; Kornblihtt et al., 2004), and RNA
editing (Wedekind et al., 2003). These processes are crucial for eukaryotic gene
expression occurring in the specialized compartments of the nucleus (Dundr and Misteli,
2001). Regulation of gene expression at the posttranscriptional level is mainly achieved
by RNA-binding proteins (Perez-Canadillas and Varani, 2001). This chapter introduces
the process of splicing (sections 1.1.1.—1.1.3.) and focuses on regulation (section 1.1.4.)
and function (section 1.1.5.) of the alternative splicing. In addition, the basic knowledge
of RNA interacting domains (section 1.2.) and functional architecture of the cell nucleus

(section 1.3.) is presented.

1.1. Pre-mRNA splicing

1.1.1. Basic splicing reaction and spliceosome assembly

Almost all eukaryotic pre-mRNAs are transcribed as precursors and the formation
of mature mRNAs from primary transcripts requires excision of intervening intron
sequences and the subsequent joining (splicing) of exons.

Introns are marked by weakly conserved elements that are essential for intron
recognition and its removal (Table 1). Introns with GT-AG terimini are called U2-type

introns.

Table 1. Sequence elements marking introns.

Element Consensus sequence*
5’ (donor) splice site YRG/GURAGU
3’ (acceptor) splice site preceded by a polypyrimidine stretch Y LNYAG/

Branch point located 18-200 nucleotides upstream of the 3’ splice site YNYURAY

* Symbols used: Y — pyrimidine; R — purine; N — any nucleotide. Slash denotes the exon-intron border.
Invariant nucleotides are underlined.

There is a second minor class of introns found in higher eukaryotes. These, so-called

Ul2-type, introns have AT-AC termini. Their consensus sequences are more highly
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conserved than U2-type GT-AG introns (5’ splice site: /AUAUCCUU, 3’ splice site:
YCCAC/, branch point: TCCTTAAC) (Hall and Padgett, 1994) and they are spliced by a
distinct spliceosome (Tarn and Steitz, 1996). Analysis of canonical and non-canonical
splice sites in mammalian genomes shows that the 99.24% of splice site pairs has GT-AG
termini, 0.69% GC-AG, 0.05% AT-AC, and finally only 0.02% consists of other types of
non-canonical splice sites (Burset et al., 2000; Burset et al., 2001).

Splicing proceeds through two sequential transesterification reactions (Figure 1).
The first reaction generates a 2’, 5’-phosphodiester bond at the branch point upstream of
the 3’ splice site and a free 3’-hydroxyl group on the upstream exon. In the second
reaction, the newly formed 3’-OH group attacks the phosphodiester bond at the 3’ splice
site. In consequence, the lariat intron with a 3’-hydroxyl group is released and two exons

are joined together.
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Figure 1. Pre-mRNA splicing basic reaction.

The splicing reaction 1is catalyzed by a large and highly dynamic
ribonucleoprotein complex, the spliceosome. In size and complexity, spliceosomes are
comparable to ribosomes. The spliceosome consists of the five small nuclear
Ribonucleoprotein Particles (snRNPs) U1, U2, U4, U5, and U6 and 50-100 non-snRNP
splicing factors (reviewed in Kramer, 1996; Burge et al., 1999). Spliceosome assembly is
a dynamic process involving the recruitment of both snRNP and non-snRNP splicing
factors to the pre-mRNA (reviewed in Reed and Palandjian, 1997; Burge et al., 1999;
Reed, 2000; Hastings and Krainer, 2001). The 5° splice site is recognized by the Ul
snRNP when 5’ region of the Ul snRNA basepairs with the consensus sequence of 5’

splice site (Zhuang and Weiner, 1986). The polypyrimidine tract and the AG dinucleotide
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Lariat intron

5'- | - 3'

Ligated product mRNA ( j '

Figure 2. The spliceosome cycle. The processing of a pre-mRNA containing two exons and one
intron into the ligated exon product and lariat intron is shown. Small nuclear ribonucleoprotein
particles are indicated by different colors. Arrows represent transitions between complexes and/or
recycling of snRNP components. Macromolecular complexes characteristic for mammalian systems
are marked with capital letters. Occurrence of two transesterification reactions is indicated with thick
arrows. [Adapted from (Burge et al., 1999)]

at the 3’ splice site are recognized by U2 snRNP Auxiliary Factors U2AF®® and U2AF™,
respectively (Zhang et al., 1992; Wu et al., 1999). The 3’ and 5’ splice site recognition is
facilitated by exon bridging interactions between U2AF bound to the 3' splice site and Ul
snRNP bound to the downstream 5' splice site (Hoffman and Grabowski, 1992; Wu and
Maniatis, 1993). Splicing Factor 1 (SF1) binds the branch point and interacts with U2AF,
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which is crucial for the branch point recognition (Kramer and Utans, 1991). All these
interactions allow assembly of an early (commitment) E complex. There are also
alternative spliceosome assembly pathways described, such as Ul- (Crispino et al.,
1994), U2AF- (MacMillan et al., 1997; Kent et al., 2005), and U2AF RRM3-independent
(Banerjee et al., 2004) pathways, showing that the spliceosome assembly is flexible and
different pre-mRNAs have distinct rate-limiting steps. Spliceosomal A complex is
formed when the U2 snRNP is recruited to the branch point sequence. Association of the
U4/U6-US tri-snRNP with the pre-spliceosome generates the pre-catalytic B complex.
The mature spliceosome is formed through extensive rearrangements of snRNP
components. Ul and U4 snRNPs are released from the spliceosome and U6 snRNP
replaces Ul snRNP, forming the RNA:RNA duplex with the 5 splice site. In addition,
the 5’ splice site is brought to the close proximity of the branch point and the 3’ splice
site by base-pairing between U6 and U2 snRNAs and interaction of U5 snRNP with both
upstream and downstream exons. At this point, the first transesterification occurs and the
intron lariat is formed. Finally, in C complex the second transesterification reaction takes
place and two exons are joined while intron lariat is released. snRNPs leave the complex
and are recycled for the next splicing reaction. The schematic spliceosomal cycle is

presented in Figure 2 (Burge et al., 1999).

1.1.2. Exon recognition and intron bridging

Splicing regulatory elements, such as 5’ and 3’ splice sites and branch point, are
degenerated and described only by loosely followed, short consensus sequences. It is
therefore difficult to predict exons in genomic sequences, and current computer programs
cannot accurately predict splice sites from genomic DNA. Approximately 60% of the
exons can be identified properly when the programs are benchmarked with newly
determined and experimentally annotated genomic regions (Thanaraj, 2000). This
contrasts with the high accuracy and fidelity of splice site selection in vivo. One reason
for the splicing efficiency observed in vivo is the presence of additional regulatory
enhancer or silencer elements, which can be located within exons or introns. These
elements are again characterized by loose consensus sequences and this degeneracy

prevents them from interfering with the coding capacity of the exons. Several types of
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enhancer/silencer elements are described, (GAR), purine-rich (Dominski and Kole, 1994;
Elrick et al., 1998), pyrimidine-rich (Pret et al., 1999) and A/C-rich (ACEs) (Coulter et
al., 1997).

enhancer / silencer spliccosomal component

RNA:protein interaction

. protein; protein interaction

CAGguaagu gt ag

Figure 3. Elements involved in splice site selection. Exons are indicated as boxes, the intron as a
thick line. Exonic splicing regulatory elements (enhancers or silencers) are shown as yellow boxes.
The 5' splice-site (CAGguaagu) and 3' splice-site (y),,ncagG, as well as the branch point (ynyyray),
are indicated (y=c or u, n=a, g, ¢ or u). Upper-case letters refer to nucleotides that remain in the mature
mRNA. Two major groups of proteins, hnRNPs (orange) and SR or SR-related proteins (yellow), bind
to splicing regulatory elements; the protein:RNA interaction is shown in light blue. This protein
complex assembles around an exon enhancer, stabilizing binding of the Ul snRNP close to the 5'
splice-site, for example due to protein:protein interaction between an SR protein and the RS domain of
U170K (shown in red). This allows hybridization (thick black line with stripes) of the Ul snRNA
(black) with the 5' splice-site. The formation of the multi-protein:RNA complex allows discrimination
between proper splice-sites indicated at exon:intron borders and cryptic splice-sites (small gt ag) that
are frequent in pre-mRNA sequences. Factors at the 3' splice-site include U2AF, which facilitates
binding to U2 snRNP to the branchpoint sequence. (Stamm et al., 2004)

Proteins binding to regulatory sequence elements can be subdivided into two
groups, serine/arginine-rich (SR) proteins (Manley and Tacke, 1996; Tacke and Manley,
1999) and heterogeneous nuclear Ribonucleoproteins (hnRNPs) (Weighardt et al., 1996;
Krecic and Swanson, 1999). RNA recognition occurs through the specialized domains,
such as RRM or KH motif (section 1.2.). Since the interaction between individual factor
and regulatory sequence is weak and not highly specific, different SR and SR-like
proteins can act through the same enhancers and influence the same splice sites. In
addition, SR and SR-like proteins bridge introns by interactions among each other and
through interactions with the core spliceosome components, forming this way a stable
complex that marks the exon (Wu and Maniatis, 1993; Tacke and Manley, 1999; Hertel et
al., 1997) (Figure 3). SR and SR-like proteins participate in the recruitment of U2AF®
and U2AF™ to the polypyrimidine tract and the adjacent 3’ splice site (Graveley et al.,
2001), as well as in the recruitment of U1 snRNP to the 5’ splice site (Eperon et al., 1993;
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Eperon et al., 2000) and U2 snRNP to the branch point (Tarn and Steitz, 1995; Boukis et
al., 2004). These protein:protein interactions are mediated by RS domains, rich in serine
and arginine residues. hnRNPs can bind to enhancers and silencers in a sequence-
dependent manner (Caputi and Zahler, 2001) and can antagonize SR and SR-like proteins
function. For example, hnRNP G that possibly binds to the specific AAGT sequence
(Nasim et al., 2003) interacts with tra2-beta and is capable of inhibiting tra2-beta-
dependent splicing (Venables et al., 2000).

The importance of the splicing regulatory sequences and their interacting proteins
is emphasized by the increasing number of pathologies associated with them (reviewed in
Stoss et al., 2000; Stoilov et al., 2002a; Faustino and Cooper, 2003). For example, Spinal
Muscular Atrophy (SMA) is caused by loss or mutations in Survival Motor Neuron 1
gene (SMN1). A nearly identical SMN2 gene fails to compensate for the loss of SMNI1
because of the translationally silent C—T conversion in exon 7. This change disrupts an
exonic splicing enhancer, what in consequence leads to exon 7 skipping and generation of
a truncated, less stable SMN2 protein (reviewed in Ogino and Wilson, 2002). In
Frontotemporal Dementia with Parkinsonism linked to chromosome 17 (FTDP-17) tau
mutations can either increase or decrease exon 10 splicing. Regulation of exon 10
splicing is complex and involves at least three different cis-acting elements. Described tau
mutations can enhance an existing splicing enhancer element, create a new exon splicing

enhancer element or destroy an exon splicing silencing element (D'Souza et al., 1999).

1.1.3. Alternative splicing

The sequencing of the human genome has demonstrated that humans contain only
about 20,000 — 25,000 genes, which is far less then previously expected (International
Human Genome Sequencing Consortium, 2004). Therefore, the generation of protein
isoforms through regulated alternative splicing is an important step in gene expression of
complex organisms. An average human gene contains a mean of 8.8 exons with a mean
internal size of 145 bp. The mean intron length is 3365 bp and the 5’ and 3° UTR are 300
and 770 bp, respectively. As a result, a “standard” gene spans about 27 kb. After pre-
mRNA processing the average mRNA exported into the cytosol consists of 1340 bp
coding sequence, 1070 bp untranslated regions and a poly (A) tail (Lander et al., 2001).
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These numbers show that more than 90% of the pre-mRNA is removed as introns and
only about 10% of the average pre-mRNA is joined as exonic sequences by pre-mRNA
splicing. Human cells are not only capable of accurately recognizing the small exons
within the larger intron context, but are also able to recognize exons alternatively. In this
process, an exon is either incorporated into the mRNA, or is excised as a part of an
intron. Initially, this was thought to be only a minor processing pathway affecting about
5% of all genes (Sharp, 1994), but over time it became clear that it is highly abundant.
Computational analysis shows that 59% of the 245 genes present on chromosome 22 are
alternatively spliced (Lander et al., 2001) and DNA microarray experiments indicate that
74% of all human genes are alternatively spliced (Johnson et al., 2003). The high
frequency of alternative splicing in humans is also supported by EST-based database
analysis indicating that 35-60% of all human gene products are alternatively spliced
(Mironov et al., 1999; Brett et al., 2000; Kan et al., 2001; Lander et al., 2001; Modrek et
al., 2001; Modrek and Lee, 2002), suggesting that alternative splicing of human genes is
the rule, not the exception.

On average, a human gene generates 2-3 transcripts. However, extreme cases
exist, 3 human neurexin genes can potentially form over 1000 transcripts due to
alternative splicing and six alternative promoters (Missler and Sudhof, 1998). In
Drosophila, the Down syndrome cell adhesion molecule (Dscam) can potentially
generate 38,016 isoforms due to alternative splicing (Celotto and Graveley, 2001). This
number is larger than the total number of genes present in Drosophila. Alternative
splicing is observed in all tissues, but tissue-specific splicing is most prevalent in brain
cells (Stamm et al., 2000; Xu et al., 2002). EST data comparison strongly indicates that
similar levels of alternative splicing occur in evolutionarily distinct species such as
human, mouse, Drosophila and C.elegans, emphasizing the importance of alternative
splicing throughout evolution (Brett et al., 2002).

Most alternative splicing events can be classified into five basic splicing patterns:
cassette exons, alternative 5’ splice sites, alternative 3’ splice sites, mutually exclusive
cassette exons and retained introns (Figure 4). An estimated 75% of all alternative

splicing patterns change the coding sequence (Kan et al., 2001; Okazaki et al., 2002;
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2003). The

e —— Retained intron Zavolan et al,
alternative usage of internal
:@: Cassete exon
cassette exons is the most
:%:' Mutually exclusiveexons | prominent  splicing  pattern.
:®:’ Altemative 3'splicesite | D@tabase analysis revealed that
cassette exons represent around
[:@:’ Alternative 5' splice site
53% of human alternative exons

Figure 4. Types of alternative exons. Exons are indicated (Stamm et al., 2000). More
as boxes, introns as horizontal lines. Black color indicates ] ] o
alternatively spliced exons, flanking constitutive exons are complicated alternative splicing

shown in white.

patterns consist of combined

basic patterns and are frequently observed, e.g. in the simultaneous skipping of multiple
exons in the CD44 gene (Screaton et al., 1992), combination of intron retention in
cassette exons of the splicing factors 9G8 (Popielarz et al., 1995) and SFRS14 (Sampson
and Hewitt, 2003) and multiple alternative 3’splice sites in the gene encoding SC35
(Sureau and Perbal, 1994).

1.1.4. Regulation of the alternative splicing

Alternative splicing is tightly regulated in a tissue- or developmental stage-
specific fashion through the activity of tissue-specific factors (Buckanovich et al., 1993;
Elliott et al., 1996; Grabowski, 1998; Venables et al., 1999; Di Fruscio et al., 1999). In
addition, changes in splice site selection may occur in response to extracellular stimuli,
such as stress (Borsi et al., 1995; Denegri et al., 2001; Daoud et al., 2002), growth factors
(Shifrin and Neel, 1993; Smith et al., 1997), hormones (Chalfant et al., 1998; Xie and
McCobb, 1998), cytokines (McKay et al., 1994; Eissa et al., 1996), drugs (Yao et al.,
1996), membrane depolarization in neurons (Zacharias and Strehler, 1996; Xie and
Black, 2001) or antigenic stimulation of the T-cell receptor (Konig et al., 1998; Weg-
Remers et al., 2001), and are a part of a normal adaptation process of the cell (reviewed
in Stamm, 2002; Shin and Manley, 2004). These extracellular cues act through the
activation of signaling pathways, such as MKK3/6-p38 or Ras-Raf-MEK-ERK, that
transduce the information to the nucleus and in effect change splicing factors activation

(Lynch and Weiss, 2000; van der Houven van Oordt et al., 2000; Weg-Remers et al.,
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2001; Matter et al., 2002). However, in many cases signaling components between the
cell surface and the nuclear splicing machinery are not yet identified. Ischemia induced in
the brain effects in the hyperphosphorylation of tra2-betal and its translocation from the
nucleus to the cytosol (Daoud et al., 2002). In addition, some of tra2-betal interacting
proteins, like Sam68 and serine/arginine-rich proteins, also accumulate in the cytosol.
Concomitant with this relocalization is a change in the alternative splice site usage of the
Interleukin-1p Converting enzyme Homologue 1 (ICH-1) gene. A well studied example
of hormonal influence on the alternative splicing is the incorporation of the exon BII of
the Protein Kinase C (PKC) due to activation of the insulin receptor by insulin (Chalfant
et al., 1998; Patel et al., 2001).

1.1.4.1. Phosphorylation-dependent control of the pre-mRNA splicing machinery

Phosphorylation and dephosphorylation of spliceosomal components are main
mechanisms providing precise control during the pre-mRNA splicing process. The
phosphorylation status of proteins is known to play a role in the assembly of the
spliceosome, regulation of the splice site selection, and subcellular localization of
splicing factors (reviewed in Soret and Tazi, 2003). Sequential phosphorylation and
dephosphorylation of SR proteins mark particular steps in the splicing reaction (Cao et
al., 1997; Xiao and Manley, 1997) and experiments using phosphatase inhibitors
demonstrate that dephosphorylation is important for single splicing reactions (Mermoud
et al,, 1992). Moreover, changes in the phosphorylation level, leading to hyper- or
hypophosphorylation of SR proteins, were shown to inhibit splicing (Prasad et al., 1999).
Phosphorylation of serine residues recruits SR proteins from storage compartment,
nuclear speckles to the sites of active transcription, resulting also in diffusion of speckles
(Misteli et al., 1998; Wang et al., 1998). It was demonstrated that phosphorylation of
specific splicing factors by CDC2-Like Kinases (CLK1-4) promotes exclusion of Tau
exon 10 (Hartmann et al., 2001). Exon 10 of human Tau microtubule-associated protein
is known to be associated with frontotemporal dementia and Parkinsonism linked to
chromosome 17 (FTDP-17) (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini and
Goedert, 1998; Varani et al., 1999; Jiang et al., 2000; Kowalska et al., 2002). Mutations

increasing the inclusion of exon 10 effect in the production of Tau protein, which
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contains additional microtubule-binding sites, which can result in protein aggregation and
formation of filamentous lesions (Hasegawa et al., 1999). Another example of
phosphorylation-dependent regulation of splice site selection is formation of variant
CD44 isoforms during immune response (Weg-Remers et al., 2001). After T-cell receptor
stimulation, the Ras-Raf-MEK-ERK signaling cascade is activated and exon v5 inclusion
is observed. The similar effect of the enhanced ERK-mediated exon v5 inclusion was also
observed after forced expression of Sam68 and phorbol-ester stimulation (Matter et al.,
2002). Tyrosine phosphorylation of Sam68-Like Mammalian proteins (SLM-1 and SLM-
2) inhibits their RNA-binding activities (Haegebarth et al., 2004) and influences their
splicing properties (Stoss et al., 2004).

1.1.5. Function of alternative splicing

Gene regulation through alternative splicing is more versatile than regulation
through promoter activity. Variant transcripts generated through alternative splicing,
similar to those initiated from distinct promoters, are often tissue and/or developmentaly
specific, resulting in effects seen only in certain cells or developmental stages. However,
changes in promoter activity alter predominantly the expression levels of the mRNA. In
contrast, changes in alternative splicing can modulate transcript expression levels by
subjecting mRNAs to nonsense-mediated decay and alter the structure of the gene
product by inserting, or deleting, novel protein parts. The structural changes fall into
three categories: introduction of stop codons, changes of the protein structure and
changes in the 5’ or 3’ untranslated region. The effects caused by alternative splicing
range from a complete loss of function to subtle effects that are difficult to detect. Data
on functional aspects of alternative splicing is collected in the Alternative Splicing
Database (ASD) at http://www.ebi.ac.uk/asd/ and reviewed in (Stamm et al., 2005).
Several examples of the functional importance of alternative splicing are presented in

Table 2 and described below.

10


http://www.ebi.ac.uk/asd/

Introduction

Table 2. Examples of functional effects of alternative splicing.

Functional effect of alternative splicing Example Reference
Receptor insensitivity to a ligand TSH receptor (Ando et al., 2001)
Changed ligand specificity of the receptor FGFR-2 (Miki et al., 1992)
Modified affinity of a ligand to the receptor GnRH receptor | (Wang et al., 2001)
Differential binding between proteins Tenascin (Chiquet-Ehrismann

etal., 1991)

Generation of soluble receptor isoforms

IL-4 receptor

(Blum et al., 1996)

Modulation of the ligand-dependent internalization of | u-Opioid (Koch et al., 2001)
the receptor receptor

Sequestration of the receptor in membrane-enclosed mGluR1 (Chan et al., 2001)
compartments

Changed sublocalization within an organelle MEKS5 (English et al., 1995)
Regulation of the enzymatic activity dNOS (Stasiv et al., 2001)
Changed protein stability FosB (Nestler et al., 1999)
Insertion of posttranslational modification sites Kv4.3 (Po et al., 2001)
Modulation of ion-channel properties KCNQ2 (Pan et al., 2001)

Abbreviations: dNOS, Drosophila nitric-oxide synthase; FGFR, fibroblast growth factor receptor; GnRH,
gonadotrophin releasing hormone; IL-4, interleukin-4; KCNQ?2, potassium voltage-gated channel, KQT-
like subfamily, member 2; Kv4.3, potassium voltage gated channel, Shal-related family, member 3;
MEKS, MAP/ERK kinase 5; mGluR1, metabotropic glutamate receptor 1; TSH, thyroid stimulating
hormone.

1.1.5.1. Introduction of stop codons

mRNAs containing premature stop codons can be degraded by Nonsense-
Mediated Decay (NMD). During pre-mRNA splicing, exon-exon junctions are marked
with a protein complex that influences the subsequent mRNA translation. In the absence
of translation, mRNA is not subject to NMD, even when premature stop codons fulfill the
NMD criteria (Maquat, 2004). About 25-35% of alternative exons introduce frameshifts
or stop codons into the pre-mRNA (Stamm et al., 2000; Lewis et al., 2003). Since
approximately 75% of these exons are predicted to be subject to nonsense-mediated
decay, an estimated 18-25% of transcripts are switched off by stop codons introduced in
alternative splicing and nonsense mediated decay (Lewis et al., 2003). This process,
which has been termed RUST for Regulated Unproductive Splicing and Translation,
currently represents the function of alternative splicing with the most obvious biological
consequences. The exact number of genes affected by RUST is only a crude estimate, as
mRNAs undergoing nonsense-mediated decay are unstable and underrepresented in

cDNA libraries.
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1.1.5.2. Changes of the protein structure

Approximately 75% of alternative splicing events occur in the translated regions
of mRNAs and will affect the protein coding region (Okazaki et al., 2002; Zavolan et al.,
2003). Changes in the protein primary structure can alter the binding properties of
proteins, influence their intracellular localization and modify their enzymatic activity
and/or protein stability by diverse mechanisms. One commonly found mechanism is the
introduction of protein domains that are subject to posttranslational modification, such as

phosphorylation.

1.1.5.2.1. Binding properties

Protein isoforms generated by alternative splicing differ in their binding
properties both to small molecular weight ligands (e.g. hormones) and to macromolecules
such as proteins or nucleic acids. Binding activity can be completely abolished due to
alternative splicing as it happens in the TSH (Thyroid Stimulating Hormone) receptor
case. Alternative variants of the TSH receptor, occurring in TSH-secreting tumors, are
unable to bind TSH and cause insensitivity to TSH (Ando et al., 2001). Alternative
splicing can also determine the ligand specificity of a receptor. A well-studied example is
that of the Fibroblast Growth Factor Receptor gene FGFR-2, which creates two isoforms
that differ by 49 amino acids in the extracellular domain. Depending on the presence of
this domain, the receptor binds to both fibroblast and keratinocyte growth factor or only
to fibroblast growth factor (Miki et al., 1992). Moreover, the affinity between the
modified protein and its ligand can be altered. For example, binding of GnRH
(Gonadotrophin Releasing Hormone) to shorter splice variants of the GnRH receptor is
reduced 4-10 fold (Wang et al., 2001), which abolishes signaling. Similarly, interaction
of transcription factors with DNA can be modified by alternative splicing, which
contributes to transcriptional regulation (Lopez, 1995). Alternative splice variants can
inhibit transactivation in a dominant negative way or can modulate transactivation.
Frequently, alternative splicing does not directly affect DNA binding, but modulates the
formation of complexes between various transcription factors, which in consequence
regulates the affinity between transcription factor complexes and DNA (Kozmik et al.,

1993; Ormondroyd et al., 1995).
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1.1.5.2.2. Intracellular localization

Alternative splicing determines the intracellular localization of numerous
proteins, usually by influencing localization signals or regulating the interaction of
proteins with membranes. By deleting or interrupting transmembrane or membrane-
association domains, soluble isoforms are generated by alternative splicing. Non-
membrane bound isoforms can lose the ability to transduce signals (Kestler et al., 1995;
Tone et al., 2001), they can be less stable (Garrison et al., 2001) or have a different effect
on immune system modulation (Riteau et al., 2001). If the soluble isoform retains the
ability to bind a ligand, it can regulate the concentration and bioactivity of that ligand,
which indirectly interferes with the function of the membrane-bound form. This type of
regulation has been described for the IL-4 (interleukin-4) receptor and the growth
hormone binding protein (Blum et al, 1996; Rosenfeld, 1994). By deleting the
transmembrane region, constitutively active molecules that do not require the activation
by proteases can also be formed (Lyman et al., 1995).

Alternative splicing can determine the localization of proteins in various
subcellular sites and organelles. Proteins can be sequestered into compartments, where
they perform no function. This mechanism is widely used for receptor molecules and
alternative splicing can regulate their retention in membrane-enclosed compartments. For
example, the inclusion of an endoplasmatic reticulum retention signal in the metabotropic
Glutamate Receptor mGluR1 reduces the cell surface expression of this receptor and
restricts its trafficking (Chan et al., 2001). Also sublocalization of proteins within
organelle can be regulated by alternative splicing. For example, in the nucleus proteins
can be present in different nuclear substructures, the nucleoplasm and speckles, due to

alternative splicing events (Nishizawa et al., 2001).
1.1.5.2.3. Protein stability

Inclusion of alternate protein domains can regulate the half-life of proteins.
Protein stability can be altered due to autophosphorylation that signals the degradation of
receptor molecules. For the interleukin-1 receptor-associated kinase, this
autophosphorylation-dependent degradation is isoform-specific, leading to a molecule

that is not down-regulated by its ligand (Jensen and Whitehead, 2001). The effect of
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alternative splicing-dependent protein stability has been studied for the fosB gene, which
generates a shorter isoform that is more stable than the full-length protein. This isoform
accumulates in brain in a region-specific manner in response to many types of chronic

behavioral changes (Nestler et al., 1999).

1.1.5.2.4. Posttranslational modifications

Posttranslational modifications can be dictated by alternative splicing, usually by
generating consensus sites for phosphorylation, glycosylation, palmitoylation or
sulfatation. For instance, isoform-dependent phosphorylation of the potassium channel
Kv4.3 allows the modulation of outward currents by the alpha-adrenergic system via
protein kinase C (Po et al., 2001). In addition, binding between a kinase and its substrate
can be regulated by alternative splicing, e.g. binding of the SR-protein kinase 1 to

scaffold attachment factor B (Nikolakaki et al., 2001).

1.1.5.3. Changes of the mRNA properties

Some examples have been described where alternative splicing changes the
properties of the mRNA. Alternative splicing events occuring in 5 and 3> UTRs may
change the stability of the RNA. For example, alternative exons in the 5° UTR of the
HIV-1 virus can either promote or inhibit the nuclear degradation of their mRNA, which

regulates HIV-1 gene expression (Krummheuer et al., 2001).

1.2. RNA interacting domains

Mature messenger RNA is produced as a consequence of the series of processing
reactions, which include 5’ end capping, pre-mRNA splicing, 3’ end polyadenylation,
and RNA editing (Shatkin and Manley, 2000; Zorio and Bentley, 2004; Wedekind et al.,
2003; Kornblihtt et al., 2004). All these processes are mediated by RNA-binding proteins
and are necessary for mRNA export to the cytoplasm and for its subsequent targeting to
the ribosome. Recent studies identify an increasing number of conserved motifs
responsible for RNA-binding activity. Currently, there are around 80 different RNA-
binding domains deposited in Pfam database. Table 3 presents several examples of them.
The best characterized are RNA Recognition Motif (RRM), hnRNP K Homology (KH)
motif, and double-stranded RNA-Binding Domain (dsRBD).
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Table 3. RNA-binding domains

Pfam
accession

Examples of proteins

Function

Reference

number
* mRNA biogenesis .
hnRNP A1, hnRNP C1/C2, .. (Birney et al.,
RRM PF00076 U2AF®, SC35, SF2/ASF e pre-mRNA sphclng 1993)
¢ polyadenylation
Staufen, PKR kinase, o translation regulation | (St Johnston et
dsRBD PFO0035 1 ApAR o RNA cditing al,, 1992)
. hnRNP K, FMR-1, o pre-mRNA splicing (Musco et al.,
KH motif PFO0013 | i osomal protein S3 e mRNA biogenesis 1996)
o pre-mRNA splicing (Chen et al
GSG domain ] GRP33, Sam68, GLD-1 * localization to SNBs | 999. ey et
o KH motif is a part of al., 2001)
GSG domain ”
Fibrillarin, hnRNP A2/BI, o pre-mRNA splicing (Cartegn.l etal.,
RGG box - hnRNP R. hnRNP U o subcellular 1996; Nichols
’ localization et al., 2000)
hnRNPA/B, CHERP .. (Aravind and
G-patch PF01585 (DAN26), SPF45 o pre-mRNA splicing Koonin, 1999a)
LSM (Sm) snRNP Sm proteins (B/B', . (Hermann et
domain PRO1423 1 b1 Do D3, E, Fand G) | ®PremRNAsplicing |0 7 g9
CPSF A subunit . e splicing of single- .
region PF03178 | CPSF A (160 kDa) subunit intron pre-mRNAS (Lietal., 2001)
PRP38 family PF03371 | Prp38 o pre-mRNA splicing (1)9(;68)“ al,
S4 domain PF01479 | ribosomal protein S4 o translation regulation gé,r;ﬁdg;%b)
Surp module . (Denhez and
(SWAP domain) PF01805 | CHERP (DAN26) o pre-mRNA splicing Lafyatis, 1994)
CAT RNA PF03123 Antiterminator proteins e transcription (Declerck et al.,
binding domain SacY, LicT, BglG antitermination 1999)
¢ 18S rRNA production (Henras et al
Nop10p family PF04135 | NoplOp e rRNA 1998) °
pseudouridylation
S1 RNA binding ribosomal protein S1, . . (Bycroft et al.,
domain PF00575 RNase E, RNase II, NusA e translation regulation 1997)
. e transcription (Shu and
ANTAR PFO3861 | AmiR antitermination Zhulin, 2002)
o transport of mRNA
Tudor domain PF00567 | Tudor, SMN during oogenesis in (Ponting, 1997)
Drosophila
. * poly(A) RNA (Marfatia et al.,
Zinc finger PF02008 | Nab2p transport 2003)
Rho termination .
factor RNA PF07497 | Rho protein * transcription (Bogden et al,,
L . termination 1999)
binding domain

Abbreviations:

ANTAR, AmiR and NasR transcription antitermination regulators;

CAT, Co-

AntiTerminator; CPSF, cleavage and polyadenylation specificity factor; GSG domain, GRP33—-Sam68—
GLD-1 domain; LSM domain, Sm-like domain; Nop10p, nucleolar protein 10kDa; SWAP, suppressor-of-

white-apricot

15




Introduction

1.2.1. RNA recognition motif (RRM)

RNA recognition motif is also called the Ribonucleoprotein (RNP) domain. It is
one of the most common eukaryotic RNA-binding domains (Varani and Nagai, 1998;
Rubin et al., 2000). One or more RRMs are found in many RNA interacting proteins,
such as hnRNPs, SR proteins, snRNP-associated proteins, pre-rRNA processing factors,
and poly(A)-binding proteins. RRM is 90-100 amino acids long and it follows a general
pattern of B;-a-B2-P3-0u-B4 (Nagai et al., 1990; Hoffman et al., 1991). It forms the four-
stranded antiparallel B sheet packed against two perpendicular a helices (Figure 5A). The
B1 and B3 strands are involved in RNA binding (Gorlach et al., 1992) and contain
conserved solvent-exposed aromatic residues that provide stacking interactions with

RNA (Oubridge et al., 1994).

A B

Figure 5. RNA interacting domains. (A) RNA recognition motif of Ul snRNP A, PDB code 10IA.
(B) KH domain of hnRNP K, PDB code 1KHM. Purple color marks a helices, yellow — B strands.
Both structures were downloaded from CATH Protein Structure Classification Database UCL
(www.biochem.ucl.ac.uk/bsm/cath).

1.2.2. K-homology (KH) domain

The KH domain was first identified in hnRNP K (Siomi et al., 1993) and is also
present in other RNA interacting proteins, such as hnRNP E1, FMR-1, Nova, and STAR

proteins (signal transduction and activation of RNA). Most KH proteins possess more
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than one copy of the KH motif. The KH domain spans around 70 residues and consists of

three antiparallel B strands packed against three o helices (Bi-o-0-B2-B3-a3) (Figure

5B) (Musco et al., 1996; Lewis et al., 1999). The invariant Gly-X-X-Gly segment (where

X represents lysine, arginine or glycine) in the loop connecting helices o; and a,; and the

variable loop connecting 3, and (33 play a central role in RNA recognition (Lewis et al.,

2000).

1.2.3. Double-stranded RNA-binding domain (dsRBD)

The double-stranded RNA-binding domain was first described for the X.laevis

XlrbpA and Drosophila Staufen proteins (St Johnston et al., 1992). The functions of

dsRBD proteins vary and include RNA localization, RNA editing, and translational

Figure 6. The double-stranded RNA binding
domain. dsRBD of XlrbpA, PDB code 1DI2,
was downloaded from CATH Protein Structure
Classification Database UCL. Purple color
marks o helices, yellow — 3 strands.

repression. Most of these proteins have
multiple, tandemly arranged dsRBDs,
although several single copy dsRBD
proteins have also been described. dsRBDs
are approximately 70 amino acids in length
and have common o;-f1-2-f3-a, structure,
where a three-stranded antiparallel 3 sheet
is packed against two helices (Figure 6)
(Bycroft et al., 1995). The recognition of
dsRNA and discrimination against dSDNA
is mediated by two highly conserved basic
loops contacting a  sugar-phosphate
backbone without any direct base contact.

Loop 2 interacts with several 2’-OH groups

in the minor groove of the dsRNA type-A helix and loop 4 interacts with the

phosphodiester backbone across the major groove from the sites of loop 2 contacts (Ryter

and Schultz, 1998).
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1.3. Nuclear organization and subnuclear bodies

The cell nucleus was one of the first intracellular structures identified in
microscopic observations in the 19" century. It was originally described by Franz Bauer
in 1802 and later popularized by Robert Brown (1833) (Harris, 1999). Initially nucleus
was believed to have very little organization. The most recent studies show high
compartmentalization within the nucleus and growing number of specialized subnuclear
domains (Lamond and Earnshaw, 1998; Spector, 2001; Dundr and Misteli, 2001; Platani
and Lamond, 2004) (Figure 7).

Nuclear pore

Cajal bod
complex ey

Chromosome teritory

Nucleolus

Interchromatin

domain
Nuclear speckle
PML body

Perinucleolar MNuclear envelope

compartment Sam68

nuclear body

Figure 7. Diagram of subnuclear compartments. The diagram shows the nucleus surrounded by
the nuclear envelope. The relative locations of chromosome territories and the principal classes of
nuclear bodies are indicated. [Adapted from (Platani and Lamond, 2004) and (Spector, 2001)]

The nucleus is surrounded by a double membrane, of which the outer membrane
is contiguous with a rough endoplasmic reticulum. Transport of molecules between the
nucleus and cytoplasm occurs through protein complexes located in the nuclear envelope,
Nuclear Pore Complexes (NPCs) (Stoffler et al., 1999; Fahrenkrog et al., 2004).

Within the nucleoplasm, the chromosomes are arranged into large-scale domains,
termed Chromosome Territories (CTs) (Cremer et al., 2000; Cremer and Cremer, 2001).
They occupy distinct regions of the nucleus and have a modular and dynamic
organization. Three distinguishable parts can be described for CTs, an "open" higher-

order chromatin compartment (euchromatin) with chromatin domains containing active
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genes, a "closed" chromatin compartment (heterochromatin) comprising inactive,
silenced genes, and an Interchromatin Domain (ICD) compartment that contains
macromolecular complexes for transcription, splicing, DNA replication, and repair.

The best-characterized example of a subnuclear body is the nucleolus (Scheer and
Hock, 1999). It is the site of ribosome subunit biogenesis. The nucleolus is differentiated
into three distinct morphological regions, Fibrillar Centers (FCs), Dense Fibrillar
Component (DFC), and Granular Component (GC). The FCs are surrounded by DFCs,
and the GCs emerge from DFC regions. The rDNA genes reside at the FCs and fibrillar
centers are thought to be the interphase equivalent of the Nucleolar Organizer Regions
(NORs) of chromosomes. Transcription and processing of rRNA is thought to occur in
DFCs. All the processing and modification events are carried out by a complex array of
nucleolar factors, including the small nucleolar Ribonucleoproteins (snoRNPs)
(Filipowicz and Pogacic, 2002). The GC region is made up of pre-ribosomal particles at
different stages of maturation, as well as large and small ribosomal subunits.

The Perinucleolar Compartment (PNC) and the Sam68 Nuclear Body (SNB) are
structures detected at the periphery of the nucleolus (Huang, 2000). Despite their
different nuclear localizations, PNCs and SNBs share some common characteristics.
They are predominantly observed in transformed cells and are rarely found in normal
primary cells. They both are enriched with RNA binding proteins and nucleic acids and
are thought to play a role in RNA metabolism. HnRNP proteins, splicing factors, and
small RNAs transcribed by RNAPol III are present in PNCs (Ghetti et al., 1992; Matera
et al., 1995; Wang et al., 2003), whereas STAR proteins, such as Sam68, SLM-1, and T-
STAR (human SLM-2), are localized to SNBs (Chen et al., 1999).

PML bodies, also termed PODs (PML Oncogenic Domains), ND10 (Nuclear
Domain 10), or Kr bodies, are discrete interchromosomal accumulations of several
proteins, including PML, Sp100, SUMOI and CBP (Maul et al., 2000). It has been
suggested PML bodies play a role in aspects of transcriptional regulation and appear to be
targets of viral infections.

Pre-mRNA splicing factors are localized in a pattern of 25-50 nuclear speckles as
well as being diffusely distributed throughout the nucleoplasm (Spector, 1990; Lamond

and Spector, 2003). Many of the larger speckles correspond to Interchromatin Granule
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Clusters (IGCs) that are involved in the assembly and/or modification of pre-mRNA
splicing factors. Nuclear speckles are thought to be sites of storage of mRNA splicing
factors, from which splicing factors are recruited to sites of transcription (Misteli et al.,
1997).

Some of pre-mRNA splicing factors are also localized in Cajal Bodies (CBs),
previously called coiled bodies (Gall, 2000). These dynamic nuclear bodies are thought to
play a role in snRNP biogenesis and in the trafficking of snRNPs and snoRNPs, which
move through the Cajal body en route to splicing speckles or nucleoli, respectively.

Gems (gemini of Cajal bodies) are found in the nucleoplasm and are coincident
with or adjacent to Cajal bodies. They are characterized by their association with the
survival of motor neurons gene product (SMN) and an associated factor, Gemin2
(Matera, 1999). SMN and Gemin2 / SIP1 form a complex that plays an essential role in
cytoplasmic snRNP biogenesis (Fischer et al., 1997).

YT bodies containing splicing factor YT521-B (section 1.4.) are dot-like
structures located in close contact to speckles and Sam68 nuclear bodies (Nayler et al.,
2000). They contain focal sites of transcription and disperse upon actinomycin D
treatment accumulating protein in the unsoluble nuclear fraction. The effect of
actinomycin D on YT bodies differentiates them from nuclear speckles, which round up
and increase in size after transcription inhibition with actinomycin D (Misteli et al.,

1997).

1.4. YT521-B as a putative splicing factor

YT521 was first isolated using rat tra2-betal (RA301) as a bait in a yeast two-
hybrid screen (Imai et al., 1998), but the interaction between tra2-betal and YT521 was
never shown in vivo. The level of YT521 mRNA was shown to be upregulated in
astrocytes exposed to hypoxia / reoxygenation. At the same time, an alternatively spliced
variant, YT521-B, was isolated via its interaction with hnRNP G and STAR proteins,
Sam68, SLM-1, SLM-2 (Hartmann et al., 1999). The interaction of YT521-B with Sam68
was shown to be regulated by tyrosine phosphorylation emanating from SRC family
kinases. YT521-B has modular structure and consists of several distinguishable domains:

a glutamic acid-rich region, a proline-rich domain containing putative SH3 domain
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binding sites, a glutamic acid/arginine-rich region involved in protein:protein interaction,

and four putative nuclear localization signals (Figure 8). YT521-B is ubiquitously

| [1] |A] [2]]3] [ NEINNN
20 2 E-rich [ pro-rich ER-rich

Figure 8. Domain structure of YT521-B. The four nuclear localization signals (NLS) are indicated with
numbers. The E-rich region, the proline-rich region, and the ER-rich region are indicated by different
shading. The inserted A indicates the location of the alternative exons of YT521-B.

expressed and is localized in the nucleoplasm. It defines a novel compartment in the
nucleus, the YT bodies (Figure 9) (Nayler et al., 2000). YT bodies are dynamic structures
that disappear during mitosis and are most pronounced in G1. YT bodies contain sites of

active transcription and are in close proximity to speckles and Sam68 nuclear bodies,

which contain proteins interacting with YT521-B.
When all three RNA polymerases are blocked by
high concentrations of actinomycin D, YT bodies
disperse  throughout the nucleoplasm and
accumulate in an unsoluble nuclear fraction
(Nayler et al., 2000). Moreover, it was shown that
YT521-B can change splice site selection of htra2-
beta and SRp20 mRNAs in a concentration-

=l dependent manner (Hartmann et al., 1999).

Finally, it was shown recently that YT521-B

Figure 9. YT521-B localizes to the

subnuclear  compartment, YT interacts with emerin, a nuclear membrane protein
bodies. Endogenous YT521-B was
immunostained with specific PK2 associated  with  Emery-Dreifuss  muscular

antibodies (Nayler et al., 2000) and L
visualized with CY3-coupled anti- dystrophy (EDMD) (Wilkinson et al., 2003).

rabbit secondary antibodies.

YT521-B-dependent influence on splice site

selection of CD44 exon v5 is inhibited in the presence of emerin, suggesting a possible

role of YT521-B in EDMD pathogenesis.
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2. RESEARCH OVERVIEW

Pre-mRNA processing requires proteins containing RNA-binding motifs in their
structures. Most of the splicing factors include in their structures at least one RNA-
binding domain. YT521-B was shown previously to be involved in the splice site
selection, but it does not belong to any of the known RNA-binding protein families. The
focus of the first part of this work was the characterization of a novel domain present in
YT521-B. This domain is possibly involved in the interaction with RNA. Both the
computational analysis and experimental data are presented here.

The second part of this work concerns the regulation of pre-mRNA splicing.
Mechanisms controlling the alternative splice site selection are so far not very well
described. It is therefore important to investigate the effect signaling pathways have on
splicing factors. The goal of this work was to determine the effect of tyrosine
phosphorylation on splicing factor YT521-B. It was shown previously that YT521-B is a
target for tyrosine kinases. In studies presented here, it was tested which kinases can
phosphorylate YT521-B. The interaction between YT521-B and kinases was analyzed
and the influence of phosphorylation on both subnuclear localization and biological

activity of YT521-B was determined.
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3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Chemicals

" Product ~ Supplier  Product ~ Supplier
30% Acrylamide/Bis solution | Sigma [-Mercaptoethanol Merck
Agar GibcoBRL | Methanol Roth
UltraPure agarose Invitrogen | Ni-NTA Agarose Qiagen
Ampicilin Sigma Nonidet P-40 / Igepal CA-630 Sigma
Aprotinin Slgma dNTPs Invitrogen
[y-*P]-ATP Amersham | Paraformaldehyde Merck
Benzonase Sigma PEG 3500 Sigma
Boric acid Roth Perhydrol 30% H,0, Merck
Bradford reagent (BioRad BioRad Phenol: Chloroform: Isoamyl Sigma
Protein Assay) alcohol
Brilliant Blue R 250 Sigma PMSF Sigma
Bromophenol blue Merck Poly[CJ/[U)/[G]/[A] Agarose Sigma

Beads
Chloramphenicol Potassium chloride Merck
Chloroform: Isoamyl alcohol | Sigma 2-Propanol Roth
Deoxycholic acid Sigma Protease Inhibitor Cocktail Sigma
ssDNA/dsDNA Cellulose Sigma Protein A Sepharose Amersham
Dextrose Sigma RNase Inhibitor Roche
DMSO Sigma SDS Sigma
DTT Merck Sepharose CL-4B Pharmacia
EDTA Merck Silver Stain Plus BioRad
Ethanol Roth Sodium acetate Merck
Ethidium bromide Sigma Sodium chloride Roth
Ficoll 400 Fluka Sodium dihydrogen phosphate Merck
Gelatin Sigma Sodium fluoride Sigma
Glycerol Sigma Sodium hydroxide Merck
Glycerol 2-phosphate Sigma Sodium orthovanadate Sigma
Glycin Roth Sodium pyrophosphate Merck
HEPES Sigma di-Sodiumhydrogen phosphate Merck
Imidazole Roth TEMED Sigma
p-lodophenol Sigma Tris base Aldrich
IPTG Sigma TRIzol Sigma
Kanamycin Sigma Triton X-100 Sigma
Luminol Sigma Tryptone Sigma
Lysozyme Sigma Tween 20 Sigma
Magnesium chloride Merck Yeast Extract Sigma
Magnesium sulfate Sigma Xylene cyanole FF Sigma
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3.1.2. Enzymes

Product Supplier Product Supplier
EcoRI NEB AmpliTaq DNA polymerase Roche
Notl NEB Platinum Pfx polymerase Invitrogen
Sacll NEB T4 PNK NEB
Dpnl NEB T7 DNA Polymerase NEB
SuperScript 11 Invitrogen | FastLink T4 DNA Ligase Biozym

3.1.3. Cell lines and media

Name Description ATCC number
COS-7 African green monkey kidney SV40 transformed CRL-1651
HEK293 Human embryonic kidney transformed with adenovirus 5 DNA | CRL-1573
Neuro-2a Mouse neuroblastoma CCL-131

COS-7, HEK293 and Neuro-2a cells were maintained in DMEM supplemented with 10%
fetal calf serum (both from GibcoBRL). For subculturing cells, 1 x Trypsin/EDTA
(GibcoBRL) was used.

3.1.4. Bacterial strains and media

Strain Genotype | Reference
BL21(DE3)- ompT hsdS(rs mg) dcm” Tet" gal A(DE3) endA Hte [argU ileY | (Studier et
RIL leuW Cam'] al., 1990)
XL1-Blue A(mcrA)183 A(mcrCB-hsdSMR-mrr) 173 endAl supE44 thi-1 (Bullock et
MRF’ recAl gyrA96 relAl lac [F” proAB lacl®ZAM15 Tnl0 (Tet")] al., 1987)
CJ236 F’ cat (pCJ105 = pOX38::cat= FA(Hindlll)::cat [Tra" Pil* (Kunkel et

Cam"]/ ung-1 relA1 dut-1 thi-1 spoT1 al., 1987)
LB MEDIUM (1L): LB AGAR (1L):
10 g NaCl 10 g NaCl
10 g tryptone 10 g tryptone
5 g yeast extract 5 g yeast extract

20 g agar

3.1.5. Antibiotics

Antibiotic Stock solution Working concentration
concentration || storage liquid culture | plates
Ampicilin 50 mg/ml in H,O 4°C | 100 pg/ml 100 pg/ml
Chloramphenicol | 30 mg/ml in ethanol —20°C | 15 pg/ml 30 pg/ml
Kanamycin 20 mg/ml in H,O 4°C | 20 pg/ml 20 pg/ml
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3.1.6. Antibodies

Antibody Organism Dilution used for western blotting Supplier

anti Abl Mouse 1:2000 Santa Cruz

anti FLAG M2 Mouse 1:1000 Sigma

anti GFP Mouse 1:4000 Roche

anti pTyr (PY20) Mouse 1:5000 Santa Cruz

anti YT521-B (PK2) Rabbit 1:3000 custom made *
anti YTH Rabbit 1:1000 custom made **

* Antiserum was raised against a mixture of two YT521-B peptides: P1 RSARSVILIFSVRESGKFQCG
and P2 KDGELNVLDDILTEVPEQDDECG (Nayler et al., 2000)

** Antiserum was raised against a YT521-B peptide: CVRESGKFQGFARLSSE

3.1.7. Plasmids

3.1.7.1. Clones from the lab collection or outside sources

Name Backbone | Description Reference

pEGFP-C2 pEGFP-C2 | CMV promoter, Kan'/Neo', f1 ori Clontech

pht6-FI1-C2 pEGFP-C2 | YT521-B EGFP-tagged (Hartmann et al.,
1999)

pht6-FI-FLAG pcDNA3 YT521-B FLAG-tagged O. Nayler

c-src wt pcDNA3.1 | c-Src kinase (Wong et al., 1999)

pRKS5-abl pRKS c-Abl kinase O. Nayler

Sik YF pcDNA3 Constitutively active Sik kinase (Derry et al., 2000)

pRKS5-fyn pRKS5 Fyn kinase O. Nayler

pSVL-Syk pSVL Syk kinase (Zhang et al., 1996)

CSK pcDNA3 CSK kinase O. Nayler

AUGI1(pcDNA3-RIk) | pcDNA3 RIk kinase (Debnath et al., 1999)

pUHG10-3(FER) pUHDI10-3 | FerH kinase (Hao et al., 1991)

pRKS5-c-src-KA pRKS Catalytic inactive c-Src kinase O. Nayler

pRKS5-fyn-KA pRKS5 Catalytic inactive Fyn kinase O. Nayler

pCR3.1 MGtra pCR3.1TA | Tra2-beta minigene (Stoilov et al., 2004)

pXB (X16) pCRneo SRp20 minigene (Jumaa and Nielsen,
1997)

pET v5 Exontrap CD44 v5 minigene (Konig et al., 1998)

pMTEIA pMT Adenoviral E1A minigene (Caceres et al., 1994)

IL4R Lng MG Exontrap IL-4R long minigene (Rafalska et al., 2004)

SV9/10L/11 Exontrap Tau minigene (Gao et al., 2000)

pXGHS wt pXGHS5 GH1 wt minigene (Ryther et al., 2003)

ISEm1 GH1 ISE mutant minigeneGH1 ISE

ISEm2 mutant minigene

7T3 pSI CFTR exon 9 minigene (12GT/7T) | (Nissim-Rafinia et al.,

p3#10 CFTR exon 9 minigene (11GT/5T) | 2000)

p3#6 CFTR exon 9 minigene (10GT/97T)
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3.1.7.2. Newly made clones

Name Backbone | Description | Tag
pET-DelKpn pET28a(+) YT521-B TH ANLS4 deletion mutant HIS
pht6-HTa pFastBac HTa | Full length YT521-B in the insect expression vector | HIS
K364L pht6 pEGFP-C2 YT521-B mutant (K—L) within YTH domain EGFP
S365A pht6 pEGFP-C2 YT521-B mutant (S—A) within YTH domain EGFP
W380D pht6 pEGFP-C2 YT521-B mutant (W—D) within YTH domain EGFP
L390E pht6 pEGFP-C2 YT521-B mutant (L—E) within YTH domain EGFP
L402E pht6 pEGFP-C2 YT521-B mutant (L—E) within YTH domain EGFP
F404D pht6 pEGFP-C2 YT521-B mutant (F—D) within YTH domain EGFP
S405A pht6 pEGFP-C2 YT521-B mutant (S—>A) within YTH domain EGFP
F412D pht6 pEGFP-C2 YT521-B mutant (F—D) within YTH domain EGFP
G4141 pht6 pEGFP-C2 YT521-B mutant (G—I) within YTH domain EGFP
W431D pht6 pEGFP-C2 YT521-B mutant (W—D) within YTH domain EGFP
W450D pht6 pEGFP-C2 YT521-B mutant (W—D) within YTH domain EGFP
N469D pht6 pEGFP-C2 YT521-B mutant (N—D) within YTH domain EGFP
R478N pht6 pEGFP-C2 YT521-B mutant (R—N) within YTH domain EGFP
D479K pht6 pEGFP-C2 YT521-B mutant (D—K) within YTH domain EGFP
S54A pht6 pEGFP-C2 YT521-B mutant (S—A) EGFP
S54E pht6 pEGFP-C2 YT521-B mutant (S—>E) EGFP
P133G pht6 pEGFP-C2 | YT521-B mutant (P—G) EGFP
S140A pht6 pEGFP-C2 YT521-B mutant (S—>A) EGFP
S140E pht6 pEGFP-C2 YT521-B mutant (S—E) EGFP
Y253F pht6 pEGFP-C2 | YT521-B mutant (Y—F) EGFP
S287A pht6 pEGFP-C2 | YT521-B mutant (S—>A) EGFP
S287E pht6 pEGFP-C2 YT521-B mutant (S—E) EGFP
S311A pht6 pEGFP-C2 YT521-B mutant (S—>A) EGFP
S311E pht6 pEGFP-C2 | YT521-B mutant (S—E) EGFP
3.1.8. Primers

3.1.8.1. Primers used for huYT521-B gene

Name | Orientation Sequence

F1-Exonl sense ATGGCGGCTGACAGTCGGG
R1-Exon3 antisense CTCAGAACCATCTGGCGTAGGAG
F2-Exon2 sense ATGGAGAACTTAATGTTCTGGATG
R2-Exon5 antisense CTGCATATGACTCTGATGCAGAG
F3-Exon4 sense AGAATTGGGCTTGAAGTGGATAG
R3-Exon7 antisense CTTCGCTTTGGCAAGAGACAC
F4-Exon6 sense GTTCAGAAAAGAAGCATGAGAAATT
R4-Exon9 antisense CTGCAAATCCAGTCAATTTTAAAGA
F5-Exon8 sense GGTGTATGGTCCACGCTCCCT
R5-Exonll | antisense CCTTCCCACATCCCGGACTG
F6-Exonl0 | sense GCGTGAATTACCCTTCACTAAGTC
R6-Exonl3 | antisense CTGTCCACTTCCTGGTATCGTG
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Name | Orientation Sequence

F7-Exonl2 | sense GCGTCGACCAGAAGATTATGATAT
R7-Exonl5 | antisense CATTCCTTGCCAAGGTGGTG
F8-Exonl4 | sense TTTCACAAATCTTATTCCCAACAG
R8-Exon 17 | antisense TCTTCTATATCGACCTCTCTCCCC

3.1.8.2. Primers used for cloning

Orientation  Sequence Name of the
newly made
clones

EcoRI- sense CCGAATTCGAATATGAACAGGATG pET-DelKpn
DelKpn

DelKpn- antisense GCGGCCGCTCAGGTACCGGATGGTG

STOP-Notl

EcoRI- sense GAATTCGCCACCATGGCGG pht6-HTa
pht6-HTa

pht6-Notl- | antisense GCGGCCGCTTATCTTCGATAACGACCTCTT

HTa TCCCC

3.1.8.3. Primers used for mutagenesis

Name Sequence Introduced Name of the
mutation generated clone

K364L | TTTTTCCTCATACTGAGTAACAACCAT [ aag — ctg K364L pht6
S365A TTCCTCATAAAGGCTAACAACCATGAG | agt —» get S365A pht6
W380D | GCAAAGGGTGTAGATTCCACATTACCT | tgg —> gat W380D pht6
L390E AATGAGAAGAAAGAAAATCTTGCGTTT | tta — gaa L390E pht6
L402E AGGAGTGTTATAGAAATATTTTCTGTC | tta — gaa L402E pht6
F404D GTTATATTAATAGATTCTGTCAGGGAA | ttt — gat F404D pht6
S405A | ATATTAATATTTGCTGTCAGGGAAAGT | tct — get S405A pht6
F412D GAAAGTGGAAAGGATCAAGGTTTTGCC | ttt — gat F412D pht6
G4141 GGAAAGTTTCAAATTTTTGCCAGATTG | ggt — att G4141 pht6
W431D | TCTCCTATACATGATGTGCTTCCAGCA | tgg —> gat W431D pht6
W450D | TTTAAAATTGACGATATTTGCAGGCGT | tgg —> gat W450D pht6
N469D | ACCAATCCCTGGGATGAACATAAGCCA | aat —> gat N469D pht6
R478N | GTAAAGATTGGAAATGATGGACAGGAA | cgt — aat R478N pht6
D479K | AAGATTGGACGTAAAGGACAGGAAATT | gat— aaa D479K pht6
S54A GAAAGAATGGAAGCTATTGACACCAAG | tet — get S54A pht6
S54E GAAAGAATGGAAGAAATTGACACCAAG | tct — gaa S54E pht6
P133G | CAACCAGAAAAAGGTTGTCTACGGAAA | cet — gat P133G pht6
S140A | CGGAAAAGGGATGCTGAAAGAAGGGCC | tet — get S140A pht6
S140E CGGAAAAGGGATGAAGAAAGAAGGGCC | tct — gaa S140E pht6
Y253F GAGGAAGAAGAATTTGAACAGGATGAG | tat — ttt Y253F pht6
S287A | TTCACAGATGGAGCTGTCAGGTCTGGT | tet — get S287A pht6
S287E TTCACAGATGGAGAAGTCAGGTCTGGT | tct — gaa S287E pht6
S311A | GCTCGAGGCATAGCTCCCATTGTCTTT | tca —> get S311A pht6
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Sequence

Introduced

Name of the

S311E

GCTCGAGGCATAGAACCCATTGTCTTT

mutation
tca — gaa

generated clone
S311E pht6

3.1.8.4. Primers used for RT-PCR

Orientat | Sequence
ion
N3Ins antisense | CTCCCGGGCCACCTCCAGTGCC CD44 v5 and
NS5Ins sense GAGGGATCCGCTTCCTGCCCC IL4R Lng
minigenes

IL4R-Ex9 Rev antisense | TTGGTAATGCTGAAGTAACAGAACA Endogenous
IL4R-intron Rev | antisense | CAGCACAATGACTGTGACCTC IL4R
IL4R-Ex7 For sense TACAAGGAACCCAGGCTGA
X16R antisense | CCTGGTCGACACTCTAGATTTCCTTTCATTTG | SRp20

ACC minigene
T7 sense TAATACGACTCACTATAGGG
INS3 antisense | CACCTCCAGTGCCAAGGTCTGAAGGTCACC Tau
INSI1 sense CAGCTACAGTCGGAAACCATCAGCAAGCAG | minigene
8Ri5 antisense | TGCATTAATGCTATTCTGATTC CFTR
F10Rx3 sense TTGGCATGCTTTGATGACGC minigenes
hGH-RT2 antisense | GGACAAGGCTGGTGGGCACTGG GH1
Exon5 Rev antisense | CACAGCTGCCCTCCACAGAGC minigenes
Exon2 For sense CCATCGTCTGCACCAGCTGGC
EI1A Rev antisense | CTCAGGCTCAGGTTCAGACACAGG El1A
E1A For sense GTTTTCTCCTCCGAGCCGCTCCGA minigene
pCR3.1-RT antisense | GCCCTCTAGACTCGAGCTCGA Tra2-beta
MGTra-Xho antisense | GGGCTCGAGTACCCGATTCCCAACATGACG minigene
MGTra-Bam sense GGGCCAGTTGGGCGACCGGCGCGTCGTGCG

GGG
3.2. Methods

3.2.1. PCR amplification of DNA

A standard PCR reaction to amplify DNA from a plasmid template contained 1-10
ng of plasmid DNA, forward and reverse primers (0.5 uM each), dNTPs (200 uM), 1 x

Taq polymerase buffer, 1.5 mM MgCl, and 1 U Taq polymerase in total volume of 25 pl.

When the amplification was made for cloning purposes, a high-fidelity polymerase, i.e.

Platinum Pfx polymerase was used instead of Taq polymerase. The amplification was

carried out in a Perkin Elmer GeneAmp PCR System 9700 thermocycler under the

following conditions: initial denaturation for 2-4 min at 94°C; 25-35 cycles of 15-30 sec

at 94°C, annealing at the Tm of the primers pair, extension of 1 min per 1 kb at 72°C (or
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68°C for Pfx polymerase). After the last cycle the reaction was held for 5-10 min at the

extension temperature to allow completion of amplification of all products.

3.2.2. Plasmid DNA isolation

Plasmid DNA was isolated from small-scale bacterial cultures by alkaline lysis
with SDS first described by Birnboim and Doly (Birnboim and Doly, 1979). Briefly,
bacterial cells carrying the plasmid were cultured overnight at 37°C with vigorous
shaking in 3 ml of LB medium containing the appropriate antibiotic. The cells were
harvested by centrifugation for 30 sec at 14000 rpm in a microfuge. The pellet was
resuspended in 150 pl of buffer P1 and the equal volume of lysis buffer P2 was added.
The lysis was performed for 5 min at RT and then 150 pl of neutralization buffer P2 were
added. After centrifugation for 10 min at 14000 rpm the resulting supernatant was
precipitated by adding 1 volume of isopropanol. DNA was pelleted by centrifugation for
10 min at 14000 rpm, washed with 70 % ethanol, air-dried and dissolved in 30 pl of
buffer TE.

Large amounts of plasmid DNA were prepared with use of the Qiagen Plasmid

Maxi Kit according to the manufacturer’s protocol.

BUFFER P1: BUFFER P2:

50 mM Tris-HCI, pH 8.0 200 mM NaOH

10 mM EDTA 1% SDS

100 pg/ml RNase A

BUFFER P3: BUFFER TE:

3 M Potassium acetate, pH 5.5 10 mM Tris-HCI, pH 8.0
1 mM EDTA

3.2.3. Determination of nucleic acid concentration

The concentration of nucleic acids in solution was estimated using a
spectrophotometer (Eppendorf BioPhotometer 6131). The absorbance of the solution was

measured at 260 nm and concentration was calculated using following formulas:
1 ODy6p = 50 pg/ml for double stranded DNA
1 ODy6p = 37 pg/ml for single stranded DNA

1 ODyp = 40 pg/ml for RNA
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3.2.4. Electrophoresis of DNA

DNA was resolved on 0.7-2% agarose gels prepared in 1 x TBE buffer. The
electrophoresis was run for 80 min at 100 V. The gels were stained for 30 min in 0.5

mg/ml ethidium bromide and visualized under UV light, A =260 nm.

1 x TBE: 6 x GEL-LOADING BUFFER:
90 mM Tris-borate 0.25% bromophenol blue
20 mM EDTA 0.25% xylene cyanol FF

15% Ficoll 400 in dH,O

3.2.5. Elution of DNA from agarose gels

DNA was purified from agarose gels where crystal violet was added to a final
concentration of 2 pg per ml to detect DNA under visible light. Individual bands were
excised and DNA was extracted using the Qiagen QIAEX II gel extraction kit according

to the manufacturer’s protocol.

6 x CRYSTAL VIOLET GEL-LOADING BUFFER:
0.25% crystal violet
15% Ficoll 400 in dH,O

3.2.6. Site-directed mutagenesis of DNA

Site-directed mutagenesis was performed according to the method described by
Kunkel (Kunkel, 1985). The DNA of interest was cloned into a vector carrying the fl
phage origin of replication and thus capable of existing in both single- and double-
stranded forms. The recombinant plasmid was transformed into E.coli strain CJ236
deficient in dUTPase (dut) and uracil N-glycosylase (ung). These mutations result in a
number of uracils being substituted for thymine in the nascent DNA. After transformation
bacteria were grown on plates containing chloramphenicol in addition to the plasmid-
specific antibiotic, to ensure the presence of the F' episome necessary for production of
helper phage. To isolate single-stranded DNA from the plasmid of interest, colonies were
grown in 5 ml of LB medium for 90 min and then 5 x 10® pfu of helper phage M13KO7
(New England BioLabs) was added. The culture was grown overnight at 37°C and single-
stranded DNA was isolated with the Qiagen M13 kit according to the manufacturer’s
protocol. This uracil-containing DNA was used as a template in the in vitro mutagenesis

reaction. Phosphorylated oligonucleotides containing desired mutations were annealed to
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the template at a molar ratio of 20:1 in 10 pl of 1 x T7 DNA Polymerase buffer. The
DNA was denatured for 5 min at 94°C and then the temperature was gradually decreased
from 70°C to 37°C at a rate of 1°C per minute. The extension of the annealed primer was
carried out in 20 pl by adding to the same tube 1 pl of 10 x T7 DNA Polymerase buffer,
0.8 ul of 10 mM dNTPs, 1.5 pl of 10 mM ATP, 3 U T7 DNA Polymerase and 2 U
FastLink T4 DNA Ligase. The reaction was incubated at 37°C for 45 min. The ligase was
inactivated by incubation at 65°C for 20 min. The mutagenesis reaction was transformed
into competent XL1Blue E.coli cells. Replication of the plasmid in this strain leads to
repair of the template strand and consequently to production of plasmid carrying the

desired mutation. All mutant plasmids were verified by sequencing.

3.2.7. Preparation of competent E.coli cells

5 ml of LB medium were inoculated with a single bacterial colony and grown
overnight at 37°C with vigorous shaking. 4 ml of this culture were transferred to 250 ml
LB and grown to early logarithmic phase (ODgoo = 0.3-0.6). The culture was centrifuged
for 10 min at 2500 rpm at 4°C. The bacterial pellet was resuspended in 1/10 volume of
cold TSB buffer and incubated on ice for 10 min. Cells were aliquoted into cold
Eppendorf tubes and frozen in liquid nitrogen. Competent bacterial cells were stored at -

80°C afterwards.

TSB BUFFER:

10% PEG 3500

5% DMSO

10 mM MgCl,

10 mM MgSO,

in LB medium, pH 6.1

3.2.8. Transformation of E.coli cells

1-10 ng of plasmid DNA or a ligation reaction were added to 20 pl of 5 x KCM
buffer and then the volume was brought with water up to 100 pl. Equal volume of
competent cells was added. The reaction mixture was incubated on ice for 20 min
followed by incubation at RT for 10 min. Then 1 ml of LB medium was added and the

bacteria were incubated for 1 h at 37°C with vigorous shaking. Finally cells were plated
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on LB Agar plates containing appropriate antibiotic. Plates were incubated at 37°C until

colonies were visible.

5 x KCM BUFFER:
500 mM KCl

150 mM CaCl,

250 mM MgCl,

3.2.9. Expression and purification of HIS-tagged proteins in E.coli

To express HIS-tagged TH ANLS4 YT521-B deletion mutant, pET-DelKpn
construct was transformed into BL21(DE3)-RIL E.coli strain. After the transformation
cells were plated on LB agar plate containing both kanamycin (to select plasmid
containing bacteria) and chloramphenicol (to maintain pACYC plasmid coding for
additional argU, ileY, and leuW tRNAs). Single colony was then inoculated into 100 ml
of LB medium and grown overnight. The next day this culture was inoculated into 500 ml
of fresh LB medium to ODggyy around 0.4. When ODggg reached 0.7 1 M IPTG was added
to final concentration of 1 mM and cultured was grown for another 2 hr at 37°C with
vigorous shaking. After the induction cells were harvested by centrifugation for 30 min at
4000 rpm. The pellet was resuspended in 10 ml of lysis buffer and lysozyme was added
to final concentration of 1 mg/ml. After the 30-minute incubation cells were sonicated
with six 10-second bursts at 300 W with a 10 sec cooling period between each burst and
later sheared 10 times with 1.10 x 30 mm needle. The cellular debris was pelleted by
centrifugation for 60 min at 4000 rpm and supernatant was then pushed through 0.45 um
filter. 0.5 ml of equilibrated with the lysis buffer Ni-NTA Agarose was added to the
bacterial lysate followed by the incubation on the rotating wheel for 1 hour at room
temperature. The agarose beads were spun down for 7 min at 8009 and then washed 3
times with the washing buffer 80, 3 times with the washing buffer 100 and subsequently

protein was eluted twice with the elution buffer.

LYSIS BUFFER: WASHING BUFFER 80:
50 mM Tris, pH 8.0 50 mM Tris, pH 8.0

500 mM NaCl 500 mM NaCl

0.05% Triton X-100 0.05% Triton X-100

20 mM Imidazole 80 mM Imidazole
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WASHING BUFFER 100: ELUTION BUFFER:
50 mM Tris, pH 8.0 50 mM Tris, pH 8.0
500 mM NacCl 500 mM NaCl
0.05% Triton X-100 0.05% Triton X-100
100 mM imidazole 500 mM Imidazole

3.2.10. Determination of protein concentration

Protein concentration was estimated using BioRad Protein Assay Kit based on
Bradford method. Protein in 800 pl of distilled water was mixed with 200 pl of 1 x Dye
Reagent and incubated for 5 min at RT. Absorbance of the solution was measured in a
spectrophotometer at A = 595 nm. Concentration of samples was read from the standard

curve where ODsos was plotted versus concentration of BSA standards.

3.2.11. Nucleic acid binding assay

Purified TH ANLS4 YTS521-B deletion mutant was subjected to binding with
ribonucleotide homopolymers, double-stranded DNA and single-stranded DNA
(Carmichael, 1975; Kiledjian and Dreyfuss, 1992). Ribohomopolymers attached to
agarose beads or deoxyribonucleic acid-cellulose were added to 1 pg of protein in 1 x
binding buffer, 5 mM DTT, 2.5 mM MgCl,. The reaction was incubated for 15 minutes at
4°C, the beads were then pelleted by centrifugation and washed five times in binding
buffer. Bound protein was eluted from the beads by boiling in SDS-PAGE sample buffer
for 5 minutes and run on a 10% SDS—PAGE gel (section 3.2.21.). Resulting bands were
visualized by silver staining (section 3.2.22.) or Western Blot using anti YTH antibodies

(section 3.2.23.).

5 x BINDING BUFFER:
50 mM Hepes, pH 7.5
500 mM KClI

0.1% Triton X-100

50% Glycerol

3.2.12. RNA electrophoretic mobility shift assay (RNA gel shift)

RNA gel shift assay was performed according to the protocols reviewed
previously (Black et al., 1998; Thomson et al., 1999). 1 pg of purified TH ANLS4

recombinant protein was pre-incubated for 8 minutes at room temperature in 1 x binding
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buffer (section 3.2.11.), 150 pug/ml BSA, 5 mM DTT, and 0.6 pl of 50 mM MgCl; in a
final volume of 15 pl. After radiolabeled RNA oligonucleotides were added, the mixture
was incubated for 15 more minutes. 15 pl of 10% glycerol as a sample buffer were added
and RNA:protein complexes were separated on 4% native polyacrylamide gel in 0.5 x

Tris / Glycine buffer at 4°C. The gel was pre-run for 30 minutes at 4°C before loading the

samples.

5 x TRIS / GLYCINE BUFFER (1L): 4% NATIVE PA GEL FOR GEL SHIFT (30 ml):
30.28 g Tris base 4.02 ml 30% AA/Bis 37.5:1

142.7 g Glycine 3 ml 5 x Tris / Glycine buffer

3.92 g EDTA 1.5 ml 50% Glycerol

20 ul TEMED
300 ul 10% APS
21.16 ml dH,0

3.2.12.1. Radiolabeling of RNA oligonucleotides

100 pmol of RNA oligonucleotides were mixed with 5 pl of 10 mCi/ml, 6000
Ci/mmol [y-*P]-ATP in 1 x PNK buffer. 10 units of T4 polynucleotide kinase were
added and the reaction was incubated at 37°C for 30 minutes. Radiolabeled oligos were

purified using Qiagen QIAquick Nucleotide Removal Kit according to the manufacturer’s

protocol.

RNA oligonucleotide Sequence

Purine-rich GAGGAGGAAAGAGGAGAGAGAAAGGAGG
Pyrimidine-rich CuUCcuccuyucuccucucucyuuccuccuy
TraBS3 GUGGGGAAGAUGAAAGAAGUCAGAAUUUG

3.2.13. Freezing, thawing and subculturing of eukaryotic cells

To freeze, cells were grown to mid logarithmic phase (about 75% of confluence)
in 10 cm Petri dishes. They were collected by trypsinization with 1 x Trypsin/EDTA,
resuspended in 1 ml of the freezing medium (90% of the growth medium and 10% of
DMSO). Vials were placed in Nalge Nunc Cooler giving a cooling rate of ~1°C/min

while at -80°C. Cells were stored later in liquid nitrogen.

To thaw, cells were incubated at 37°C. The entire content of the tube was
transferred to a 10 cm Petri dish and 10 ml of the growth medium were added. The dish

was placed in the incubator at 37°C and 5% CO,. When cells were attached to the plastic
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surface, the medium was removed and replaced with fresh one. The cells were

maintained in the incubator until ready for the subculturing.

Cells were subcultured after reaching confluence. The monolayer was detached
by adding 1 x Trypsin /EDTA and incubating at 37°C until single cell suspension was
formed. 1/5 — 1/10 of this suspension was transferred to a new dish and mixed with the

growth medium. Cells were maintained in the incubator at 37°C and 5% CO,.

3.2.14. Transfection of eukaryotic cells

The procedure used for HEK293 cells was based on the one published by Chen
and Okayama (Chen and Okayama, 1987). Exponentially growing cells were replated at a
density of about 3 x 10° cells / 8 cm”. Growth medium was added and the cells were
incubated at 37°C, 5% CO, for about 24 h, to reach 60-70% of confluence. For most
applictions cells were grown in 6-well plates, with 2 ml of growth medium per well. The
transfection reaction for one well was made the following way. 1 to 5 pg of expression
construct were mixed with 25 pl of 1 M CacCl; in final volume of 100 pl. Equal volume of
2 x HBS buffer was added dropwise, with constant mixing. In order to form a precipitate,
the solution was allowed to stay at RT for 20 min. After that, it was added to the growth
medium. To express the transfected plasmid, cells were grown for additional 24 h at
37°C, 3 % COa.
2 x HBS:
280 mM NaCl
10 mM KCl
1.5 mM NazHPO4 x 2 Hzo
12 mM Dextrose

50 mM Hepes
pH 6.95

3.2.15. Fixing attached eukaryotic cells on cover slips

Cells grown on cover slips and transfected with pEGFP-C2 constructs were fixed
with 4% formaldehyde in 1 x PBS, pH 7.4 for 20 min at 4°C. Cells were washed 3 times
in PBS prior to mounting on microscope slides with Gel/Mount (Biomeda). The cells

were examined by confocal laser scanning microscopy (Leica).
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3.2.16. Immunostaining

Cells were fixed in 4% formaldehyde and PBS for 20 min at 4°C, washed three
times in PBS and 0.1% Triton X-100, and blocked in PBS, 0.1% Triton X-100, and 3%
NGS for 2 hours at room temperature. Cells were then incubated with anti Abl antibody
(diluted 1:1000 in PBS, 0.1% Triton X-100, and 3% bovine serum albumin) overnight at
4°C and washed three times in PBS and 0.1% Triton X-100. Cells were then incubated
with CY3-coupled secondary antibody (Dianova), diluted 1:1500 in PBS and 0.1% Triton
X-100, for 2 hours at room temperature, washed three times in PBS and 0.1% Triton X-
100, and mounted on glass slides with Gel/Mount. Finally the cells were examined by

confocal laser scanning microscopy.

3.2.17. Quantification of cell staining

Cells were analyzed with confocal microscopy and single images were analyzed
using Photoshop. First, the cell nucleus was outlined. Next, YT bodies were marked
through visual inspection and the mean of their integrated signals ,,— standard deviations
was calculated as YT bodies. The black areas were marked by visual inspection and the
mean of their integrated distribution ,,+” standard deviation was designated as areas void

of YT521-B. The remaining area was defined as dispersed YT521-B staining.

3.2.18. Immunoprecipitation of proteins

24 h after the transfection (section 3.2.14.), cells were washed with 1 x PBS and
lysed for 20 min at 4°C in 200 pl of RIPA buffer. The lysates were collected in
Eppendorf tubes and cleared by centrifugation for 1 min at 12000 rpm. The supernatant
was diluted with 3 volumes of RIPA rescue buffer. The antibody recognizing the
expressed protein or the tag was added to the lysate and incubated at 4°C on the rotating
wheel. After 90 min of incubation 50 pl of Protein A Sepharose / Sepharose CL-4B (1:1)
were added to the solution and the incubation continued overnight under the same
conditions. The Sepharose beads were pelleted by centrifugation for 1 min at 1000 rpm in
a microcentrifuge followed by 3 washes with 500 pl of HNTG buffer. Finally, 30 pl of 3
x SDS sample buffer were added to the pellet and boiled for 5 min at 96°C to denature

the proteins. The beads were spun down and the supernatant loaded on SDS-
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polyacrylamide gel (section 3.2.21.). Proteins resolved on the gel were transfered to
nitrocellulose membrane and analyzed by Western blot and ECL using the appropriate

antibodies (section 3.2.23.).

Protein A Sepharose / Sepharose CL-4B was made as follows: Protein A Sepharose beads
were washed in 15 ml of distilled H,O and pelleted at 500 rpm for 2 min. After a second
wash with dH>O equal volume of Sepharose CL-4B was added and the beads were

washed two more times in RIPA rescue buffer and kept at 4°C.

RIPA: RIPA RESCUE:
1% NP40 20 mM NaCl
1% Sodium deoxycholate 10 mM Na-phosphate, pH 7.2
0.1% SDS 1 mM NaF
150 mM NaCl 5 mM [-glycerophosphate
10 mM Na-phosphate, pH 7.2 freshly added:
2 mM EDTA 2 mM Sodium orthovanadate
50 mM NaF 1 mM DTT
5 mM B-glycerophophate 1 mM PMSF
freshly added: 20 pg/ml Aprotinin
4 mM Sodium orthovanadate
1 mM DTT HNTG WASH:
1 mM PMSF 50 mM HEPES, pH 7.5
20 pg/ml Aprotinin 150 mM NaCl
100 U/ml Benzonase 1 mM EDTA
10% Glycerol

0.1% Triton X-100

freshly added:
2 mM Sodium orthovanadate

100 mM NaF
1 mM PMSF
20 pg/ml Aprotinin

3.2.19. Solubility assay

24 hours after the transfection (section 3.2.14.), cells were lysed for 20 min on ice
in 200 pl of HNTG buffer. The lysates were centrifuged at 13000g for 15 min at 4°C, 100
ul 3 x SDS sample buffer was added to the supernatant, and 300 ul 3x SDS sample buffer
was added to the remaining pellet. The probes were mixed, boiled for 5 min, and 30 pl of
each fraction loaded onto 7.5% SDS-polyacrylamide gels. Alternatively, cells were lysed
for 20 min on ice in 200 ul of RIPA buffer. Lysates were centrifuged for 15 min at 4°C,
100 pl 3 x SDS sample buffer was added to the supernatant, and 300 pl 3 x SDS sample

buffer was added to the pellet. 30 pl of the fractions was loaded in each lane and analyzed
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on 7.5% SDS-polyacrylamide gels. The proteins were analyzed by Western blotting and
ECL using anti GFP and PK2 antibodies.

HNTG LYSIS BUFFER: RIPA LYSIS BUFFER:
50 mM Hepes, pH 7.5 0.01 M Sodium phosphate
150 mM NaCl 1% NP-40

1% Triton X-100 1% Sodium deoxycholate
10% Glycerol 0.1% SDS

1 mM EDTA 0.15 M NaCl

20 mM Sodium pyrophosphate 2 mM EDTA

2 mM Sodium orthovanadate 1 mM NaF

100 mM NaF 4 mM Sodium orthovanadate
5 mM B-glycerophosphate 5 mM B-glycerolphosphate
1 mM PMSF 1 mM PMSF

1 ng/ml Aprotinin 1 pg/ml Aprotinin

100 U/ml Benzonase 100 U/ml Benzonase

3.2.20. Isolation of nuclear protein extract and RNA
Immunoprecipitation

To isolate the nuclear extract, cells were trypsinized 24-36 hours after the
transfection (section 3.2.14.) and washed in 30 volumes of PBS. The pellet was then
resuspended in one packed cell volume of buffer A and allowed to swell on ice for 15
minutes. Cells were lysed with a 23G hypodermic needle and nuclei were recovered by
centrifugation for 20 sec at 120009 at RT. The crude nuclear pellet was resuspended in
two-thirds of one packed cell volume of buffer C and incubated for 30 min at 4°C with
stirring. The nuclear debris was pelleted by 5 min centrifugation at 12 000g. Collected
nuclei were then resuspended in 0.6 ml of NET-Triton, pushed through a narrow-gauge
needle and centrifuged. Immunoprecipitation with anti GFP antibody and Protein A
Sepharose was performed overnight at 4°C on the supernatant, followed by 5 washes
with cold RIPA buffer. RNA was isolated using the TRIzol reagent. After ethanol

precipitation the RNA pellet was dissolved in RNase-free water.

BUFFER A: BUFFER C:
10 mM HEPES, pH 8.0 20 mM HEPES, pH 8.0
1.5 mM MgCl, 25% (v/v) Glycerol
10 mM KCl 420 mM NaCl
1 mM DTT 0.2 mM EDTA, pH 8.0
I mM DTT
0.5 mM PMSF
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NET-TRITON:

150 mM NaCl

50 mM Tris-HCI, pH 7.4
0.1% Triton X-100
Protease inhibitors

3.2.21. Electrophoresis of proteins

Proteins were resolved on denaturing SDS polyacrylamide gels. Typically, the
BioRad gel electrophoresis system was used, to make 10 cm x 7.5 cm x 0.5 mm gels. The
separating gel was 7.5-15%, depending on the molecular weight of the proteins, and the
stacking gel was 4%. The proteins were mixed with sample loading buffer, denatured at

96°C for 5 min and loaded on the gel. Electrophoresis was carried out at 100 V for 2

hours in SDS gel running buffer.

Separating gel (10 ml) 75%  10%  15%  Stacking gel (10 ml)

dH,O 485ml| 41ml| 2.5ml]dH,O 6.1 ml
1.5 M Tris-HCI, pH 8.8 25ml| 25ml| 2.5ml}0.5M Tris-HCI, pH 6.8 2.5 ml
10% SDS 100 ul | 100 ul | 100 ul | 10% SDS 100 pl
30% Acrylamide/Bis 25ml| 33ml| 5.0ml] 30% Acrylamide/Bis 1.3 ml
10% Ammonium 100 ul | 100 ul | 100 ul § 1096 Ammonium 100 ul
Persulfate Persulfate

TEMED 10 ul 10 ul 10 ul | TEMED 10 pl
3 x SDS SAMPLE BUFFER: SDS GEL RUNNING BUFFER:

150 mM Tris-HCI, pH 6.8 250 mM Glycine, pH 8.3

6% SDS 25 mM Tris

30% Glycerol 0.1% SDS

3% B-Mercaptoethanol

0.3% Bromophenol blue

3.2.22. Staining of protein gels

Coomassie staining was used to detect proteins in SDS polyacrylamide gels. After
electrophoresis the gel was placed in staining solution (2.5% Coomassie Brilliant Blue
R250, 45% Methanol, 10% Acetic acid) for 2-3 h at RT. After this incubation the gel was
washed 2-3 times for 30 min in 50% Methanol/10% Acetic acid and 2-3 more times in
20% Methanol/10% Acetic acid. Alternatively, polyacrylamide gels were stained with

Silver Stain Plus solutions according to the manufacturer’s protocol.
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3.2.23. Western blotting

Proteins resolved on SDS polyacrylamide gels were transferred to nitrocellulose
membrane (Schleicher & Schuell) in transfer buffer, for 45 min at 120 V. The membrane
was blocked for 1 hour in 1 x NET-gelatine buffer at 4°C, then primary antibody was
added and the incubation was allowed to proceed overnight at 4°C. The membrane was
washed three times for 20 min in 1 x NET-gelatine and incubated with a secondary
antibody coupled to horseradish peroxidase for 1 hour. The membrane was subsequently
washed three times for 20 min in 1 x NET-gelatine and the bound antibodies were
detected by the ECL system. Equal amounts of solutions ECL1 and ECL2 were mixed
and added to the membrane for 5 min. The membrane was then exposed to an X-ray film

(Fuji SuperRX) and developed in a Kodak developing machine.

TRANSFER BUFFER: NET-GELATINE:

192 mM Glycine 150 mM NaCl

25 mM Tris 5 mM EDTA

20 % Methanol 50 mM Tris-HCI, pH 7.5

0.05 % Triton X-100
0.25 % Gelatine

ECL1: ECL2:
4.5 mM Luminol 0.003 % H,0,
4.3 mM p-lodophenol 100 mM Tris, pH 9.5

100 mM Tris, pH 9.5

3.2.24. In vivo splicing assay

To determine the influence of a protein on the splicing of selected minigenes, in
Vvivo splicing was performed as described (Stoss et al., 1999; Tang et al., 2005). 1 to 2 ug
of the minigene plasmid were transfected in eukaryotic cells together with an expression
construct for the protein. Usually a concentration-dependent effect was assessed. The
protein was transfected in increasing amounts, in the range of 0 to 3 pg. To avoid
‘squelching’ effects, the ‘empty' parental expression plasmid containing the promotor
was added in decreasing amounts, to ensure a constant amount of transfected DNA. Cells
were plated in 6-well plates and transfection (section 3.2.14.) was done 24 hours after
plating. After incubation for 14-17 hours at 3% CO, total RNA was isolated from the
cells (section 3.2.23.).
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400 ng of RNA were used in a reverse transcription reaction (section 3.2.24.). The
reverse primer used for RT was specific for the vector in which the minigene was cloned,
to suppress reverse transcription of the endogenous RNA. To avoid the problem of the
amplification of minigene DNA, Dpnl restriction enzyme was added into the reverse
transcription reaction. Dpnl cuts GATC sequence in double-stranded DNA when the
adenosine is methylated but does not cut non-methylated single-stranded DNA or cDNA.
A control reaction with dH,O instead of RNA was included.

1/8 of the reverse transcription reactions were used for PCR with minigene-
specific primers (section 3.2.24.). The primers were selected to amplify alternatively
spliced minigene products. A control reaction with no template (RNA instead of cDNA)

was included in the PCR. The PCR programs were optimized for each minigene in trial

experiments.

Tra MG 94°C 2 min; 33 cycles — 94°C 20 sec, 65°C 20 sec, 72°C 40 sec; 72°C 2 min

CD44 v5 MG 94°C 5 min; 30 cycles — 94°C 20 sec, 72°C 50 sec; 72°C 7 min

SRp20 MG 94°C 2 min; 30 cycles — 94°C 30 sec, 55°C 1 min, 72°C 1 min; 72°C 20 min

Tau MG 94°C 2 min; 30 cycles — 94°C 1 min, 60°C 1 min, 72°C 48 sec; 72°C 10 min

CFTR MGs 94°C 3 min; 35 cycles — 94°C 1 min, 55°C 30 sec, 72°C 1 min; 72°C 7 min

GHI1 MGs 94°C 3 min; 25 cycles — 94°C 45 sec, 72°C 90 sec; 72°C 8 min

IL-4R Lng MG | 94°C 5 min; 30 cycles — 94°C 20 sec, 72°C 90 sec; 72°C 7 min

pMTEIA* 94°C 2 min; 20 cycles — 94°C 30 sec, 65°C* 30 sec, 72°C 1 min; 10 cycles —
94°C 30 sec, 55°C 30 sec, 72°C 45 sec; 72°C 20 sec

* Touchdown PCR — annealing temperature was decreasing from 65°C to 55°C, 0.5°C every cycle.

PCR reactions were resolved on a 0.3-0.4 cm thick 2 % agarose TBE gel and the

image was analyzed using ImageJ analysis software (http://rsb.info.nih.gov/ij/).

3.2.25. Isolation of total RNA

Total RNA was isolated from eukaryotic cells grown in 6-well plates. Cells were
washed with 1 x PBS and the RNeasy Mini kit (Qiagen) was used according to the

manufacturer’s protocol. RNA was eluted from the column in 40 pl of RNase-free dH,O.

Alternatively, in RNA immunoprecipitation procedure RNA was isolated from
Sepharose beads using TRIzol reagent according to the manufacturer’s protocol. After

ethanol precipitation, the RNA pellet was dissolved in 20 pl of RNase-free dH,O.
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3.2.26. RT-PCR

400 ng of total RNA (200 ng/ul), 5 pmol of reverse primer, 40 U of SuperScript II

reverse transcriptase, and optionally 4 U of Dpnl restriction endonuclease were mixed in

5 ul of RT buffer. To reverse transcribe the RNA, the reaction was incubated at 42°C for

45 min.

1/8 of a typical reverse transcription reaction was used to amplify cDNA. The

reaction was held in 25 pl and contained 10 pmol of specific forward and reverse primers,

200 mM dNTPs, 1 x Taq polymerase buffer and 1 U of Tag DNA polymerase. The

conditions of the PCR cycles were dependent on the template to be amplified (see section

3.2.22. for conditions of amplifying minigene products from in vivo splicing assays).

RT BUFFER:

300 pl 5 x First strand synthesis buffer (Invitrogen)
150 ul1 0.1 M DTT (Invitrogen)
75 ul 10 mM dNTPs

475 pl dH,0

3.3. Databases and computational tools

Database /

URL Description Reference
software
) . The alternative splicing (Thanaraj et
ASD http://www.ebi.ac.uk/asd database al.. 2004)
Web-based application (Kim et al
ASePCR http://genome.ewha.ac.kr/ASePCR/ emulating the RT-PCR in 2005) ?
various tissues
] . . Multiple sequence alignment (Thompson
ClustalW http://www.ebi.ac.uk/clustalw/index.html program for DNA or proteins et al., 1994)
http://www.tigr.org/tdb/tgi/ego/orth_search. | Database for orthologous genes | (Lee et al.,
TIGR EGO :
shtml in eukaryotes 2002)
Human http://www.genome.ucsc.edu/cgi- Sequence alignment tool (Kent, 2002;
BLAT bin/hgBlat similar to BLAST Kent etal,
Search & 2002)

. Scans protein sequences for the .
MyHits ) o . . (Pagni et al.,
Motif Scan http://myhits.isb-sib.ch/cgi-bin/motif scan occurrence of patterns, profiles 2004)

and motifs
NCBI Finds regions of n (f‘ltlsgggl “
BLAST and | http://www3.ncbi.nlm.nih.gov/BLAST/ [nds regions of sequence al, ’
similarity Altschul et
PSI-BLAST
al., 1997)
Automated detection of
NCBI http://www.ncbi.nlm.nih.gov/entrez/query.f | homologs among the annotated | (Wheeler et
HomoloGene | cgi?db=homologene genes of several completely al., 2005)

sequenced eukaryotic genomes
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Database / URL Description Reference
software
. (Nakai and
PSORT 11 http://psort.nibb.ac.jp/form2.html Predl.cuo.n of subcelliular Kanehisa,
localization of proteins 1992)
Searches for motifs within
Scansite ) . . . proteins that are likely to be (Obenauer
Motif Scan http://scansite.mit.edu/motifscan_seq.phtml phosphorylated by specific et al., 2003)
protein kinases
Allows identification of (Schultz et
SMART http:/smart.embl-heidelberg.de/ genetically mobile domains and | al., 1998,
analysis of domain Letunic et
architectures al., 2002)
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4. RESULTS

The transcripts of most metazoan protein-coding genes are alternatively spliced.
However, mechanisms that are involved in the control of splicing are not well
understood. YT521-B is known to be involved in alternative splice site selection. It is
also a tyrosine phosphorylated nuclear protein. It has therefore a potential of being a
target for molecules involved in signaling pathways. Studies presented in this chapter
show that tyrosine phosphorylation emanating from non-receptor tyrosine kinases can
alter both intranuclear localization and function of YT521-B. In addition, the existence of
a novel, possibly RNA-binding motif is reported here. Finally, based of phylogenetic
conservation profile, it is suggested that YT521-B might be a vertebrate-specific splicing

factor.

4.1. Human YT521-B gene structure

Rat YT521-B was described as the protein interacting with several factors
implicated in splicing, such as hnRNP-G, Sam68, and rSAF-B. It was also shown to be
involved in splice selection of different mRNAs (Hartmann et al., 1999). Since finishing
the Human Genome Project, a complete genome sequence is available and thus it is
possible to search for human proteins homologous to previously characterized factors. To
determine human YT521-B gene structure, the GenBank non-redundant nucleotide
database was searched with the rat YT521-B sequence. The human transcript is predicted
to be 3.3 kb with a single open reading frame of 2184 nt. The GenBank mRNA sequence
was subsequently inspected using Human BLAT Search (Kent, 2002). The search
revealed that the gene encoding for YT521-B protein is located on chromosome 4q13.3,
on the reverse complement strand in positions 69182418 — 69219187. This analysis also
showed that two YT521-B splice variants are deposited in GenBank. One consists of 17
exons, whereas the other one consists of 16 exons with the exon VI being skipped. In
addition, the Alternative Splicing Database (ASD) (Thanaraj et al., 2004) was searched.
There are two more isoforms deposited in the ASD. One with 24-nucleotide insertion
within exon XIV is confirmed by five ESTs and the second one with exons VIII and IX
being skipped is confirmed by one EST. All YT521-B isoforms together with their gene
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Table 4. YT521-B isoforms.

Confirming
Description EST / mRNA Gene structure based on EST sequence
sequences
conplee | || | |
ISOFORM 1 mRNA
“ 17 exons ' sequence | | I IR
BC041119 Iy
5 8 [ 7 8 9 10— 1 {12 - 13 | 14b }—
complet | | I
ISOFORM 2 mRNA
e skipped exon 6 Cassette exon sequence ‘ | | | I | | | |
BC053863
8 9 10 {11 12 {13 {14 |—
BUS508352 | | |
ISOFORM 3 Alternative 3’ BU509020
e exon 14 with Solice site CF144386 | | |
24-ntinclusion | P BU785242
BU785378 —{ 1 2 {13 H e —
ISOFORM 4 ||| | |
e exons 8 and 9 Cassette exon BU659487 ” l | I
skipped
— s I 7| { 10 11

Exons are indicated as boxes or vertical lines. Introns are shown as horizontal lines. Gene structure based on EST sequences is drawn to scale. Enlargement of
alternative regions with numbering based on the actual exon position is given.
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structures are shown in Table 4. Subsequently, the alternative splicing (AS) electronic
RT-PCR (ASePCR) with primers flanking putative alternative exons was performed.
ASePCR is a web-based application that emulates RT-PCR in various tissues (Kim et al.,
2005). Results of this analysis are given in Table 5. ASePCR shows that alternatively
spliced isoforms of human YT521-B, similarly to rat protein, can be expressed in various

tissues.

Table 5. Results of ASePCR performed with human primers flanking putative alternative
exons.

Splicing Primers Product Tissue information**
~ event _size (bp)* |
Skipping Exon 4 Forward 663 bladder, blood, brain, cervix,
of exon 6 AGAATTGGGCTTGAAGTGGATAG 609 eye, liver, lung, muscle,
Exon 7 Reverse pancreas, pituitary gland,
CTTCGCTTTGGCAAGAGACAC placenta, prostate, skin
24-nt Exon 13 Forward 299 Blood, bone, bone marrow,
inclusion GGTATTTAAAGGATCCACGATACCA 275 brain, breast, cervix, colon,
within Exon 16 Reverse eye, kidney, larynx, liver,
exon 14 TACTCGTTTATCTCTGTATCTTGCTTCA lung, muscle, pancreas,
prostate, skin, stomach, testis
Skipping Exon 7 Forward 407 blood, bone, brain, breast,
of exons 8 | ATCAAACCAGTAAACTCAAATATGTGCT 180 cervix, colon, eye, kidney,
and 9 Exon 10 Reverse liver, lung, muscle, pancreas,
CTGTCCATCACGTCCGATCTTTA pituitary gland, prostate, skin

* More abundant, not alternatively spliced isoforms are shown in bold.
** Tissues where both isoforms are present are underlined, tissues without underlining represent those
where only more abundant isoforms are present.

Exon-intron boundaries of human YT521-B gene are shown in Table 6. Length of
the exons range from ~ 40 bp (exons XIII and XIV) to 1000 bp (exon XVII) and length of
the introns range from 70 bp (intron M) to 11341 bp (intron A). Potential splice sites
were individually compared with a splice site consensus sequence and scored for the
degree of sequence identity (Clark and Thanaraj, 2002) (Table 6). Splice sites of exon VI
deviate significantly from the consensus. They have values of 3.1 and 4.5 for 3” and 5’
splice sites, respectively. The average scores are 9.3 + 3.3 for 3’ splice sites and 8.2 £2.3
for 5 splice sites. The alternative 3’ splice site generated by 24-nucleotide inclusion
within exon XIV also deviates strongly from the consensus and has a value of 1.8,
whereas 3’ splice site for the exon XIV without the inclusion has a value of 7.0. This
result is in agreement with the earlier observations indicating that the weakest 3’ splice

sites are found in retained introns and alternative 3’ splice sites (Stamm et al., 1994;
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Thanaraj and Stamm, 2003). In addition, a number of splice sites, both constitutive and

possibly alternative, are also found to be below average strength. However, it is known

that the splice sites utilized in alternative gene structures are in general weaker than

average values and that differential splice strength is seen to be a fundamental factor in

alternative splicing (Clark and Thanaraj, 2002).

Table 6. Compilation of exon-intron boundaries.

58S

exon exon sequence intron sequence exon sequence 38 exon
{5 UTR) tttcgggagogggattgttt. .. exon |
.. cagcgtaaacagcgcaggaca 3635 nt
1 8.8 . JACAGTCGGGAGGAGAAAG gttagtgcggagaaa (A, 11341 nt)
...atttttaattttatttgcag | ATGGAGAACTTAATGTTC. . 8.2 exon 11
102 nt
] 7.3 | . .ATAAAAATGAGAAAAAGG gtatgtaagagttct (B, 382 nt)
...ttttacattgtattttaaag | GATCAAAARGARARAGTG. . 4.5 exon [11
330 nt
111 34 .ACGCCRGATGGTTCTGAG gtagtaaatattatt (C, 121 nt)
...CCtttttetttaaacatcag | AGRATTGGGCTTGAAGTG. . 1.2 exon 1V
424 nt
v 4.3 . .CAGGCACAGATGGATCAG gtactactttttata (D, 3629 nt)
..aaaactcttgttctttttag | ATGAGAAARAGRAGGARAA. . 8.8 exon V'
90 nt
Ay 43 | ..CATCAGAGTCATATGCAG gtattctcattttgt (E, 460 nt)
.. .tgtactttggctaaatacag | GTTCAGARRAGARGCATG. . 31 exon VI
54 nt
Vi 4.5 . . TTCGTGCTGTCCGAAAAG gtatcatttaaattt (F, 596 nt)
...tgggtttetttttttttecag | ATCARACCAGTRAACTCA. . 10,4 exon VII
95 nt
VIl 4.9 . . TCTCTTGCCAAAGCGAAG gtattagcatcagtt (G, 1792 nt)
...tetttatgttatttatgtag | GETGTATGGTCCACGCTC. . 4.0 | exon VIII
109 nt
VI | 10.8 | . .AGAGTGGAARATTTCAAG gtaagaataaaaata (H, 82 nt)
...ttatgatatgattctcttag | GEGTTTGCAAGACTTTCTT. . 5.8 exon IX
118 nt
IX 8.3 . AATTGACTGGATTTGCAG gtaaattatacactt (I, 5778 nt)
...tgatattactttgtatttag | GCGTGAATTACCCTTCAC. . 4.9 exon X
85 nt
X 6.2 . ATCGGACGTGATGGACAG gtttgtggcecttaat (J 23 nt)
...ttgctactttectattctag | GRAATTGARCTTGAATGT. . 6.6 exon XI
167 nt
Xl 6.5 | . . AGTCCGGGATGTGGGAAG gttagaaacgttett (K, 2543 nt)
...aatgtgtctaatttgtgtag | GCGTCGACCAGAAGATTA. . 3.6 exon XII
83
X 5.6 + AGTTTCACCAGAGACCAG gttaatattttataa (L, 1260 nt)
...aatgcttgatgtttgaacag | GGTATTTARAGGATCCAC. . 3.0 exon XIII
3T
X1 12.7 | . .ATACCAGGAARGTGGACAG gtaagtcgggttcac (M, 70 nt)
...tatgaattacctgaatttag | TTTCACAAATCTTATTICC. . 1.8 exon XIV
64 nt
X 12.7 | . .ATACCAGGAAGTGGACAG gtaagtcgggttcac (M, 96 nt)
...acaaatcttattcccaacag | ACGATTTTCAGGAGTTCG. . 7.0 exon XIV
40 nt
XIv 8.0 . +GATGTGTTTTTAAATGGG gtaagcatt (N, 108 )
..attatcatcttttattttag | TCCTACAATGATTATGTG. . 7.0 exon XV
63 nt
XV 3.1 . +CCACCTTGGCAAGGAATG gtttgtattattcta (O, 2070 nt)
...aaatggttttccttttttag | CCCCCTTACCCAGGAATG. . 8.2 exon XVI
135 mt
XVI 6.6 .+« TACAGAGATARACGAGTA gtaagtgcacaagga (P, 1990 nt)
.e.acatttetttecttttctag | CATGATTATGATATGAGG. . 8.7 exon XVII
1004 nt

Coding exon sequences are indicated by uppercase letters, and intron and untranslated exon sequences are
indicated by lowercase letters. Alternative splice sites are shown in bold. 5° and 3’ scores are given for each
splice site (Stamm et al., 1994). A 100% match to the mammalian 3' splice site ttttccctccag|G would have a
score of 14.2. A perfect 5' splice site AAG]|gtaagt would have a score of 12.6. The mean score of the 3'
splice site in constitutive exons is 7.9 and 8.1 for constitutive 5' splice sites. The analysis was performed
using Alternative Splicing Database (ASD) Workbench.
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Figure 10. Alternative variants of human YT521-B. (A), (B) Detection of the isoform 2 with exon
6 being skipped. (C), (D) Detection of the isoform 3 with alternative 3’ splice site resulting in 24-nt
insertion within exon 14. (E), (F) Detection of the isoform 4 with exons 8 an 9 being skipped. (A),
(C), (E) Part of the exon-intron structure containing alternatively spliced regions is drawn to scale;
exons are indicated as vertical lines and numbered with Roman numerals; introns are shown as
horizontal lines. The alternative splicing patterns are indicated with dotted lines. Positions of primers
are indicated. (B), (D), (F) RT-PCR was performed with RNA isolated from adult human brain using
primers flanking putative alternative exons. The structures of the PCR products are indicated on the

right. M, 100 bp ladder
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To confirm the existence of alternatively spliced human YT521-B isoforms, RT-
PCR with RNA isolated from adult human brain was performed. As shown in Figure 10,
all of the putative isoforms (Table 4, Table 5) were detected using primers flanking
alternatively spliced exons, the same as those used in ASePCR (Table 5). The size of
PCR products is in agreement with earlier electronic analysis. Transcripts of isoforms 1,
2 and 3 are present in human brain in similar amounts (Figure 10B, D), whereas isoform
4 is not as pronounced as isoform 1 (Figure 10F). Skipping of exons VIII and IX (Table
4, Figure 10E) leads to a frameshift. It results in the introduction of the termination codon
at the beginning of exon X. Since the introduced termination codon is followed by an
exon-exon junction more than 50-55 nucleotides downstream, it might be recognized as a
Premature Termination Codon (PTC) (Maquat, 2004). Therefore, mRNA of isoform 4 is
predicted to be a subject to nonsense-mediated decay (NMD). It is known that NMD is
not only an mRNA quality-control mechanism that degrades abnormal mRNAs arising
because of mistakes in gene expression or being product of mutated genes, but it also can
target naturally occurring substrates. Together, these data show the gene structure of
human YT521-B and indicate alternative splicing events resulting in the occurrence of

four possible protein isoforms.

4.2. YT521-B protein has a modular structure

To gain an insight into human YT521-B function, its modular structure was
inspected. MyHits Motif Scan program (Pagni et al., 2004) available at ExPASy
Proteomics Server was used for this purpose. As shown in Figure 11, human YT521-B
shows the same features as the rat protein (Hartmann et al., 1999). There are four putative
bipartite nuclear localization signals (underlined sequences). At the N-terminus, there is a
glutamic acid-rich region of unknown function (E-rich, shaded in orange). A putative
nucleic acid binding YTH domain (section 4.3.) is located in the center of the protein
(Stoilov et al., 2002b). At the C-terminus, there is a proline-rich stretch (Pro-rich, shaded
in yellow) possibly responsible for binding to SH3 domain containing proteins (Kay et
al., 2000) and a glutamic acid/arginine-rich region (ER-rich, shaded in green) involved in
the possible protein:protein interactions (Hartmann et al., 1999; Yanagisawa et al., 2000).

The conserved DR/ER-rich region is also thought to play a role in the binding of nucleic

49



Results

[1]

-
20 aa

Al Esssaaaea el [2]13]

NI NEINN | ¢

“ E-rich

B ytH [ pro-rich

. P R 8 R G R P 8 R R

R

D R E R E

R D

R P R D

H

D R E R D R G R D R E

ER-rich

50




Results

acids, though this has not been shown experimentally (Levi-Strauss et al., 1988; Speiser
and White, 1989; Surowy et al., 1990; Assier et al., 1999). Database searches show that
over 1000 proteins contain a domain with alternating ER or DR repeats. Several
examples with known function are presented in Table 7. Some of them, such as RD
RNA-binding protein (Surowy et al., 1990), negative elongation factor E (Yamaguchi et
al., 1999), U1 70K (Spritz et al., 1990), and several putative DEAD helicases (Ono et al.,
1994), are known to be involved in RNA metabolism. In addition, the RED protein is
predicted to bind chromatin (Assier et al., 1999). Moreover, there are two AT-hook-like
motifs (Pfam02178) predicted to be located within the ER-rich region of YT521-B
(Figure 11). The AT-hook is identified to be a motif preferentially binding to AT-rich
DNA. It is a small motif with a typical 9-amino acid signature sequence, in which a
glycine-arginine-proline (GRP) tripeptide is the center of the DNA-binding domain. It
was described for high mobility group (HMG) proteins (Reeves and Nissen, 1990),
transcription factor AKNA (Siddiga et al., 2001), MAR binding proteinl AHMI1
(Morisawa et al., 2000), and some other proteins (Aravind and Landsman, 1998). In total,
there are three AT-hook motifs predicted for YT521-B. They loosely follow the
consensus sequence and it is not clear whether they are functional. As shown in Figure
12, the protein domain composition of YT521-B is reflected in its gene structure.
Glutamic acid-rich region, proline-rich region and glutamic acid/arginine-rich region are
encoded by one exon (IV, XVI, and XVII, respectively), and the YTH domain is encoded
by four exons (VII-X).

Figure 11. Modular structure of human YT521-B. (A) Domain structure of YT521-B. The four nuclear
localization signals (NLS) are indicated with numbers. The E-rich region, the proline-rich region, the ER-
rich region, and YTH domain are indicated by different shading. AT-hooks are shown as black boxes. The
inserted A indicates the location of the alternative exon VI. (B) cDNA and protein sequence of human
YT521-B. The cDNA sequence of human YT521-B is shown. Exons are indicated by alternating text color.
Start and stop codons are marked in bold. The protein sequence is shown underneath the cDNA sequence in
one-letter code. The E-rich, Pro-rich, and ER-rich regions are shown as orange, yellow, and green-
shadowed boxes, respectively. A putative RNA binding YTH domain is shown as a red-shadowed box.
Four NLS sequences are underlined. AT-hook sequences are in bold italics. Alternatively spliced exon VI
is indicated as a gray-shadowed box.
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Table 7. Compilation of proteins containing DR/ER-rich low-complexity regions.

Protein* Species Comment

ATP-dependent helicase DHXS8 Human (Ono et al., 1994)
DEAD box RNA helicase A.thaliana gi:15226155
Translation initiation factor 3 subunit 10 Human (Johnson et al., 1997)
RED protein Human (Assier et al., 1999)
MHC HLA-RD protein Human (Speiser and White, 1989)
Negative elongation factor E (NELF-E) Human (Yamaguchi et al., 1999)
Polyglutamine binding protein 1 (PQBP-1) Human (Waragai et al., 1999)
Transcription co-repressor SMRT Human (Chen and Evans, 1995)
U5 small nuclear ribonucleoprotein RNA helicase A.thaliana £i:20259792

RD RNA-binding protein Human (Surowy et al., 1990)
U1 70K Human (Spritz et al., 1990)
U2AF N.plumbaginifolia (Domon et al., 1998)
YT521-B putative splicing factor Rat (Hartmann et al., 1999)

*Proteins were identified in protein-protein BLAST search for short, nearly exact matches with the
inclusion threshold of 0.005.
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|
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isoform2 [ 1)) e WEE
isoform3 (L1 )/ ME g
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20 aa W -rich B3 yTH [ Pro-rich ER-rich

Figure 12. Comparison of the exon-intron organization of human YT521-B and the domain
structure of its putative open reading frames. Exon-intron and protein structures are drawn to scale.
Exons are indicated as black boxes or vertical lines and numbered with Roman numerals. Introns are
shown as horizontal lines. Gene structures and alternative splicing events for isoforms 1 — 4 are given in
Table 1. Protein structures of isoforms 1 and 2 are based on complete mRNA sequences, whereas
structures of isoforms 3 and 4 are only a prediction based on partial EST sequences. Protein domains are
indicated by different shading. AT-hooks are shown as black boxes. The four nuclear localization signals
(NLS) are indicated with numbers. The alternative exons of YT521-B are indicated with capital letters, A
and B.
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Table 8. YT521-B orthologs*.

Protein YTH domain
% sequence % sequence
identity to Length identity to
human YT521-B human YTH

GenBank

identifier Species Length

2i[21166355 | Human Homo sapiens 727 - 138 -

gi|19173798 | Rat Rattus norvegicus YT521-B 738 96% 138 100%
gi[51711035 | Mouse Mus musculus YT521-B 660 83% 170 100%
2i[50511209 | Mouse Mus musculus mKIAA1966 protein 507 93% 138 100%
2i[55622698 | Chimpanzee Pan troglodytes Predicted: similar to YT521 487 94% 138 100%
2i|55729205 | Orangutan Pongo pygmaeus Hypothetical protein 482 96% 138 100%
2i[57095582 | Dog Canis familiaris Predicted: similar to YT521 727 92% 138 98%
gi[54038191 | African clawed frog | Xenopus laevis ﬁ%‘g‘j’g‘;&“’tem for 704 72% 138 94%
2i[51703808 | Western clawed frog | Silurana tropicalis | MGC89461 protein 673 69% 138 94%
2i[55250288 | Zebrafish Danio rerio Zgc:101592 679 62% 138 93%

*Orthologs were identified using Eukaryotic Gene Orthologs (EGO) and HomoloGene databases.
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Figure 13. Domain structure of YT521-B orthologs. The four nuclear localization signals (NLS) are
indicated with numbers. The protein domains are indicated by different shading. AT-hooks are shown
as black boxes. The position of the alternatively spliced exon VI is indicated with letter A. Position of

the conserved tyrosine is indicated.

The same conserved modular structure is shared by all known YT521-B orthologs
from zebrafish to rodents to primates (Table 8, Figure 13). There was neither yeast nor
bacterial YT521-B orthologs found in performed database searches. Moreover, there are

no YT521-B orthologs present in C.elegans and D.melanogaster. Altogether, data
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obtained in the performed searches indicate that YT521-B may be a vertebrate-specific
protein. The percentage of sequence identity among the YT521-B orthologs varies from
62 to 96% (Table 8). The part of the protein showing the largest conservation among
species is the YTH domain (Table 8, Figure 14). These characteristics indicate the

importance of the protein, whose structure and function was retained throughout the

course of evolution.

X.laevis BRFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNAAFRSARSVILVFSVRESGKFQGFAR 60
X.tropicalis  ARFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNAAFRSARSVILVFSVRESGKFQGFAR 60
H.sapiens ARFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNLAFRSARSVILIFSVRESGKFQGFAR 60
P.troglodytes ARFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNLAFRSARSVILIFSVRESGKFQGFAR 60
M.musculus ARFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNLAFRSARSVILIFSVRESGKFQGFAR 60
R.norvegicus  ARFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNLAFRSARSVILIFSVRESGKFQGFAR 60
C.familiaris  ARFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNAAFRSARSVILIFSVRESGKFQGFAR 60
D.rerio ARFFLIKSNNHENVSLAKAKGVWSTLPVNEKKLNAAFRAARSVVLIFSVRESGKFQGFAR 60
deode e ot g e e e e e e e e e ke ok e e e e ke ke e ke ke ke R ke ke R ke e R ke *k*:\k*** . *:l*k*****ki*\k**
X.laevis LSSESHHGGS PIHWVLPAGMNAKMLGGVFKIDWICRRELSFTKCVHLTNPWNEHKPVKIG 120
X.tropicalis  LSSESHHGGSPIHWVLPAGMNAKMLGGVFKIDWICRRELPFTKCVHLTNPWNEHKPVKIG 120
H.sapiens LSSESHHGGSPTHWVLPAGMSAKMLGGVFKIDWICRRELPFTKSAHLTNPWNEHKPVKIG 120
P.troglodytes LSSESHHGGSPIHWVLPAGMSAKMLGGVFKIDWICRRELPFTKSAHLTNPWNEHKPVKIG 120
M.musculus LSSESHHGGSPIHWVLPAGMSAKMLGGVFKIDWICRRELPFTKSAHLTNPWNEHKPVKIG 120
R.norvegicus  LSSESHHGGSPIHWVLPAGMSAKMLGGVFKIDWICRRELPFTKSAHLTNPWNEHKPVKIG 120
C.familiaris  LSSESHHGGSPIHWVLPAGMNAKMLGGVFKIDWICRRELPFTKSAHLTNPWNEHKPVKIG 120
D.rerio LSSESHHGGSPIHWVLPAGMNAKMLGGVFKIDWICRRELPFTKTAHLANPWNEHKPVKIG 120
e e e e e o e ok o e o o e ok e e ke e e 4 e e e e e e e e e e e e e e ke o R x EE & % ¥ d H de e e o o ke b e o o
X.laevis RDGQEIEPDCGTQLCLLF 138
X.tropicalis RDGQEIEPDCGTQLCLLF 138
H.sapiens RDGQEIELECGTQLCLLF 138
P.troglodytes RDGQEIELECGTQLCLLF 138
M.musculus RDGQEIELECGTQLCLLF 138
R.norvegicus EDGQEIELECGTQLCLLF 138
C.familiaris RDGQEIELECGTQLCLLF 138
D.rerio RDGQEIEPECGTELCMLF 138
% g e Aok ok :*i"x:i"k:t\k
Figure 14. Alignment of YTH domains from YT521-B orthologs (see Table 8). Asterisk marks
the identical residues or nucleotides, colon marks the conserved substitutions, and dot marks the
semi-conserved substitutions.

4.3. YTH: a new domain in nuclear proteins

During BLAST searches for YT521-B homologs, a conserved part between
residues 356 and 499 of the rat YT521-B protein was identified. A PSI-BLAST search
with this portion of the protein and the inclusion threshold of 0.005 was subsequently
performed. After four iterations, multiple proteins from Arabidopsis thaliana, Oryza
sativa, Homo sapiens, Mus musculus, Drosophila melanogaster, Plasmodium falciparum,

and Saccharomyces cerevisiae were found to have a similar domain. The reliability of the
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Figure 15. Multiple alignment of sequences containing YT homology (YTH) domains. The sequences are denoted with the GenBank identifier of the
corresponding nucleotide sequence followed by the species name. The GenBank identifier for the Saccharomyces cerevisiae refers to protein entry in the database.
Translations of partial EST sequences are indicated with an asterisk. The sequences were identified using searches of the translated EST and the non-redundant
nucleotide databases at NCBI using rat YT521-B (shown in italic). Wherever available, the conceptual translation provided in the database was used for the
alignment. If no conceptual translation was provided (i.e. for the EST sequences), the reading frame identified by the BLAST search was used if it did not contain
stop codons or unknown residues. Redundant sequences originating from the same species were omitted. The similar residues that are present in all sequences are
shaded (green) using the PAM250 matrix. The identical residues are shaded in yellow. The secondary structure, as predicted by the PHD program, is shown on top.
E denotes extended (f-strands) structure and H denotes the predicted a-helices.
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scores was judged by their EXPECT (E) values. The EXPECT value is a statistical
significance threshold for reporting matches against database sequences. More stringent
matches have lower EXPECT thresholds with fewer chance matches being reported. The
typical threshold for a reliable E value from a BLAST search is 10™ or lower. Found
sequences had EXPECT values ranging from 10" to 10°°. Many of these protein
sequences were derived from automated gene prediction and were not confirmed by
mRNA or EST sequences. To identify sequences of existing proteins, BLAST searches
with the conserved region against the non-redundant CDS translation database at NCBI
(filtered using “biomol mrna[PROP]” as a keyword) and the translated EST database
were performed. The sequences from these searches, aligned to the full length of the
query and having E values below 10°, were aligned using ClustalW, after the
redundancies had been removed (Figure 15). Additional BLAST searches against the
genome databases confirmed that the conserved region is present exclusively in
eukaryotic genomes. Most of the proteins identified in the BLAST searches originate
from plants, with 13 distinct sequences coming from a single species (A. thaliana). It is
unclear whether this protein family is more widespread in plants, or whether the observed
species distribution is due to bias in the plant databases.

The conserved region, which was named the YT521-B homology (YTH) domain
(Stoilov et al., 2002b), defines a new domain in these proteins. The YTH domain is
usually located in the middle of the protein or at its C-terminus. It shows remarkable
conservation across a wide range of species with 14 invariant and 19 highly conserved
residues. The proteins present in the alignment do not share significant similarity outside
the YTH domain, with the exception of closely related vertebrate orthologs of YT521-B.

To investigate the evolutionary relationship among members of the YTH family, a
phylogenetic tree was constructed using the neighbour joining method (Saitou and Nei,
1987) with Kimura correction of distances (Thompson et al., 1994). Kimura’s distance
correction applies to multiple substitutions, which have occured at a site where only one
difference is observed. It has the effect of stretching long branches in trees while leaving
short ones relatively untouched. As a result, distances become proportional to the time
passed since divergence (Kimura, 1983). As shown in Figure 16, the YTH family

diverged from one ancestral domain and also indicates the occurence of several
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Figure 16. Phylogenetic tree of YTH domain. The phylogeny was derived by the neighbor-joining
method from the multiple sequence alignment shown in Figure 5. Plant sequences are shaded in yellow,
human sequences — in blue. Schematic representation of human proteins domain structure is shown.
The protein domains are indicated by different shading.

independent duplication events. Most of the plant YTH domains, including 6 sequences
from A.thaliana, diverged early and cluster together, occupying a distinct phylogenetic
branch. Rat, mouse and human YTH domains present in YT521-B orthologs show 100%
conservation (Table 8). On the other hand, 4 human YTH sequences do not cluster

together and show divergence among them (Figure 16, Table 9). The sequence identity

Table 9. YTH domain containing human proteins.

Sequence (Figure 16) Protein Predicted localization
2110438157 H sapil FLJ21940 fis, clone HEP04512
FLJ16598 fis, clone TESTI4006473 (gi47077414) nuclear
YTH domain containing 2 (gi:38505213)

Dermatomyositis associated with cancer putative

gi15128560 H sapi2 autoantigen-1, DACA-1 nuclear
gi16551830_H _sapi3 YT521-B nuclear
gi19851922 H sapi4 CLL-associated antigen KW-14 mitochondrial / nuclear
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for them ranges from 30% to 90% (Table 10, Figure 17). Human proteins containing
YTH domain do not share similar domain organization (Figure 16) and do not have any
known function. It is possible that such a divergence among them results in different
expression patterns and/or acquiring unique functions or binding specificities by each of
these proteins. For example, proteins FLJ21940, FLJ16598, and YTHDC2 (Table 9)
contain domains characteristic for helicases suggesting their role in nucleic acid

metabolism (Figure 18, Table 11).

Table 10. Sequence identity among human YTH domains.

Sequence 1 Sequence 2 Sequence identity
FLJ21940 DACA-1 35%
FLJ21940 YT521-B 49%
FLJ21940 KW-14 33%
DACA-1 YT521-B 32%
DACA-1 KW-14 90%
YT521-B KWwW-14 31%

Figure 17. Alignment of YTH domains derived from different human proteins (see Tables 9
and 10). Asterisk marks the identical residues or nucleotides, colon marks the conserved
substitutions, and dot marks the semi-conserved substitutions.
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Figure 18. Human proteins containing YTH domain and domains associated with helicase
activity. Proteins were identified in SMART searches. The protein domains are indicated by different
shading. Brief description of Pfam domains is given in Table 11.

Table 11. Helicase-activity-associated domains and other functional domains present in
YTH domain containing proteins.

Pfam
Name Domain accession  Function
~ number
The DEAD box helicases are involved in various
aspects of RNA metabolism, including nuclear
DEAD DE.A D/DEAH box PF00270 | transcription, pre-mRNA splicing, ribosome
helicase . . . .
biogenesis, nucleocytoplasmic transport, translation,
RNA decay and organellar gene expression
Helicase conserved C- Restricted to DEAD/H helicases, it may be that this is
HELICc . . PF00271 | not an autonomously folding unit, but an integral part
terminal domain .
of the helicase
Helicase associated Found in a diverse set of RNA helicases, it seems
HA2 domain PFO4408 1 111 ely to be involved in nucleic acid binding
Domain of unknown Usually found towards the C-terminus of the DEAD-
DUF1605 . PF07717 | box helicases where it is associated with helicase
function . .
associated HA2 domain
R3H R3H motif PF01424 | Predicted to bind single-stranded nucleic acids
ANK Ankyrin repeat PF00023 | Provides protein-protein interaction

To test whether any additional

known domains are present in the proteins

containing YTH domain, SMART and PFAM databases were searched using SMART
sequence analysis available at EMBL server. The search did not identify any known
domains, except the previously mentioned helicase-associated domains and three C—C—
C—H-type zinc finger domains in gi:18397519, an A. thaliana predicted protein of
unknown function.

The putative secondary structure of the YTH domain was determined using the
PHD program (Rost, 1996). The domain is predicted to have a mixed af}-fold, with four
a-helices and six B-strands. The conservation pattern follows the predicted secondary

structure, with three blocks of conserved sequence separated by loops of variable size.
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Notable features of the domain are the highly conserved aromatic residues located within
the B-sheet and being reminiscent of the aromatic residues conservation within the RNA
recognition motif. In the RRM domain, conserved aromatic residues located in the [3-
sheet are crucial for RNA binding (Hoffman et al., 1991). Based on this observation, it is
predicted that the biological function of the YTH domain is to bind nucleic acids,

probably to bind RNA.

4.4. Antiserum specific for YTH domain

To develop the tool for further investigations, serum against YTH domain was
generated. A rabbit polyclonal antiserum was raised against peptide
CVRESGKFQGFARLSSE fused to keyhole limpet haemocyanin (KLH). Hydrophobicity
plot shows that this

Kyte & Doolittle Scale Mean Hydrophobicity Profile

Scan-window size = 6 peptlde has a

0.6

03 hydrophilic  character

Mean Hydrophobicity

03 and may possibly be
b . | antigenic (Figure 19).
4.2 |

1.5 | The obtained serum

-1.8

241 was tested in Western

blot for its specificity.

Figure 19. Kyte-Doolittle scale hydrophobicity plot of the peptide | Ag shown in Figure 20,
within YTH domain. Regions with values above 0 are hydrophobic in
character. Window size of 5-7 is used for finding hydrophilic regions | it can recognize
that are likely exposed on the surface.

recombinant TH
ANLS4 YT521-B deletion mutant expressed and purified from E.coli (section 4.5.). It

cannot however recognize the crude uninduced lysate of BL21(DE3)-RIL bacterial strain

(Figure 20 C).

4.5. TH ANLS4 YT521-B deletion mutant binds to purine-rich
RNA

YT521-B is known to be involved in splice site selection (Hartmann et al.,
1999; Nayler et al., 2000). However, its role in the process and potential targets remain

unknown. Computational analysis of the protein sequence revealed the possibility that

60



Results

A B C )
o™
o
1 2 1 2 @ ¥
250 —| 250
148 — 148 —
60 — 60 |
. @ €= THANLS4 | g= TH ANLS4
. ?
42 * 42 - ]
30 30 —
2 22 ] 22

Figure 20. Specificity of the rabbit antiserum generated against YTH domain. (A) TH ANLS4
deletion mutant purified from E.coli visualized on polyacrylamide gel by Coomassie staining. (B) TH
ANLS4 deletion mutant purified from E.coli detected on polyacrylamide gel with anti YTH antibody.
Numbers 1 and 2 above lanes indicate different purification experiments. Asterisk marks impurities and
degradation products, which are purified together with the recombinant protein. (C) Crude lysates of
BL21(DE3)-RIL bacterial strain visualized on polyacrylamide gel with anti YTH antibody. The lanes
are described above the picture; “BL21” indicates the crude lysate of BL21(DE3)-RIL bacterial strain;
“+IPTG” indicates the crude lysate of bacterial cells after the induction with IPTG. Pointed arrows
show the localization of TH ANLS4 band.

YT521-B can directly interact with RNA and that its YTH domain can be characterized
as another RNA-binding domain. To test this hypothesis, nucleic acid binding was
investigated by several methods. The full-length protein and mutants containing ER-rich
region are not expressed in bacteria, as the repetitive glutamic acid/arginine dipeptide
seems to be toxic for E.coli cells. Experiments were therefore performed with TH ANLS4
YT521-B deletion mutant lacking the first 253 residues from the N-terminus and ER-rich
region on C-terminus (Figure 21A). This construct contains YTH domain and can be used
for nucleic acid binding experiments. The absence of ER-rich region allows successful
protein expression in E.coli. The gene coding for TH ANLS4 YT521-B deletion mutant
was cloned into pET-28a(+) expression vector, which introduces a HIS-tag. The presence
of 6xHis-tag allows efficient purification of the protein on Ni-NTA resin. TH ANLS4
YT521-B deletion mutant was purified under native conditions and eluted from Ni-NTA
agarose with 500 mM imidazole (Figure 21B). Such a high concentration of imidazole
was chosen after performing the elution profile for the protein. TH ANLS4 YT521-B
deletion mutant is eluted with imidazole concentrations ranging from 150 mM to 500
mM, with a peak at 500 mM. In order to reduce the binding of contaminating proteins to

resin, higher than usual concentrations of imidazole in washing buffers (80 and 100 mM)
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Figure 21. Expression and purification of TH ANLS4 deletion mutant. (A) Domain structure of
full-length YT521-B and TH ANLS4 deletion mutant. Nuclear localization signals are indicated with
numbers. The E-rich, the proline-rich region, the ER-rich region, and YTH domain are indicated by
different shading. The inserted A and B indicate the location of the alternative exons of YT521-B. (B)
TH ANLS4 YT521-B deletion mutant was purified on Ni-NTA agarose beads after the expression in
E.coli BL21(DE3)-RIL strain. Purified recombinant protein was visualized on polyacrylamide gels by
Coomassie staining. The lanes are described above the picture; “BL21” indicates the crude lysate of
BL21(DE3)-RIL bacterial strain; “+IPTG” indicates the crude lysate of bacterial cells after the
induction with IPTG. A pointed arrow shows the localization of TH ANLS4 band.

were used. Purified recombinant TH ANLS4 was subsequently incubated with different
RNA homopolymer coupled to agarose beads, as well as with single- and double-
stranded DNA coupled to cellulose beads (Figure 22A). The bound protein was detected
on polyacrylamide gels by silver staining and Western Blot, using specific anti YTH
antibodies (section 4.4.). As shown in Figure 22B, C, TH ANLS4 binds to poly (G) RNA
homopolymers and to DNA beads. Next, an RNA electrophoretic mobility shift assay (R-
EMSA) with purine- (R-rich, TraBS3) and pyrimidine-rich (Y-rich) RNA
oligonucleotides was performed. This experiment confirmed the possibility that YT521-B
deletion mutant interacts with purine-rich sequences (Figure 23). It also revealed that the
recombinant protein is unstable and that it precipitates from the solution during the

experiment. The extent of protein folding was subsequently analyzed by 1D proton NMR
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Figure 22. TH ANLS4 binds to poly(G) RNA homopolymer
beads. (A) Schematic representation of the experimental procedure.
Purified protein is incubated with homopolymers immobilized on
agarose or cellulose beads. Then the resin is washed to remove the
unbound protein. Finally, the bound protein is analyzed on gel. (B)
TH ANLS4 bound to homopolymer beads visualized on
polyacrylamide gel by silver staining. (C) TH ANLS4 bound to
homopolymer beads detected on polyacrylamide gel with anti YTH
antibody. A pointed arrow indicates the localization of TH ANLS4
band.

B
RNA
poly(C) poly(U) poly(G) poly(A) ssDNA dsDNA load
— ——— <« THANLS4
ﬁ !
C
RNA

spectra (Weber et al., 2000;
Rehm et al., 2002). The
analysis was performed in
collaboration with Dr. Tad
Holak from Max-Planck-
Institut for Biochemistry in
Martinsried. Inspection of
1D proton NMR spectra
yields  semi-quantitative
information on folding in
partially structured proteins
or their domains (Rehm et
al., 2002). NMR performed
for TH ANLS4 YTS521-B
deletion mutant showed
that the protein is only
partially, in around 30%
folded. This suggests that
the protein may need a
binding partner, such as
RNA or DNA, to become
stably folded. = Another
possible interpretation of
the result is that in the

NMR spectrum a mixture

of folded and unfolded protein can be seen. In such a situation, the observed protein

activity in binding assays comes only from the folded protein. To get a functional,

properly folded protein, this mixture should be separated in the affinity chromatography.

Nevertheless, the obtained results indicate the ability of YTH domain containing YT521-

B deletion mutant to bind nucleic acids.
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Figure 23. TH ANLS4 interacts with purine-rich RNA oligonucleotides. TH ANLS4 recombinant
protein was bound to different **P-labelled RNA oligonucleotides. Formed complexes were separated
in RNA gel shit experiment and visualized by autoradiography. tRNA and heparin were used as non-
specific competitors.

4.6. Mutations within YTH domain changes localization of
YT521-B

It is well established that the highly conserved aromatic residues provide stacking
interaction between the RRM domain and RNA (Hoffman et al., 1991). Mutagenesis
studies bring more information about molecular contacts between the protein and its
target RNA (Jessen et al., 1991). Therefore, this method was used in the context of YTH
domain characterization. All 14 invariant residues within YTH domain were mutated
(Figure 24). The EGFP-tagged mutants were then transfected into HEK293 cells and their
intranuclear localization was analyzed. It is known from previous studies that YT521-B is
present in the novel subnuclear compartment, in the YT bodies (Nayler et al., 2000). YT
bodies disperse upon actinomycin D treatment (Nayler et al., 2000) and after tyrosine

phosphorylation (Rafalska et al., 2004) (section 4.12.). As shown in Figure 25, some of
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Figure 24. YT521-B mutants. (A) Domain structure of YT521-B showing localization of mutants.
Mutations within YTH domain are indicated with numbers: 1 — K364L, 2 — S365A, 3 — W380D, 4 —
L390E, 5 — L402E, 6 — F404D, 7 — S405A, 8 — F412D, 9 — G414I, 10 — W431D, 11 — W450D, 12 —
N469D, 13 — R478N, 14 — D479K. (B) Protein sequence of YT521-B with mutated residues indicated
in bold.

the invariant residues are necessary for YT bodies’ formation and at least 7 mutations,
W380D, L390E, L402E, F404D, F412D, G4141, and W450D, cause dispersion of YT
bodies (Table 12).

Table 12. Intranuclear localization of YT521-B mutants.

Mutant YT bodies Mutant || YT bodies
K364L Yes S405A Yes
S365A Yes F412D Dispersed
W380D Dispersed G4141 Dispersed
L390E Dispersed W450D Dispersed
L402E Dispersed N469D Yes
F404D Dispersed
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YT521-B wt

Figure 25. Mutations within YTH domain change localization of YT521-B. EGFP-YT521-B
mutants were expressed in HEK293 cells. After 18 h, the formation of YT bodies was analyzed by
confocal microscopy.

4.7. Mutation within YTH domain change ability of YT521-B to
influence CD44 alternative pre-mRNA splicing

It has been shown previously that YT521-B is able to modulate alternative splice
site selection in a concentration-dependent manner (Hartmann et al., 1999). The influence
of YTH mutants on CD44 exon v5 minigene (Konig et al., 1998) splicing was analyzed
using the in vivo splicing assay approach (Stoss et al., 1999; Tang et al., 2005) (Figure
26). This method involves transient cotransfection of a reporter minigene and a splicing
regulator. After the isolation of RNA, the splicing pattern of the minigene is analyzed by
RT-PCR using minigene-specific primers. Two mutants were chosen for this experiment,
K364L, which is present in the nuclear YT bodies and F412D showing a dispersed
staining in the nucleus (Figure 25). As shown in Figure 27, increasing concentration of
YT521-B promotes skipping of the alternative exon v5. This effect is no longer observed
when F412D YT521-B mutant is cotransfected with the minigene DNA. The difference is
statistically significant when comparing the values for 1 and 2 pg of transfected EGFP-
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Figure 26. Overview of in vivo splicing analysis using minigenes.

(A) Minigenes are constructed by long-range PCR amplification of a part of
genomic DNA containing the alternative exon (grey box) and its flanking
constitutive exons (white boxes). The minigene is cloned into an expression
vector containing promoter (black pointed arrow) and polyadenylation site
(pA). (B) The minigene is analyzed by transfecting it into eukaryotic cells
together with the putative splicing factor. (C) The different isoforms are
determined by RT-PCR wusing minigene-specific primers and later
visualized on the agarose gel stained with ethidium bromide.

YT521-B with
corresponding values
for EGFP-F412D
mutant (t-test: P =
0.0001 and P <
0.0001, respectively).
Moreover, when
comparing the values
for 1 and 2 pg of
transfected  EGFP-
F412D mutant with
the wvalue for the
transfected pEGFP-
C2 empty vector,
these differences
have no statistical
significance and can
be considered within
the error margin. The
effect of K364L
YT521-B mutant is

the same as that of the wild-type protein. This result shows that YT521-B protein present

in nuclear YT bodies is able to influence the alternative splicing of CD44 v5 pre-mRNA,

whereas the protein showing the dispersed pattern is not active in this process.

4.8. YT521-B is phosphorylated on tyrosine residues

It has previously been shown that protein:protein interaction between YT521-B

and Samé68 is regulated by tyrosine phosphorylation and that p59™" kinase causes

phosphorylation of both proteins (Hartmann et al., 1999). Since YT521-B is detected

only in the nucleus (Hartmann et al., 1999), the question arose whether other non-
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Figure 27. Mutation within YTH domain of YT521-B changes its influence on CD44 exon v5
splice site selection. (A) Structure of the CD44 v5 minigene used (Konig et al., 1998). Exons are
shown as boxes, introns as lines. The flanking insulin exons are shown in black, the alternative CD44
exon v5 is indicated in gray. The splicing patterns are shown by different line styles. (B) Influence of
introduced mutations on YT521-B mediated changes in CD44 exon v5 splice site selection. HEK293
cells were transiently transfected with increasing amounts of EGFP-YT521-B in the presence of the
CD44 v5 minigene (lanes 2 and 3). The amount of transfected EGFP-YT521-B is indicated and
normalized using pEGFP-C2. In lanes 4 and 5 increasing amounts of EGFP-K364L were transfected,
in lanes 6 and 7 — EGFP-F412D. The RNA was analyzed by RT-PCR. 0, PCR without RT reaction;
00, PCR without template. The structure of the amplified products is indicated on the right; the
alternative exon is shown in gray. M, 100 bp ladder. (C) Statistical evaluation of the RT-PCR
results. The ratio between the signal corresponding to exon inclusion and all products was
determined from at least three different independent experiments.

receptor tyrosine kinases, whose expression is often not only confined to the cell

membrane (Pendergast, 1996), can cause its phosphorylation. The sequencing of the

human genome has demonstrated that humans possess 90 unique tyrosine kinases. Thirty-

two of them are non-receptor type kinases, which can be subdivided into ten subfamilies
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(Robinson et al., 2000). In unstimulated cells, the activity of endogenous kinases can only
be detected using phosphorylation-specific antibodies against specific target sites. To test
the result of kinase activation, kinase activity was increased by transfecting cDNAs
expressing the kinases. A member of each subfamily was cotransfected with EGFP-
YT521-B. After immunoprecipitation, tyrosine phosphorylation of YT521-B was
detected by Western Blot, using phosphotyrosine specific antibody PY20. As shown in
Figure 28A, the kinases c-Abl, RIk, p59fyn and c-Src, as members of the ABL, TEC and
SRC families, respectively, phosphorylate YT521-B. Constitutively active YF mutant of
Sik from FRK family shows a slight effect in phosphorylating YT521-B. However, in
later studies with Sik wild-type kinase no tyrosine phosphorylation was observed
(Rafalska et al., 2004). The kinases Syk, Csk, and FerH, representing the SYK, CSK, and
FES families have no effect at all. Western Blot analysis of cells crude lysates used for

immunoprecipitation (Figure 28B) demonstrates the presence of YT521-B in all

experiments.
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Figure 28. Several non-receptor tyrosine kinases phosphorylate YT521-B. (A) EGFP-YT521-B
fusion protein was co-expressed in HEK293 cells with indicated tyrosine kinases. Protein was
precipitated with anti GFP antibodies and tyrosine phosphorylation was detected with the anti
phosphotyrosine antibody PY20. (B) Crude lysates of cells were analyzed for EGFP-YT521-B
expression with anti GFP antibodies. CL, crude lysate; IP, immunoprecipitation.
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In Figure 29, the phosphorylation of YT521-B by Bcr-Abl kinase is shown. Ber-
Abl is a constitutively active tyrosine kinase with transforming capacity for
hematopoietic cells. It is a product of fusion between chromosome 9 and 22, called the
Philadelphia translocation t(9;22), which is characteristic for chronic myeloid leukemia
(CML) (Ben-Neriah et al., 1986; Daley et al., 1990). The fusion between Ber protein and
Abl kinase results in the improper activation of the catalytic activity of Abl. The
experiment was performed as described above. In the presence of Ber-Abl, two bands
were detected with anti phosphotyrosine antibody (Figure 29, left). The lower one
corresponds to EGFP-YT521-B what was shown after the reblot with anti GFP antibody
(Figure 29, right). The upper band most probably represents autophosphorylated Ber-Abl
kinase. Together, these data show that YT521-B is phosphorylated by specific non-

receptor tyrosine kinases.
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Figure 29. Bcr-Abl tyrosine kinase phosphorylates YT521-B. EGFP-YT521-B fusion protein was
co-expressed in HEK293 cells with Ber-Abl tyrosine kinase. Protein was precipitated with anti GFP
antibodies and tyrosine phosphorylation was detected with the anti phosphotyrosine antibody PY20.
The reblot was performed with anti GFP to demonstrate the successful immunoprecipitation. A pointed
arrow indicates the localization of EGFP-YT521-B, an open round arrowhead shows the possible
localization of Ber-Abl. The molecular mass is given in kilodaltons on the left.
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Figure 30. Proline-rich region is necessary for YT521-B | (Morrogh et al., 1999).
phosphorylation. (A) Domain structure of full-length YT521-B, APro, . .
and AN568 deletion mutants. Nuclear localization signals are indicated The  splicing  factors
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Guinamard et al., 1997). The Rlk tyrosine kinase, which belongs to the TEC family, was
shown to phosphorylate YT521-B (Figure 28A). Subsequently, it was investigated
whether Rlk can phosphorylate YT521-B deletion mutant lacking proline-rich region as
well. EGFP-tagged full-length YT521-B, APro, and AN568 were expressed in the
presence of Rlk and then immunoprecipitated using their EGFP tags (Figure 30). The
YT521-B AN568 deletion mutant contains only the carboxy-terminal domains, the
proline-rich region, NLS4, and the glutamic acid/arginine-rich region, whereas APro
lacks the entire C-terminus, including the proline-rich region (Figure 30A). Both of these
proteins are exclusively nuclear and are not present in YT bodies. APro is also detected in
nucleoli, whereas AN568, similarly to full-length YT521-B, is excluded from nucleoli
(Hartmann et al., 1999). Tyrosine phosphorylation was detected by Western Blot, using
the phosphotyrosine specific PY20 antibody. As shown in Figure 30B, full-length and
AN568 YT521-B, both containing a proline-rich region are phosphorylated by Rlk. The
phosphorylation signal was not detected for APro deletion mutant lacking a C-terminus.
Autophosphorylated Rlk isoforms, usually migrating at 59 and 53 kDa (Debnath et al.,
1999), were not detected in this experiment. It is possible that Rlk construct used in the
experiment does not contain the autophosphorylation site. The reblot using anti GFP
antibody demonstrates the presence of expressed proteins (Figure 30C). Together, these
data show that Rlk tyrosine kinase can phosphorylate YT521-B, as well as its deletion
mutant containing a proline-rich region. It is however unclear whether Rlk and YT521-B

interact directly through SH3 domain and PXXP motif.

4.10. YT521-B binds to c-Abl kinase

The c-Abl tyrosine kinase phosphorylates YT521-B (Figure 28A) and can be
located in the nucleus (Taagepera et al., 1998). Therefore, a direct molecular interaction
between YT521-B and c-Abl was investigated. It was tested whether YT521-B would
coimmunoprecipitate with c-Abl in the overexpression experiment. FLAG-YT521-B was
expressed in the presence of c-Abl and then immunoprecipitated using its FLAG tag
(Figure 31, left). As expected, in the presence of c-Abl, two bands are tyrosine
phosphorylated (Figure 31 middle). The comparison with the Western Blot probed
against YT521-B demonstrates that the lower band corresponds to FLAG-YT521-B
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Figure 31. YT521-B binds to c-Abl tyrosine kinase. FLAG-YT521-B was co-expressed with or
without a c-Abl expression construct in HEK293 cells. Proteins were immunoprecipitated with an
anti FLAG antibody. Immunoprecipitates were analyzed with antisera against YT521-B (PK2) (left),
phosphotyrosine (PY20) (middle) and c-Abl (right). A pointed arrow indicates the localization of
FLAG-YT521-B, an open round arrowhead shows the localization of c-Abl. Dots indicate the
immunoglobulin bands. The molecular mass is given in kilodaltons on the left.

(Figure 31, left). The reblot using an antibody against c-Abl shows that the upper band
represents phosphorylated c-Abl (Figure 31, right). This result shows that YT521-B binds
c-Abl in a direct or indirect manner, and that they can form a complex under in vivo

conditions.

4.11. YT521-B colocalizes with c-Abl in the nucleus

Since c-Abl coimmuoprecipitates with YT521-B (Figure 31), it was determined
whether it colocalizes with YT521-B in the cell. In the absence of overexpressed c-Abl
kinase, EGFP-YT521-B is present in 5-20 nuclear dots, the YT bodies (Figure 32A)
(Nayler et al., 2000; Hartmann et al., 1999). After cotransfection of EGFP-YT521-B with
c-Abl, these dots disperse and colocalize with c-Abl in the nucleus (Figure 32C, D). As
expected, c-Abl is also present in the cytosol (Figure 32B). However, YT521-B is
completely absent from the cytosol, demonstrating that overexpression of c-Abl does not
induce a translocation of YT521-B into the cytosol (Figure 32D). Together with the
coimmunoprecipitation results (section 4.10.), these data suggest that YT521-B is a target

of c-Abl in the nucleus.
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Figure 32. YT521-B colocalizes with c-Abl in the nucleus. EGFP-YT521-B was co-expressed
together with c-Abl in COS7 cells. EGFP-YT521-B is shown in green and c-Abl is stained in red.
EGFP-YT521-B forms characteristic YT bodies (A). Cotransfected c-Abl localizes to the nucleus and
can also be detected in the cytosol (B). In the presence of transfected c-Abl, YT521-B signal is spread
throughout the nucleoplasm (C), excluding the nucleoli. Superimposition of the images in (B) and (C)
shows nuclear co-localization between EGFP-YT521-B and c-Abl (D).

4.12. YT521-B shuttles between nucleus and cytosol

YT521-B is phosphorylated by the membrane bound kinase c-Src (Figure 28A),
to which it binds in immunoprecipitation (Rafalska et al., 2004). Since YT521-B is
detected exclusively in the nucleus of cells, a phosphorylation by membrane bound
kinase would only be possible during mitosis when the nuclear structure disintegrates or
would require shuttling of YT521-B between nucleus and cytosol that has been reported
for several proteins implicated in splice site selection (Caceres et al., 1998). To test these
possibilities, the capability of EGFP-YT521-B to shuttle was assessed using a previously
described cell fusion assay. The experiment was performed in collaboration with Dr Ruth
Brack-Werner from GSF Institute of Molecular Virology in Neuherberg. The assay
monitors accumulation of a fluorescent protein in acceptor nuclei of a newly formed
polykaryon (Neumann et al., 2001; Lee et al., 1999). Transfected HeLa cells expressing
EGFP-YT521-B were fused with an excess of untransfected HeLa cells and accumulation
of EGFP-YT521-B in acceptor nuclei was monitored by time-lapse imaging. The donor
cells were marked with red-fluorescent protein to allow distinction from acceptor cells.
As shown in Figure 33, EGFP-YT521-B fluorescence is visible in the acceptor nuclei 28
minutes after cell fusion and increases by 307 minutes. Concomitantly, fluorescence
intensity of the donor nucleus decreases. No shuttling is observed for GFP-tagged B23
(Neumann et al., 2001) or histone 2B (data not shown) within 360 and 720 minutes,
respectively, in this assay. These results indicate that YT521-B shuttles between nucleus

and cytosol, where it can interact with membrane bound SRC family kinases.
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Figure 33. YT521-B shuttles between nucleus and cytosol. HeLa cells transfected with EGFP-
YT521-B were fused to an excess of untransfected cells. (A) EGFP fluorescence at the time points in
minutes after fusion indicated at the bottom. (B) The phase contrast images. An arrow indicates
acceptor nuclei showing accumulation of EGFP-YT521-B. Numbers indicate the time after fusion in
minutes.

4.13. YT bodies disperse after tyrosine phosphorylation

The effect of c-Abl on YT521-B is reminiscent of SR-protein kinases causing
dispersion of nuclear speckles containing their target SR-proteins (Colwill et al., 1996a).
Therefore, it was tested whether other tyrosine kinases phosphorylating YT521-B have a
similar effect. EGFP-YT521-B was cotransfected with c-Src, Rlk, and p59fyn kinases
(Figure 28A). As shown in Figure 34A, coexpression of YT521-B with these kinases
causes dispersion of YT bodies. As in the situation with c-Abl, YT521-B does not leave
the nucleus or enter space occupied by nucleoli. Catalytic inactive mutants of c-Src and
p59fyn (SrcKA, FynKA) have no effect, what demonstrates that YT bodies dispersion
occurs due to tyrosine phosphorylation. In further studies, it was also shown that
activation of the Ras-pathway that ultimately leads to phosporylation of Sam68 (Weg-
Remers et al., 2001) has no effect. Similarly, Csk that does not phosphorylate YT521-B
does not alter YT body formation (Rafalska et al., 2004). Altogether, these results
indicate that dispersion of YT bodies is dependent on YT521-B phosphorylation. Some
differences in nuclear staining after phosphorylation can be observed, as small dot-like
structures were still visible after phosphorylation with Rlk. Therefore the staining pattern
was quantified and the nuclear space, containing YT521-B bodies, diffuse YT521-B
staining or no YT521-B signal, was determined. YT bodies were defined as an
accumulation of green signal stronger than the double standard deviation of the total
signal distribution, which corresponds well with the visual inspection. As shown in

Figure 34B, in untreated cells, about 10% of the nuclear space is occupied by YT bodies.
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Figure 34. Phosphorylation of YT521-B dissolves YT bodies. EGFP-YT521-B was co-expressed in
COS7 cells with indicated kinases. After 18 h, the formation of YT bodies was analyzed by confocal
microscopy. (A) YT bodies formed by overexpressed EGFP-YT521-B dissolve after phosphorylation.
(B) Statistical evaluation of YT body formation in the presence of kinases. The nuclear areas
containing YT bodies, diffuse nuclear staining and which were void of YT521-B signal were
determined from 100 cells. Error bars indicate the standard deviations. The differences for YT body
formation were statistically significant. The Student's t-test gave values of P<0.0001 for all kinases,
one-tailed t-values were 11.1, 10.0, 10.3 and 10.4 for c-Src, c-Abl, Rlk and p59fy“, respectively.

The presence of kinases reduces this number to 0-2.7%. The student’s t-test shows that

these differences are statistically significant (p < 0.0001). The dispersion of YT bodies is
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concomitant with a change of the cellular areas where YT521-B is not present. It
increases from 35-50% in untreated cells to 65-90% in RIk, c-Src and p59™" transfected
cells. In contrast, in c-Abl transfected cells, the area free of YT521-B slightly increases to
60%. It is possible that this is an effect of c-Abl overexpression, which directs YT521-B
to nuclear areas containing AT-rich DNA preferred by c-Abl for binding (Van Etten,
1999). These experiments show that the localization of YT521-B in YT bodies is
regulated by tyrosine phosphorylation, similar to the localization of SR-proteins in

nuclear speckles that is influenced by serine/threonine phoshorylation.

4.14. The solubility of YT521-B is regulated by phosphorylation

In the nucleus, YT521-B is present in two biochemically distinguishable
compartments (Nayler et al., 2000). The first compartment is YT bodies, which are
soluble under non denaturing conditions in Triton X-100 containing buffers. The
remaining YT521-B protein resides diffusely in the nucleoplasm and is insoluble in
Triton X-100 containing buffers. It was previously demonstrated that YT521-B can
translocate during the cell cycle or after actinomycin D treatment between these two
compartments (Nayler et al., 2000). High concentration of actinomycin D (50pg/ml) that
block all three RNA polymerases causes complete dispersion of YT bodies and
accumulation of YT521-B in the Triton X-100 insoluble nuclear fraction (Nayler et al.,
2000). This characteristic differentiates YT bodies from speckles, which round up and
grow after transcription inhibition with actinomycin D (Misteli et al., 1997). Since the
picture of cells after actinomycin D treatment (Nayler et al., 2000) is reminiscent of those
of cells containing tyrosine phosphorylated YT521-B (Figure 34A) it was therefore tested
whether tyrosine phosphorylation of EGFP-YT521-B would also result in the
accumulation of the protein in an insoluble nuclear fraction. EGFP-YT521-B was
transfected into HEK293 cells and its solubility in a 1% Triton X-100-based cell lysis
buffer (HNTG) was analyzed. As shown in Figure 35, in the presence of p59fy“, c-Abl or
c-Src EGFP-YT521-B is present in the Triton insoluble pellet (P) fraction (Figure 35A).
In contrast, when a RIPA/benzonase buffer was used, the protein was present
predominantly in the soluble (S) fraction (Figure 35B), demonstrating that the protein is

not covalently bound. In later studies, it was proven that this effect is dependent on
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Figure 35. Phosphorylation of YT521-B influences its accumulation in a Triton X-100 insoluble
nuclear compartment. The solubility of overexpressed EGFP-YT521 B was determined in the
presence of Fyn, c-Abl, c-Src and actinomycin D in HNTG (A) and RIPA (B) buffers. EGFP-YT521-B
was co-expressed with p59™", ¢-Abl, and c-Src tyrosine kinases or EGFP-YT521-B transfected cells
were treated with 50 pg/ml actinomycin D for 3 h. Cells were lysed in HNTG buffer (A) or RIPA buffer
containing benzonase (B). Equal amounts of the soluble fraction (S) or redissolved pellet fraction (P)
were analyzed in 10% SDS—PAGE gels. Proteins were analyzed by western blot and ECL using the anti
GFP antibody.

YT521-B phosphorylation, as the presence of Csk kinase, which does not phosphorylate
YT521-B has no effect (Rafalska et al., 2004). Moreover, all these results were confirmed
with experiments conducted on endogenous YT521-B in HEK293 cells (Rafalska et al.,
2004). Based on these results, it can be concluded that tyrosine phosphorylation of

YT521-B causes its association with insoluble nuclear structures.

4.15. YT521-B regulates the splicing of several minigenes in a
concentration-dependent manner

It was described previously that YT521-B is capable of influencing alternative
splice site selection (Hartmann et al., 1999). As a part of this work, several minigenes
were employed in in vivo splicing assays (Stoss et al., 1999; Tang et al., 2005) to test
which pre-mRNA can be a target for YT521-B (Table 13).
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Table 13. Minigenes tested for YT521-B-dependent splice site selection and changes
occurring after tyrosine phosphorylation.

Minigene Description YT521-B- Phosphorylation- Reference
dependent change  dependent change
in splicing in splicing
hTra2-beta exons 1, 2 Skipping of (Nayler ct al,
pCR MG Tra > No change 1998b; Stoilov et al.,
3 and 4 exon 2
2004)
pET V5 CD44 exon v5 Skipping of | Prevention of exon | ¢ 0o a1 1903)
exon v5 v5 skipping
XB SRp20 (X16) exons 3, Skipping of Prevention of exon | (Jumaa and Nielsen,
P 4,5and 6 exon 4 4 skipping 1997)
Microtubule- Skipping of
SV9/10L/11 | associated protein tau pping n.d. (Gao et al., 2000)
exon 10
exons 9, 10 and 11
7T3 Human CFTR exons
8,9 and 10 with (Nissim-Rafinia et
p3#10 . oy No effect n.d.
mutations within al., 2000)
p3#6 o
polypyrimidine tract
pXGHS wt Human GH1 exons 2,
ISEml 3,4 and 5 with No effect n.d. (Ryther et al., 2003)
ISEm2 mutations within ISE
IL4R Ln Mouse IL4R exons 7, Retention of Prevention of (Rafalska et al.,
& 8 and 9 intron 9 intron 9 retention | 2004)
MTEIA | Adenovirus E1A gene No effect No effect (Zerler et al., 1986;
P & Caceres et al., 1994)

As shown in Figure 36, increasing amounts of YT521-B expressed with hTra2-
beta minigene (Stoilov et al., 2004; Nayler et al., 1998b) result in the blocking of beta4
isoform formation in favor of betal isoform. hTra2-beta4 isoform contains all four exons
included in the minigene, whereas hTra2-betal consists of exons one, three, and four.
The observed effect is statistically significant for 1, 1.5, and 2 pg transfected EGFP-
YT521-B (t-test: P = 0.005, P = 0.0001, and P < 0.0001, respectively). A similar result
was obtained for SRp20 minigene (Jumaa and Nielsen, 1997) where the decreasing of
exon 4 incorporation is observed due to increasing concentration of YT521-B (Figure
37). This effect is also statistically significant with P = 0.001 and P = 0.0003 for 1 and 2
pg of transfected DNA, respectively. The effect of YT521-B on the splicing of tau
minigene (Gao et al., 2000) is shown in Figure 38. Increasing amounts of YT521-B
promote skipping of tau exon 10 (P < 0.0001 for 1 and 2 pg of transfected DNA). These
results indicate that the relative concentration of YT521-B can influence specific

alternative splicing events.
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Figure 36. YT521-B influences hTra2-beta splice site selection. (A) Structure of the pCR MG Tra
minigene used (pCR3.1 MGtra (Stoilov et al., 2004)). Exons are shown as boxes, introns as lines.
Constitutive hTra2-beta exons 1 and 4 are shown in white, the alternative exons 2 and 3 are indicated in
black and gray, respectively. The splicing patterns are shown by different line styles. (B) HEK293 cells
were transiently transfected with increasing amounts of EGFP-YT521-B in the presence of the hTra2-
beta minigene. The amount of transfected EGFP-YT521-B is indicated and normalized using pEGFP-
C2. The RNA was analyzed by RT-PCR. 0, PCR without RT reaction; 00, PCR without template. The
structure of the amplified products is indicated on the right. M, 100 bp ladder. (C) Statistical evaluation
of the RT—PCR results. The ratio between the signal corresponding to exon 2 inclusion and all products
was determined from at least three different independent experiments.

4.16. YT521-B acts on the interleukin-4 receptor pre-mRNA

YT521-B has been shown to influence alternative splice site selection in vivo
(section 4.15.). In addition, it has been shown that tyrosine phosphorylation can regulate
physical properties of the protein (sections 4.13. and 4.14.) (Hartmann et al., 1999). It
was therefore investigated whether tyrosine phosphorylation can alter the ability of
YT521-B to change splice site selection. Alternative splicing of the interleukin-4 receptor
is regulated at least in part by tyrosine phosphorylation events emanating from

stimulation of the IL-4 receptor by IL-4 (Blum et al., 1996). Due to alternative splicing
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Figure 37. YT521-B influences SRp20 exon 4 splice site selection. (A) Structure of the SRp20
minigene used (pXB MG (Jumaa and Nielsen, 1997)). Exons are shown as boxes, introns as lines. The
alternative exon 4 is indicated in gray. The splicing patterns are shown by different line styles. (B)
HEK?293 cells were transiently transfected with increasing amounts of EGFP-YT521-B in the presence
of the SRp20 minigene. The amount of transfected EGFP-YT521-B is indicated and normalized using
pEGFP-C2. The RNA was analyzed by RT-PCR. 0, PCR without RT reaction; 00, PCR without
template. The structure of the amplified products is indicated on the right. M, 100 bp ladder. (C)
Statistical evaluation of the RT-PCR results. The ratio between the signal corresponding to exon
inclusion and all products was determined from at least three different independent experiments.

and incorporation of an in-frame stop codon, a soluble and a membrane bound form of
the IL-4 receptor are formed. The soluble form has no effect in mediating the IL-4 signal
to the cell. An IL-4 receptor minigene comprising of the alternative exon 8 of the mouse
IL-4 receptor flanked by the constitutive exons 7 and 9 (Wrighton et al., 1992) was
constructed using standard methods (Stoss et al., 1999; Tang et al., 2005). The minigene
cassette was cloned between the insulin exons of an exon-trap vector (Figure 39A). First
it was investigated whether YT521-B interacts with the IL-4 receptor mRNA in vivo. The
interaction between YT521-B and pre-mRNA is possible, because YT521-B binds to
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Figure 38. YT521-B influences Tau exon 10 splice site selection. (A) Structure of the Tau minigene
used (SV9/10L/11 (Gao et al., 2000)). Exons are shown as boxes, introns as lines. The flanking
insulin exons are shown in black, the alternative exon 10 is indicated in gray, proximal portions of
exon 10 flanking introns (471 bp upstream and 408 bp downstream) are shown as thick lines. (B)
HEK293 cells were transiently transfected with increasing amounts of EGFP-YT521-B in the
presence of the Tau minigene. The amount of transfected EGFP-YT521-B is indicated and
normalized using pEGFP-C2. The RNA was analyzed by RT-PCR. 0, PCR without RT reaction; 00,
PCR without template. The structure of the amplified products is indicated on the right. M, 100 bp
ladder. (C) Statistical evaluation of the RT-PCR results. The ratio between the signal corresponding
to exon exclusion and all products was determined from at least three different independent
experiments. Stars indicate statistical significant differences with P<0.0001.

SAM68, rSLM-2, hnRNP G and SAF-B in vivo. All these proteins have been implicated
in splice site selection (Hartmann et al., 1999). Furthermore, YT521-B can possibly bind
nucleic acids via its YTH domain (Stoilov et al., 2002b). EGFP-YT521-B was
immunoprecipitated in the presence of the IL-4R minigene and RNA was detected in the
precipitates by RT-PCR (Buckanovich and Darnell, 1997) using IL-4 receptor minigene
specific primers. The amplification of IL-4 receptor variants demonstrates that YT521-B
associates with this mRNA and can possibly regulate it (Figure 39B). The presence of c-
Abl reduced the amount of RNA found in the immunoprecipitates (Figure 39B, lanes 1
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Figure 39. YT521-B is associated with the interleukin-4 receptor pre-mRNA. (A) Structure of the
IL-4R minigene used. Exons are shown as boxes, introns as lines. The flanking insulin exons are shown
in black, constitutive IL-4 receptor exons are shown in white or white-hatched boxes, the alternative
IL-4R exon is indicated in gray. Numbers indicate the length of the introns and exons, letters indicate
introns of the minigene construct. The splicing patterns are shown by different line styles. Bands a, b
and c correspond to the bands in (B). (B) YT521-B immunoprecipitates contain interleukin-4 receptor
pre-mRNA intermediates. The IL-4R minigene was cotransfected with EGFP-YT521-B. Protein—-RNA
complexes were isolated by immunoprecipitation with anti GFP in the absence of RNases. In lane 2,
the c-Abl was cotransfected. Interleukin-4 receptor mRNA was detected by RT-PCR using minigene
specific primers. (C) Retention of intron D exists in vivo. mRNAs from the lymphocyte cell lines L1/1,
ST2 and CTLL-2 were analyzed by RT-PCR using primers in intron D and exon 7 (D), which amplify
the intron retention event (corresponding to band a) observed in the RNA-IPs. 0: empty PCR control
(water instead of RNA) 00: immunprecipitate without reverse transcriptase.

and 2), although similar amounts of EGFP-YT521-B were present in the precipitates
(data not shown). Sequencing of the products revealed that they were intermediates of the
IL-4 receptor pre-mRNA processing (Figure 39B). Interestingly, one of the products,
band a, was generated by retention of intron D (Figure 39A). To determine whether such
an intron retention event occurs in vivo, RNA from various lymphocytes expressing the
IL-4 receptor were amplified using an intron-specific primer (Figure 39D). As shown in
Figure 39C, mRNA with intron D retention is expressed in L1/1 and CTLL-2 cells
(Schnare et al., 1998). This data shows that YT521-B interacts with the IL-4R pre-
mRNA.

4.17. Phosphorylation changes the ability of YT521-B to
influence splice site selection of 1L-4R pre-mRNA

Next, it was determined whether YT521-B influences splice site selection of the

IL-4R pre-mRNA. IL-4R alternative splicing pattern dependency on YT521-B
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Figure 40. Phosphorylation of YT521-B changes its influence on interleukin 4 receptor splice site
selection. (A) Influence of c-Abl on YT521-B mediated changes in splice site selection. HEK293 cells
were transiently transfected with increasing amounts of EGFP-YT521-B in the presence of the IL-4R
minigene (lanes 1-4). The amount of transfected EGFP-YT521-B is indicated and normalized using
pEGFP-C2. An additional 0.5 pg EGFP-C2 was present in lanes 1-4 to allow comparison with the c-
ADl co-transfections in lanes 5-8. In lanes 5-8, 0.5 pg of c-Abl expression plasmid was co-transfected
with an increasing amount of EGFP-YT521-B. The RNA was analyzed by RT-PCR. The structure of
the amplified products is indicated on the right; the alternative exon is shown in gray. (B) The increase
of YT521-B in the transfection assays was determined by immunoprecipitating EGFP-YT521-B with
anti GFP. The protein was detected with anti-GFP. (C) Phosphorylation of YT521-B was detected with
western blot, using an anti phosphotyrosine antibody on the immunoprecipitates of (B). (D) Statistical
evaluation of the RT-PCR results. The ratio between the signal containing all constitutive exons as
well as intron D to the signal of the band containing only constitutive exons [marked a and b in (A)]
was determined from at least three different independent experiments. (E) Sik does not alter YT521-B
mediated splice site selection. The experiment was performed as described in (A). Instead of c-Abl, an
expression clone for Sik was employed. M, 100 bp ladder. 0, PCR without RT reaction; 00, PCR
without template.

concentration was analyzed by cotransfection and RT-PCR (Stoss et al., 1999; Tang et

al., 2005), using primers in the flanking constitutive insulin exons. Transfection
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Figure 41. Phosphorylation of YT521-B does not change
splice site selection of hTra-2beta. (A) HEK293 cells were
transiently transfected with increasing amounts of EGFP-
YT521-B in the presence of the hTra2-beta minigenes (lanes 1—
4). The amount of transfected EGFP-YT521-B is indicated and
normalized using pEGFP-C2. An additional 0.5 pg EGFP-C2
was present in lanes 1-4 to allow comparison with the c-Abl co-
transfections in lanes 5-8. In lanes 5-8, 0.5 pg of c-Abl
expression plasmid was co-transfected with an increasing
amount of EGFP-YT521-B. The RNA was analyzed by RT-
PCR. 0, PCR without RT reaction; 00, PCR without template.
The structure of the amplified products is indicated on the right.
M, 100 bp ladder. Evaluation of the RT-PCR result is shown.

of the IL-4R minigene in
HEK239 resulted in a variant
that predominantly skips the
alternative exon 8 (Figure 40A,
lane 1). The cotransfection of
c-Abl does not change the
splicing pattern (Figure 40A,
lane 5) when no exogenous
YT521-B is present. However,
an increase in the
concentration of YT521-B by
cotransfection promotes
retention of intron D in a dose-
dependent manner (Figure
40A, lane 2-4). The presence
of c-Abl significantly reduces
this influence of YT521-B on
alternative splice site selection
(Figure 40A, lane 6-8).
Western blots of
immunoprecipitations made in
parallel experiments confirmed

the dose-dependent increase of

YT521-B (Figure 40B) and verified that YT521-B was phosphorylated by c-Abl (Figure
40C). Quantification of the RT-PCR experiments (Figure 40D) revealed that the c-Abl

evoked differences were statistically significant (t-test: p < 0.0001, < 0.006) for 2 and 3
pg transfected EGFP-YT521-B, respectively (Figure 40D). The observed 2-3 fold effect

is comparable with the 1.5 to four fold effects of phosphorylation on splice site selection

observed in vivo (Meshorer et al., 2002; Stamm, 2002; Abdennebi et al., 2002; Holdiman

et al., 2002). To rule out that this is an unspecific tyrosine phosphorylation effect, the

same experiment was performed in the presence of an expression clone for Sik, which
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Figure 42. Phosphorylation of YT521-B does not change splice site selection of adenovirus E1A
pre-mRNA. (A) Structure of the E1A minigene used (pMTEIA (Caceres et al., 1994)). Exons are
shown as boxes, introns as lines. The E1A transcript isoforms are shown schematically. (B) HEK293
cells were transiently transfected with increasing amounts of EGFP-YT521-B in the presence of the
E1A minigene. The amount of transfected EGFP-YT521-B is indicated and normalized using pEGFP-
C2. The RNA was analyzed by RT-PCR. 0, PCR without RT reaction; 00, PCR without template. The
isoforms are marked on the left; asterisk indicates unspliced pre-mRNA. M, 100 bp ladder. (C)
Evaluation of the RT-PCR result.

does not phosphorylate YT521-B (Figure 28A). As shown in Figure 40E, Sik does not
influence the YT521-B mediated changes in alternative splicing. These results indicate
that tyrosine phosphorylation of YT521-B changes its influence on IL-4R splice site
selection. The phosphorylation dependency of the localization of YT521-B (Figures 32,
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34) suggests that changes in local concentration and solubility of YT521-B are

responsible for these effects.

4.18. Phosphorylation changes the ability of YT521-B to
influence CD44 alternative pre-mRNA splicing, but does not
affect the splicing pattern of tra2-beta and E1A pre-mRNAs

To confirm that the dependency of YT521-B function on its phosphorylation
status is present in other systems, several more minigenes were tested. Firstly, hTra2-beta
and E1A minigenes (Zerler et al., 1986; Caceres et al., 1994) were employed in the

experiment. As shown in Figure 41, formation of tra2-betal isoform is promoted by both
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Figure 43. Phosphorylation of YT521-B changes splice site selection of CD44, exon v5. (A)
Influence of c-Abl on YT521-B mediated changes in CD44 exon v5 splice site selection. HEK293 cells
were transiently transfected with increasing amounts of EGFP-YT521-B in the presence of the CD44
v5 minigene (lanes 1-4). The amount of transfected EGFP-YT521-B is indicated and normalized using
pEGFP-C2. An additional 0.5 ng EGFP-C2 was present in lanes 1—4 to allow comparison with the c-
Abl co-transfections in lanes 5-8. In lanes 5-8, 0.5 pg of c-Abl expression plasmid was co-transfected
with an increasing amount of EGFP-YT521-B. The RNA was analyzed by RT-PCR. 0, PCR without
RT reaction; 00, PCR without template. The structure of the amplified products is indicated on the
right; the alternative exon is shown in gray. M, 100 bp ladder. (B) Statistical evaluation of the RT—
PCR results. The ratio between the signal corresponding to exon inclusion and all products was
determined from at least three different independent experiments. Stars indicate statistical significant
differences (P=0.005 and P=0.001, for 2 and 3 pg, respectively).
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non-phosphorylated and phosphorylated YT521-B. The splicing of adenovirus E1A pre-
mRNA is not altered by YT521-B and phosphorylation of protein does not change the
E1A splicing pattern (Figure 42). Next, CD44 exon v5 minigene was tested. It is known
that this minigene is dependent on the YT521-B interacting proteins rSLM-2 and SAM68
and that its splicing is regulated by phosphorylation (Stoss et al., 2001; Weg-Remers et
al., 2001; Matter et al., 2002). As shown in Figure 43, an increase of the concentration of
YT521-B reduces inclusion of the alternative exon CD44 v5 in a concentration-
dependent manner. This dependency is partially abolished by c-Abl induced
phosphorylation, as c-Abl does not influence the effect of small concentrations of
YT521-B (Figure 43B, lanes 2 and 6), but blocks the further increase of exon skipping
promoted by YT521-B (Figure 43B, lanes 3-4, and 7-8; Figure 43C). In further studies,
similar results were achieved also for SRp20 minigene where the effect of YT521-B is
modulated by its phosphorylation status (Rafalska et al., 2004). Together, these data show
that tyrosine phosphorylation modulates the influence of YT521-B on splice site selection

of several, but not all, pre-mRNAs.
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5. DISCUSSION
5.1. YT521-B orthologs and YTH-containing proteins

Computational analysis presented in this work shows the existence of two groups
of proteins related to rat splicing factor YT521-B. The first is a group of protein orthologs
of a very high (60%-96%) sequence identity and the same modular structure. It is
striking that in the performed searches no YT521-B orthologs were found in invertebrates
(Figure 13). Additional searches performed in C.elegans and D.melanogaster databases
confirm this observation and suggest that YT521-B may be a vertebrate-specific protein.
The first described rat YT521-B protein was shown to be a component of the large
protein complex acting on pre-mRNA and regulated by extracellular stimuli (Hartmann et
al., 1999; Stoss et al., 2001; Rafalska et al., 2004) (Figure 44). It was also shown to
influence splicing of several reporter genes in vivo (Hartmann et al., 1999; Rafalska et al.,
2004). A high degree of evolutionary conservation among YT521-B vertebrate orthologs
suggests that they fulfill similar roles and indicates the importance of the proteins in the
process of alternative splice site selection.

The second group includes proteins containing YTH domain, but without any
other structural similarities. These proteins belong to the YTH domain family
(Pfam04146), but their function(s) remain unknown. One of the human YTH-containing
proteins, high-glucose-regulated protein 8, was identified to be a tumor-associated
antigen in renal-cell carcinoma (NY-REN-2) (Scanlan et al., 1999) and in chronic
lymphocytic leukemia (CLL-associated antigen KW-14) (Krackhardt et al., 2002).
Besides the putative RNA-binding YTH domain, it contains a proline-rich region and
several potential serine and tyrosine phosphorylation sites. This may indicate that the
protein plays a role or is an endpoint in the signal transduction pathway. Another YTH
domain containing protein, FLJ21940, seems to belong to the DEAD helicases family and
may be involved in nucleic acid metabolism. However, the structural and functional
characterization of the YTH domain and proteins belonging to the YTH domain family
remains to be performed. It is possible that YT521-B-like proteins form a protein family
conserved during eukaryotic evolution, similar to the SR proteins family. The very high

degree of phylogenetic conservation of the SR proteins (Zahler et al., 1992; Birney et al.,
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1993), and in particular of their RS and RRM domains, reflects the unique properties of
individual SR proteins in subcellular targeting (Caceres et al., 1997; Misteli et al., 1998;
Caceres et al., 1998), recruitment of the splicing apparatus (Wu and Maniatis, 1993), and
RNA binding specificity (Tacke and Manley, 1999) (reviewed in Graveley, 2000;
Sanford et al., 2003). Similarly, as it is likely for YTH domain containing proteins,
individual SR proteins arose by gene duplications and individual family members are
more closely related to the corresponding members from different species than to other
family members from the same species. For example, the RS domains of human and
mouse SF2/ASF, human and mouse SRp20, and human and chicken SC35 are 98%—
100% conserved at the amino acid level, whereas the sequence identity for human RS
domains present in SF2/ASF, SRp20, and SC35 is 40%—-56%. In comparison, YT521-B
orthologs share 60%—-96% sequence identity, whereas human YTH domains from distant

proteins only 31%—49%.
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Figure 44. YT521-B interacts with splicing associated proteins and can be regulated by
extracellular stimuli. YT521-B is a part of a protein complex assembled around DNA-binding SAF-B
(Nayler et al., 1998c) and it is predicted to bind RNA. This complex is thought to help recognizing
exons by binding to exon enhancer sequences on the pre-mRNA (yellow line) generated by RNA pol II.
YT521-B defines a novel compartment in the nucleus, the YT bodies (green circle) (Nayler et al.,
2000). After actinomycin D treatment (A) YT bodies disperse throughout the nucleoplasm and YT521-
B associates with insoluble nuclear structures (nm). YT521-B is a target for tyrosine kinases (B).
Phosphorylation causes dispersion of YT bodies and moves the protein into the insoluble nuclear
fraction. Due to its shuttling ability (C), YT521-B can be also a target for membrane-bound SRC
family kinases.
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5.2. YTH is a possible novel nucleic acid binding domain

Regulation of gene expression at the post-transcriptional level is mainly achieved
by proteins containing domains involved in RNA binding. Most of the proteins
characterized as splicing factors include in their structures at least one motif that allows
them RNA recognition. YT521-B is known to be involved in pre-mRNA splicing, but in
contrast to the other known splicing factors, it lacks a distinguishable domain conferring
RNA binding. The YTH domain, resembling RNA recognition motif with its mixed of3-
fold and aromatic residues conservation seems to fill this gap (Stoilov et al., 2002b).
Experimental results presented in this work confirm earlier computational prediction
(section 4.5.). For the first time, the direct interaction between YT521-B and purine-rich
RNA is shown here. Moreover, mutagenesis analysis reveals the importance of the
conserved residues in the YTH domain. The nuclear staining of seven mutants (Figure
25) is reminiscent of that observed after actinomycin D treatment (Nayler et al., 2000) or
after phosphorylation (Rafalska et al., 2004). It is possible that some of the conserved
residues are important for YTH domain function. Their change may lead to association of
the protein with insoluble nuclear matrix similarly as it happens after tyrosine
phosphorylation of YT521-B (Figure 45). Results of in vivo splicing assay on CD44 v5
minigene (Figure 27) confirm this hypothesis. Mutant K364L, present in YT bodies,
influences CD44 v5 pre-mRNA splicing in the same way as the wild-type YT521-B. On
the other hand, mutant F412D, showing the dispersed staining of the nucleus, is not
capable to act on pre-mRNA at all. This could happen due to alterations in the structure
of YTH domain or substitution of the residue crucial for interaction with RNA. It is
known for RRM proteins, like UlA, Pablp, and Sex-lethal, that a single amino acid
substitution can significantly reduce their RNA binding ability (Nagai et al., 1990;
Deardorff and Sachs, 1997; Lee et al., 1997). Therefore, further experiments, such as
SELEX (Systematic Evolution of Ligands by Exponential enrichment) and EMSA, are
needed to identify RNA sequence targets of YT521-B and to explain the dynamics of

RNA:protein interaction.
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Picture of the gel in this figure is part of Figure 43.
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5.3. Tyrosine-phosphorylation regulates the nuclear localization
of YT521-B

An increasing number of specialized domains have been described for the
nucleus. In several cases, these domains have been shown to be highly dynamic
structures that respond to stimulation, changes in cell cycle, malignant transformation or
DNA damage (reviewed in Spector, 2001; Lamond and Spector, 2003; Matera, 1999;
Lamond and Earnshaw, 1998; Spector, 2003). The experiments described here show that
the intranuclear distribution of YT521-B is dependent on its tyrosine-phosphorylation
status. Non-phosphorylated YT521-B is predominantly located in YT bodies, nuclear
structures that contain focal sites of transcription and partially overlap with SC35 nuclear
speckles (Nayler et al., 2000). YT bodies are soluble in non-denaturing buffers. Tyrosine
phosphorylation of YT521-B changes that distribution (Figure 34) and solubility (Figure
35). It causes diffuse nuclear appearance of YT521-B and its tight association with an
insoluble nuclear fraction (Figure 46). The release of YT521-B from YT bodies after
tyrosine phosphorylation is reminiscent of the dispersion of nuclear speckles after
serine/threonine phosphorylation of their proteins through cdc2 like kinases or SR-protein
kinases (Colwill et al., 1996a; Nayler et al., 1998a; Stojdl and Bell, 1999; Colwill et al.,
1996b). Functionally, serine/threonine phosphorylation of splicing factors can change
splice site selection (Stoilov et al., 2004; Hartmann et al., 2001) by changing
phosphorylation-dependent protein:protein interactions (Shin et al., 2004). Since c-Abl
causes YT521-B phosphorylation (Figure 28), colocalizes with it (Figure 32) and binds
tightly to it in immunoprecipitations (Figure 30), YT521-B may be a novel nuclear target
for c-Abl. It is possible that the first association between c-Abl and YT521-B is mediated
by the proline-rich region of YT521-B and the SH3 domain of c-Abl. Tyrosine
phosphorylation would then stabilize the binding by phosphotyrosine-SH2 domain
interaction. Several other non-receptor tyrosine kinases do not phosphorylate YT521-B,
indicating a specific interaction between c-Abl and YT521-B. It is well established that
RNA polll CTD is phosphorylated by c-Abl (Baskaran et al., 1993). Since YT bodies
contain transcriptional start sites, it is possible that c-Abl phosphorylates YT521-B and

RNA polll in the same nuclear compartment. The activity of nuclear c-Abl is controlled
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Figure 46. Phosphorylation of YT521-B results in protein association with insoluble nuclear
structures.

during the cell cycle via interaction with pRB (Welch and Wang, 1993). The cyclin-
dependent hyperphosphorylation of pRB releases binding to c-Abl and activates the
kinase at the S-phase. This correlates with the finding that YT bodies cannot be detected
during S-phase and form at the entrance of Gl (Van Etten, 1999; Welch and Wang,
1993). It also explains why YT bodies are markers for differentiated cells and are less
pronounced in rapidly dividing transformed cells (Nayler et al., 2000). In contrast to the
CTD (Baskaran et al., 1993), YT521-B is phoshorylated by src family kinases. YT521-B
shuttles between nucleus and the cytosol (Figure 33), which shows that the protein can
contact the membrane bound src-family kinases c-Src and p59™" that phosphorylate
YT521-B and bind to it tightly. It is therefore likely that these kinases can directly
phosphorylate YT521-B and influence its properties. The Scansite Motif Scan program
predicts 22 possible tyrosine phosphorylation sites in YT521-B. It remains to be
determined which sites are responsible for the localization effects. The exact mechanism
of actinomycin D influence on YT body localization remains to be determined as well. A
general increase in tyrosine phosphorylation after actinomycin D treatment is not
observed, but it cannot rule out the phosphorylation of specific proteins. Since YT521-B
is insoluble after this treatment, it is not possible to determine whether it is
phosphorylated. It is possible that actinomycin D causes a disruption of the nuclear

matrix due to changes in DNA structure and RNA polymerase activity.
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5.4. Similarities between effects of tyrosine phosphorylation in
the cell membrane and the nucleus

After tyrosine phosphorylation, YT521-B changes its binding properties and
associates with an insoluble nuclear structure. There are several parallels between the
behavior of YT521-B and membrane bound receptor tyrosine kinases that form large
signaling complexes after phosphorylation using scaffolding adaptors. First, in both cases
tyrosine phosphorylation induces binding to other proteins. After phosphorylation
YT521-B binds tightly to c-Abl, most likely to its SH2 domain. Secondly, the complex
formation induced by phosphorylation changes the function of the molecules. Membrane
bound receptor tyrosine kinases gain signaling function in the activated complexes,
whereas YT521-B seems to lose its function in splice site regulation. It is not clear
however, whether there are nuclear scaffolding adaptor proteins in non-transformed cells.
One possibility is that DNA or RNA present in the nuclear matrix serves as such an
adaptor. All interacting proteins of YT521-B can bind to RNA, or to both RNA and
matrix attachment region DNA (Hartmann et al., 1999). Biochemically, benzonase is
needed to effectively solubilize phosphorylated YT521-B, which suggests an
involvement of nucleic acids. Finally, there is no YT521-B ortholog in yeast or bacteria,
suggesting that similar to receptor tyrosine kinases (Darnell, 1997), YT521-B is

characteristic for metazoans.

5.5. Splice site selection is regulated by tyrosine phosphorylation

A functional consequence of YT521-B phosphorylation is to modulate the
influence of YT521-B on splice site selection. YT521-B binds to several proteins
implicated in splice site selection, which it can change in a concentration-dependent
manner (Hartmann et al., 1999). In the IL-4 receptor system, YT521-B causes intron
retention (Figure 40), which is a frequent form of alternative splicing occurring in an
estimated 6% of all alternative splicing events (Stamm et al., 2000). The retention of the
intron between exon 9 and 10 can be detected in lymphocytes (Figure 39), indicating that
it is a physiological event. However, the form is clearly not very abundant in cells,
especially when compared with the results from minigene transfection. This low

abundance can be explained by in frame stop codons present in the intron that destine the
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mRNA to nonsense-mediated decay. RNA derived from minigenes most likely escapes
nonsense-mediated decay because it is not translated, which explains the difference
between minigene transfections and endogenous RNA. Phosphorylation changes the
influence of YT521-B on splice site selection about 2-3 fold (Figure 40), which is
comparable with the effects of phosphorylation on splice site selection observed in vivo
(Meshorer et al., 2002; Stamm, 2002; Abdennebi et al., 2002; Holdiman et al., 2002). A
similar influence of phosphorylation on the ability of YT521-B to regulate the alternative
cassette exons in CD44 (Figure 43) and SRp20 (Rafalska et al., 2004) is observed. This
shows that this mechanism regulates not only intron retention, but also other modes of
alternative splicing.

Non-phosphorylated YT521-B colocalizes with transcriptional start sites and
shows overlapping localization with nuclear speckles (Nayler et al., 2000). There, its
most likely function is to bind nascent mRNA via its YTH domain (Stoilov et al., 2002b)
or to form specific mRNA-protein complexes that bridge splice sites (Maniatis and Reed,
2002; Wu and Maniatis, 1993). As with other splicing factors, interactions between
YT521-B and other proteins functioning in pre-RNA processing are intrinsically weak
(Hartmann et al., 1999). This allows for dynamic association and reassociation to the
nascent pre-mRNA-protein complexes. Such dynamic behavior is only possible when the
protein is soluble. As a consequence, non-phosphorylated YT521-B can regulate splice
sites in a concentration-dependent manner. Phosphorylation results in a strong association
between YT521-B and nuclear structures (Figure 35). Furthermore, phosphorylated
YT521-B is dispersed throughout the nucleus and removed from the vicinity of actively
transcribed genes (Figure 45). Due to its insolubility and spatial distance, phosphorylated
YT521-B is effectively removed from pre-mRNA processing events in the cell and can
no longer influence splice site selection. A similar phosphorylation-dependant
redistribution of nuclear splicing factors has been demonstrated for SF2/ASF (Caceres et
al., 1998), where serine/threonine phosphorylation induced by the Clk/Sty kinases causes
accumulation of SF2/ASF in the cytosol. Interestingly, the phosphorylation affects
mainly the localization of proteins, but not their ability to change splice sites in vitro
(Cazalla et al., 2002). Serine/threonine phosphorylation under stress conditions (van der

Houven van Oordt et al., 2000) or hypoxia (Daoud et al., 2002) causes
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hyperphosphorylation and accumulation of SR-proteins or hnRNPs in the cytosol. This
could serve the similar purpose of removing factors from pre-mRNA processing events.
In fact, in vivo splice site selection is altered after application of osmotic stress or hypoxia
(van der Houven van Oordt et al., 2000; Daoud et al., 2002). Using cotransfection assays,
it was previously demonstrated that sequestration of splicing factors can regulate splice
site selection (Stoilov et al., 2004). Although this mechanism can explain differences in
splice site selection between tissues with different concentration of regulatory proteins, it
cannot account for rapid changes in splice site selection after cellular stimulation
(Stamm, 2002). It is possible that phosphorylation-dependent sequestration of YT521-B
in an insoluble state is a mechanism to regulate splice site selection in response to a
kinase signal. After phosphorylation, YT521-B is localized in nuclear regions distant
from the areas where transcription and pre-mRNA processing occurs. The
phosphorylated protein is insoluble and most likely not able to participate in the dynamic
rearrangement of protein complexes necessary for splice site recognition. This
mechanism allows the cell to temporarily lower the active concentration of YT521-B
without destroying the protein. The mechanism partially explains the frequently observed
changes of splice site selection in malignant transformation (Xu and Lee, 2003) and
during development (Black, 2003), as these processes are triggered or are concomitant
with an increase in receptor tyrosine phosphorylation. It implies that in addition to the
combination of splicing factors (Smith and Valcarcel, 2000) the tyrosine phosphorylation

status of splicing factors can contribute to cell-specific alternative splicing.

5.6. Working model of YT521-B function

To summarize data presented in this work, the working model of YT521-B
function consistent with the current state of the art is being proposed (Figures 44—46). As
shown in Figure 44, YT521-B is a part of a protein complex assembled around DNA-
binding SAF-B (Nayler et al., 1998c; Hartmann et al., 1999). In the nucleus, YT521-B is
localized in YT bodies, which mostly overlap with focal sites of transcription (Nayler et
al., 2000). Speckles, which are often found in close contact with YT bodies, serve as
accessory domain supplying the transcriptionally active site with the necessary helper

factors. The YT bodies can be dynamically regulated by signal transduction pathways
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emanting from non-receptor tyrosine kinases. A non-phosphorylated YT521-B can form
transient complexes with the processed RNA, most probably through its YTH domain,
and with other splicing factors. These interactions help recognizing exons and regulate
splice site selection (Figure 45). The phosphorylation changes the interaction between
YT521-B and proteins involved in splice site selection (Hartmann et al.,, 1999).
Phosphorylated YT521-B associates with nuclear components, most probably with the
nuclear matrix (Figure 44) and is present in the insoluble nuclear fraction (Figure 46).

Due to this sequestration its influence on splice site selection is abolished (Figure 45).
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