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EGFP enhanced green fluorescent protein

EGTA ethylene glycol tetraacetic acid

ERK extracellular receptor kinase

ESE exonic splicing enhancer

ESS exonic splicing silencer

EST expressed sequence tag

EtOH ethanol

exinct extended inhibitory context

FBS foetal bovine serum

FGFR-2 fibroblast growth factor receptor

FTDP-17 frontotemporal dementia with Parkinsonism linked to chromosome 17

GAPDH glyceraldehydes-3-phosphate dehydrogenase

GFP green fluorescent protein

GnRH gonadotrophin releasing hormone

GST glutathione S-transferase

HEK human embryonic kidney

HEPES N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid

HIV human immunodeficiency virus

hnRNP heterogeneous nuclear ribonucleoprotein

HRP horseradish peroxidase

-4 interleukin-4
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IPTG

ISE

ISS

kb

kDa

KH domain
mGIuR7b
mRNA

NE

Ni-NTA agarose

NIPP1
NMD
NMDAR1
NPC

nt
PABPC3
PBS
PCR

pfu

PIC

PK
PMSF
PP

PPM
PRP31
PSF1
PTP
RBM
RNA
RNase
rpm
RRM
RT-PCR
RTZF
RUST
SAF
Sam68
SAPI155
SF3b155
SFPQ
SC35
SDS

SF

SFRS
SH

SHP
SLM
SMA
SMN
snoRNP
snRNP
SRm 160/300
SR-protein
STAR
TBE
TCA

isopropyl-D-1-thiogalactopyranoside

intronic splicing enhancer

intronic splicing silencer

kilo base pairs

kilodalton

hnRNP K homology domain

metabotropic glutamate receptor

messenger RNA

nuclear extract

nickel-nitrilotriacetic acid agarose

nuclear inhibitor of protein phosphatase 1
nonsense mediated decay
N-methyl-D-aspartate receptor 1

nuclear pore complex

nucleotide

polyadenylate binding protein 3

phosphate buffered saline

polymerase chain reaction

plaque forming unit

protease inhibitor cocktail

protein kinase

phenylmethanesulfonyl fluoride

protein phosphatase

Mg**-dependent phosphatases

pre-mRNA processing factor 31
polypyrimidine tract binding protein associated splicing factor
protein tyrosine phosphatases

RNA binding motif protein

ribonucleic acid

ribonuclease

revolutions per minute

RNA recognition motif

reverse transcription followed by polymerase chain reaction
retroviral-type zinc finger

regulated unproductive splicing and translation
scaffold attachment factor

Src associated in mitosis 68kDa
spliceosome-associated protein 155

splicing factor 3B subunit 1/spliceosome-associated protein 155
splicing factor proline/glutamine-rich

splicing component, 35 kDa (splicing factor, arginine/serine-rich 2)

sodium dodecyl sulphate

splicing factor

splicing factor, arginine/serine-rich

Src homology domain

Src homology 2 domain-containing tyrosine phosphatase 1
Samo68 like molecule

spinal muscular atrophy

survival of motor neuron

small nucleolar ribonucleoprotein

small nuclear ribonucleoprotein particle

SR-related nuclear matrix proteins of 160 and 300 kDa
serine/arginine rich protein

signal transduction and activation of RNA
tris-borate-EDTA buffer

trichloroacetic acid
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TE
TEMED
Tm
Tra2
tRNA
TSH
Ul1-70K
U2AF
UTP
UTR
VPA
WT1
YFP
YTH domain

tris-EDTA
N,N,N’,N’-tetramethylethylenediamine
melting temperature

transformer 2

transfer RNA

thyroid stimulating hormone

U1 snRNP 70 kDa protein

U2 snRNP auxiliary factor (35 or 65 kDa)
uridine triphosphate

untranslated region

valproic acid

Wilms’ tumour

yellow fluorescent protein

YT521-B homology domain
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Alternatives SpleiBen ist einer der Hauptvorgénge, wodurch aus einer relativ geringen Anzahl
an Genen eine grofle Proteinvielfalt hergestellt werden kann. Microarray Daten zeigen, dass etwa 74%
der menschlichen Gene alternativ gespleiite Transkripte herstellen. Somit ist die Regulation des
Spleilens ein sehr wichtiger Teil der Genregulation. Die Auswahl alternativer SpleiB3stellen wird
durch eine Reihe koordinierter RNA:RNA, RNA:Protein und Protein:Protein Interaktionen exakt
reguliert. Die Mechanismen, vor allem die Signaltransduktionswege, die Spleilen regulieren, sowie
die meisten daran beteiligten Faktoren, sind bisher wenig verstanden.

Diese Arbeit konzentriert sich auf die Untersuchung verschiedener SpleiBfaktoren und der
SpleiBstellenauswahl durch Signaltransduktionswege. Die Rolle der Proteine RBM4, Tra2-betal und
hnRNP G bei der Auswahl von Spleif3stellen wurde untersucht.

Im ersten Teil der Arbeit wurde RBM4 (RNA binding motif protein 4) studiert. RBM4 ist ein
RNA bindendes Protein, das ein RNA Erkennungs-Motiv (RRM) enthilt. Es wird gezeigt, dass RBM4
die SpleiBstellenauswahl durch Sequestrierung dndern kann, was durch Interaktion mit Wilms Tumorl

(WT1) verhindert wird.

Eines der ersten Proteine, fiir das Sequestrierung durch andere Spleififaktoren gezeigt wurde,
ist das SR-dhnliche Protein Transformer2-betal (Tra2-betal), das im zweiten Teil der Arbeit
untersucht wurde. Es enthilt das Protein Phosphatase 1 (PP1) Bindemotiv RVDF. Es wird gezeigt,
dass Dephosphorylierung durch PP1 die Bindung von Tra2-betal und dem Spleiifaktor SF2/ASF in
vivo und in vitro beeinflusst. Zudem wird dargestellt, dass eine Reduktion der PP1 Aktivitit durch
spezifische Inhibitoren oder RNA Interferenz den Gebrauch alternativer Tra2-betal abhingiger Exons

begilinstigt.

Der grofite Teil der Arbeit beschiftigt sich mit heterogenem nukledrem Ribonukleoprotein G
(hnRNP G). hnRNP G bindet an einige Spleififaktoren und ist ein Bindepartner von Tra2-betal. Es
wird gezeigt, dass hnRNP G durch mehrere Kinasen tyrosinphosphoryliert wird und durch die
Tyrosinphosphatase PTP1B dephosphoryliert wird. Wir haben herausgefunden, dass die Fahigkeit von
hnRNP G, sich zwischen Zellkern und Cytosol zu bewegen (,,shuttling*), durch Dephosphorylierung
signifikant reduziert wird. Es wird dargelegt, dass hnRNP G an RNA mit CCA-Motiven bindet und
SpleiBmuster einiger Exons reguliert, die diese Motive enthalten. In einigen dieser Exons kann

hnRNP G die Spleif3stellenauswahl phophorylierungsabhiingig dndern.

Zusammenfassend wird gezeigt, dass RBM4 und hnRNP G Spleififaktoren sind. Fiir
Tra2-betal und hnRNP G wird dargestellt, dass reversible Phosphorylierung verschiedene

Proteineigenschaften sowie den Effekt dieser Proteine auf die Splei3stellenauswahl dndert.

IX



ABSTRACT

ABSTRACT

Alternative splicing is one of the main mechanisms to generate a large number of protein
isoforms from a relatively small amount of genes. Microarray data indicate that approximately
74% of the human genes produce transcripts that are alternatively spliced. Consequently, the
regulation of splicing is a very important part of gene regulation. The exact recognition and
connection of alternative splice site selection is achieved by a number of coordinated RNA:RNA,
RNA:protein and protein:protein interactions. The mechanisms for splicing regulation, especially
the associated signal transduction pathways and a number of splicing factors, are still not well
understood.

This work focuses on control of splice site selection through signal transduction pathways.

The role of the proteins RBM4, Tra2-betal and hnRNP G in splice site selection was studied.

In the first part of this work, the role of RBM4 (RNA binding motif protein 4) in splice
site selection was investigated. RBM4 is an RNA binding protein containing an RNA recognition
motif (RRM). It was shown that RBM4 can change splice site selection of several minigenes by

sequestration, which is inhibited by interaction with WT1 (Wilms’ tumour).

One of the first proteins for which sequestration through other factors was shown is the
human SR-related protein Tra2-betal (Transformer2-betal). In the second part of this study
Tra2-betal, which contains the Protein phosphatase 1 (PP1) binding motif RVDF, was
investigated. It is shown that dephosphorylation by PP1 affects binding of Tra2-betal with its
interacting protein SF2/ASF. Furthermore, it is shown that reducing PP1 activity by its inhibitors

or by RNA interference promotes usage of alternative Tra2-betal dependent exons.

The most part of this work concentrates on the heterogeneous nuclear ribonucleoprotein G
(hnRNP G). hnRNP G was found to bind to several splicing factors and is a main interactor of
Tra2-betal. It is shown that hnRNP G is tyrosine phosphorylated by several kinases and
dephosphorylated by the tyrosine phosphatase PTP1B. We found that hnRNP G has the ability to
shuttle between cytoplasm and nucleus. This shuttling is significantly decreased by
dephosphorylation. hnRNP G is demonstrated to bind to CCA motifs and is regulating the splicing
pattern of several exons that contain these motifs. In a number of these exons hnRNP G can

phosphorylation dependently change splice site selection.

In conclusion RBM4 and hnRNP G were shown to be splicing factors. For Tra2-betal and
hnRNP G it is demonstrated that they are reversibly phosphorylated which influences different

properties of these proteins and their effect on splice site selection.
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1 INTRODUCTION

After transcription, eukaryotic precursor messenger RNA (pre-mRNA) is converted by
several posttranscriptional modifications into mature mRNA. This processing of pre-mRNA
is essential for the export of mRNA from the nucleus to the cytoplasm and accurate and
efficient protein expression. The major processes involved are 5° capping, 3’ polyadenylation
(Shatkin and Manley, 2000), splicing (Blencowe, Nickerson et al., 1994; Neugebauer, 2002;
Kornblihtt, De La Mata et al., 2004) and RNA editing (Benne, 1996; Wedekind, Dance et al.,
2003).

Alternative splicing is one of the most important mechanisms to generate a
comparatively large amount of proteins (about 250,000) from a small number of genes
(20,000-25,000) by significantly increasing the number of mRNAs. The majority of human

protein-encoding genes undergo alternative splicing (Consortium, 2004).

The aim of this work was to better understand the mechanism of splice site selection

by different splicing factors, like Tra2-betal and hnRNP G.

1.1 Basic pre-mRNA splicing

The eukaryotic genome is composed of non-coding sequences (introns) and flanking
coding regions (exons). 98% of the chromosomal DNA consists of introns, but only 2% are
exons. In the splicing reaction, introns are cut out and removed from the pre-mRNA and
exons are spliced together to yield functional mRNA. This takes place in the spliceosome
complex of the nucleus co- or posttranscriptionally.

In higher eukaryotes the average number of exons is 8.8, while the number of introns
can vary between none and more than 50. The average exon contains 145 nucleotides, while
the average intron length is about 3,300 nucleotides, some introns having more than 200,000
nucleotides. With the 5’ and 3> UTRs consisting of 300 bp and 770 bp, respectively, the
average gene spans about 27 kb. The coding sequence of processed mRNA in the cytosol is
1,340 bp, 1,070 bp are untranslated regions and the poly (A) tail (Lander, Linton et al., 2001)
on average. 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 by pre-mRNA splicing.

Exon/intron borders are defined by three weakly conserved degenerate sequence

elements that are essential for intron recognition and their subsequent removal. The major
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class introns (U2-type introns) have highly conserved dinucleotides at their 5’ and 3’ sites

(GT and AG, respectively) (Table 1-1).

element sequence
5’ (donor) splice site YRG / GURRGU
3’ (acceptor) splice site followed by a polypyrimidine stretch Y ,NYAG/N
Branch point located 18-200 bp upstream of the 3’ splice site YNYURAY

Table 1-1: Sequence elements defining major class (GT-AG) introns. Symbols used: Y-pyrimidine, R-purine,
N-any nucleotide. Slash (/) indicates the exon/intron border. Invariant nucleotides are underlined.

Another, minor class of introns found in higher eukaryotes are the Ul2-type introns,
which contain AT and AC at their 5’ and 3’ splice sites, respectively. Their consensus
sequences (Table 1-2) are more highly conserved than in U2-type GT-AG introns and they are
spliced by a distinct spliceosome (Hall and Padgett, 1994; Tarn and Steitz, 1996; Tarn and
Steitz, 1997).

element sequence
5’ (donor) splice site /AUAUCUU
3’ (acceptor) splice site followed by a polypyrimidine stretch CAC/
Branch point located 18-200 bp upstream of the 3’ splice site UCCUUAAC

Table 1-2: Sequence elements defining minor class (AT-AC) introns. Slash (/) indicates the exon/intron
border. Invariant nucleotides are underlined.

By analysis of splice junction pairs extracted from mammalian GenBank annotated
genes it was found that 98.71% hold canonical dinucleotides GT-AG, 0.56% non-canonical
GC-AG and 0.73% contain other non-canonical splice termini (Burset, Seledtsov et al., 2000;
Burset, Seledtsov et al., 2001).

The excision of introns and the following exon re-ligation take place in a two-step

transesterification reaction in the spliceosome.

1.1.1 The splicing reaction

The splice reaction is a dynamic process involving formation and disruption of
RNA:RNA interactions, RNA:protein interactions and protein:protein interactions. In the first
reaction the 3’-5’ phosphodiester bond of the intron at the 5’ splice site is opened by a
nucleophilic attack of the 2’-hydroxyl group of the conserved adenine at the branch point.
This generates a 2’-5’ phosphodiester bond at the branch point and a free 3’ hydroxyl group
on the 5° exon and leads to a branched lariat intermediate. In the second reaction the
phosphodiester bond of the 3’ splice site is opened by a nucleophilic attack of the free
3’ hydroxyl group, which leads to release of the intron lariat and ligation of the two flanking

exons (see Figure 1-1).
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Figure 1-1: pre-mRNA basic splice reaction. In the first transesterification (left) reaction, the ester bond
between the 5’ phosphorus of the intron and the 3’ oxygen (violet) of exon 1 is exchanged for an ester bond with
the 2’ oxygen (blue) of the branch point A residue. In the second transesterification reaction (right), the ester
bond between the 5° phosphorus of exon 2 and the 3’ oxygen (red) of the intron is exchanged for an ester bond
with the 3’ oxygen of exon 1, releasing the intron as a lariat structure and joining the two exons. Arrows show
the position where the activated hydroxyl oxygens react with phosphorus atoms. Figure adapted from Lodish,
Berk et al., 2003

1.1.2 Spliceosome assembly

The central catalytic core of the major spliceosome is composed of the small nuclear
ribonucleoparticles (snRNPs) Ul, U2, U4, U5 and U6 (reviewed in Moore, Query et al.,
1993; Kriamer, 1996; Burge, Tuschl et al., 1999; Will and Lithrmann, 2001), whereas the core
of the minor spliceosome contains U11, U12, U4atac, U5, U6batac snRNPs (Hall and Padgett,
1994; Tarn and Steitz, 1997). Each snRNP is composed of multiple proteins and a single
small nuclear RNA (snRNA), which is complementary to the conserved sequence elements of
the pre-mRNA.

Spliceosome assembly is a stepwise process (Figure 1-2), in which complexes E, A, B
and C are formed. It begins with formation of the E (early) complex. Ul snRNP binds to the
5’ splice site, where Ul snRNA specifically forms base pairs with conserved sequence
elements (Zhuang and Weiner, 1986). Binding of Ul snRNP facilitates the recognition of
polypyrimidine stretch and 3’ splice site by auxiliary factors U2AF65 and U2AF35,
respectively (Staknis and Reed, 1994; Wu, Romfo et al, 1999). U2 snRNP binds to the
branch site in the following A complex. For stable binding of U2, ATP is hydrolysed and
U2AF and other proteins bound in the E complex, like SF1 and SF3, are needed. Next the
B1 complex is formed by binding of the U4/U6-US5 triplet snRNP. Afterwards reorganisation

starts by several conformational changes: U5 binds to the exon at the 5’ splice site and U6

3
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binds to U2. In the next step Ul is released, US moves from the exon to the intron and U6

binds the 5 splice site (B2 complex). The two transesterification reactions take place in the
next complex (C1 complex). U4 is released, U6/U2 catalyses the transesterification reactions,
US binds at the 3’ splice site of the exon and the 5’ splice site is cleaved, forming the lariat

structure. Finally the C2 complex forms, where U2/U5/U6 stay bound to the lariat, the 3’
splice site is cleaved and the exons are ligated using ATP hydrolysis. The spliced RNA and

Py
s exon 1 [el¥ A —==-AG (XD 2 3'
5 Pre=mRNA
)
-~ N,
AT

the lariat are released (reviewed in Hastings and Krainer, 2001; Will and Lithrmann, 2001).

Spliceosome
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4:# Transesterification #2

s I
Spliced axons
Figure 1-2: Spliceosome association and reorganisation during splicing. Exons are marked in light and dark

red, intron in blue, the branch-point “A” in the pre-mRNA is indicated in boldface. Adapted from Moore, Query

et al., 1993.
1.2 Alternative splicing
After sequencing of the human genome was complete, it was clear that humans only

have about 20,000-25,000 genes (Consortium, 2004), which is much less than previously
expected (Lander, Linton et al., 2001; Venter, Adams et al., 2001). Therefore, alternative

splicing is the most important mechanism to generate the estimated 250,000 proteins from this
4
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limited number of genes. In the alternative splicing process, several different isoforms of one
gene can be created, by either including an exon into the mRNA or excising it as a part of an
intron.

Detailed analysis demonstrated that 59% of the 245 genes present on chromosome 22
are alternatively spliced and 1,859 transcripts were found for the 544 genes on
chromosome 19 (Lander, Linton et al., 2001). Exon junction microarray experiments showed

that at least 74% of all human genes are alternatively spliced (Johnson, Castle et al., 2003).

The increasing number of human diseases that have been described to be caused by

missplicing events also shows the importance of alternative splicing.

Alternative splicing is observed in all tissues, but tissue specific splicing is most
frequently observed in brain cells (Stamm, Zhu et al., 2000; Xu, Modrek et al., 2002). Cells

also can control alternative exon usage depending on the developmental stage.

There are five major patterns into which alternative splicing events can be classified:
cassette exons, the use of alternative 5’ splice sites and alternative 3’ splice sites, mutually
exclusive exons and retained introns. Recently, also usage of alternative promoters and

poly A sites further contributes to isoform diversity (Figure 1-3).

Cassette exon

Mutually exclusive exons -%-

Intron retention

Alternative &' splice site -@-
1 P2

Alternative 3 splice site

P
Alternative promoters ' E E ; E ;
AAAA AAAA .
Alternative poly A sites @_\F/

B Constitutive exon [ [0 Alternatively spliced exon

Intron

Figure 1-3: Types of alternative splicing. Exons are indicated as boxes, introns as thick lines. Thin lines
indicate splicing patters. P1/P2: alternative promoters; AAAA...: poly A sites
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Database analysis showed that about 53% of the human alternative exons are cassette
exons (Stamm, Zhu et al., 2000). More complicated alternative splicing patterns, combining
basic patterns, are also frequently observed, for example the simultaneous skipping of several
exons in the CD44 gene (Screaton, Bell et al., 1992) or multiple alternative 3’ splice sites in
the SC35 gene (Sureau and Perbal, 1994). The majority (about 75%) of alternative splicing
events changes the coding region, indicating that alternative splicing is the major mechanism
for increasing protein diversity (Kan, Rouchka et al., 2001; Zavolan, Kondo et al., 2003).

A human gene usually generates an average of 2-3 transcripts. Extreme cases exist
where genes can form a very high number of isoforms by combinatorial alternative splicing of
multiple cassette exons. This is for example the case for neurexin3, which could generate
1,000 different mRNAs from one gene or for Dscam (Down syndrome cell adhesion
molecule) in drosophila, which can produce over 38,000 different mRNA isoforms, which is

2-3 times the number of drosophila’s predicted genes (Graveley, 2001).

1.2.1 Exon recognition and splice site selection

The weakly conserved consensus sequences marking exon/intron borders are loosely
defined, very short and degenerated. This is not sufficient for precise exon recognition and
intron removal, nevertheless the splicing machinery is able to discriminate small exons and
huge introns very accurately. Therefore, several additional splicing elements are needed to
define an exon. These cis-acting elements are found within exons or introns and either give
way to exon inclusion (exonic/intronic splice enhancers ESE/ISE) or exon skipping
(exonic/intronic splice silencers ESS/ISS) (Blencowe, 2000). These elements also have
loosely defined, very short (5-8 nt), degenerate consensus sequences. This avoids interference
with the coding ability of exons. Several types of enhancer/silencer elements have been
identified (reviewed in Zheng, 2004), like purine rich (Dominski and Kole, 1994), pyrimidine
rich (Zuccato, Buratti ef al., 2004) and A/C-rich elements (Coulter, Landree et al., 1997).

Splice enhancers are found close to the splice sites they activate. Their action on splice
sites is position dependent. Altering the location of splicing enhancers changes their
dependence on particular trans-acting factors (Tian and Maniatis, 1994) and determines
whether they activate 5° or 3’ splice sites (Heinrichs, Ryner et al., 1998) or even can convert

enhancers into negative regulatory elements (Kanopka, Miihlemann ef al., 1996).

Proteins binding to cis-elements can be classified into two major groups:

SR and SR-related proteins (Graveley, 2000) (see 1.3) and heterogeneous nuclear
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ribonucleoproteins (hnRNPs) (Dreyfuss, Kim er al., 2002) (see 1.4). These proteins usually
contain one or more RNA binding motifs and protein:protein interaction domains. As the
interaction between the individual splicing factors and the regulatory cis-elements is weak and
not highly specific, different factors can act on the same elements and influence the same
splice sites. A high specificity for exon recognition is achieved by interaction of several RNA
binding proteins with other proteins. Interactions among these proteins and interactions with
the catalytic core spliceosome components form a transient complex, which marks the exon
(Wu and Maniatis, 1993; Hertel, Lynch et al., 1997; Tacke and Manley, 1999) (Figure 1-4). In
this way, exons are recognised with an extraordinary fidelity through combinatorial control

(Smith and Valcarcel, 2000).
B enhancer

silencer SR-protel
w RNA:protein interaction .ﬁ

protein: protein interaction

Figure 1-4: Elements involved in splice site selection. The figure shows the proteins that assemble on a
pre-mRNA theoretical substrate. Exons are indicated as boxes, the intron as a thick line. Splicing regulatory
elements (enhancers or silencers) are shown as white or black boxes. The 5’ splice site CAGguaagu and 3’ splice
site (y);oncagG, 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 RNA. Two major groups of proteins, hnRNPs (checked) and SR or
SR-related proteins (striped), bind to splicing regulatory elements; the protein:RNA interaction is shown in grey.
This protein complex assembles around an exon enhancer, stabilizing binding of the Ul snRNP close to the
5’ splice site, for example because of protein:protein interaction (shown in dots) between an SR protein and the
RS domain of U1-70K. This allows hybridisation (thick black line with bars) 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 as exon-intron borders and cryptic splice sites (small gu ag) that are frequent in pre-mRNA
sequences. Factors at the 3’ splice site include U2AF, which recognises pyrimidine-rich regions of the 3’ splice
sites and is antagonised by binding of several hnRNPs (e.g. hnRNP I) to elements of the 3’ splice sites. Stripes:
SR and SR-related proteins; checks: hnRNPs; grey: protein:RNA interaction; dotted: protein:protein interaction;
thick black line with bars: RNA:RNA hybridisation. Adapted from Heinrich, Zhang et al., 2005

The significance of the splicing regulatory elements and their interacting proteins is
emphasised by the growing number of pathologies associated with them (reviewed in Stoilov,
Meshorer et al., 2002; Faustino and Cooper, 2003; Heinrich, Zhang et al., 2005; Licatalosi
and Darnell, 2006; Novoyatleva, Tang et al., 2006) (see 1.5 for more details).

A number of special web-based programs is available for searching ESE/ESS motifs in

specific sequences. Table 1-3 gives an overview of some of these tools.
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Name URL Reference

Cartegni, Wang et al., 2003; Smith,

ESE finder | http://rulai.cshl.edu/cgi-bin/tools/ESE3 Zhang et al., 2006

RescueESE | http://genes.mit.edu/burgelab/rescue-ese/ Fairbrother, Yeo ef al., 2004

ESRsearch | http://ast.bioinfo.tau.ac.il/ESR.htm Goren, Ram et al., 2006

PESX http://cubweb.biology.columbia.edu/pesx/ Zhang, Kangsamaksin et al., 2005

Table 1-3: Tools for searching ESE or ESS sequence elements.
1.2.2 Regulation of alternative splicing

Alternative splicing is highly regulated by transacting factors in a tissue or
developmental stage specific manner. As a result, different splicing patterns can occur
through tissue or development specific differences in the amount or activities of splicing
factors. Some tissue specific splicing factors have been previously described, for example
brain specific proteins nPTB (Markovtsov, Nikolic et al., 2000) and Nova-1 (Jensen, Dredge
et al., 2000) or brain and testis specific SLM-1 (Stoss, Novoyatleva et al., 2004).

Expression levels of several ubiquitously expressed general splicing factors like
SR proteins and hnRNP A vary from one tissue to another, which can affect tissue specific
splicing. Besides the expression level of splicing factors or their post-translational

modifications also play an important role in the regulation of alternative splicing.

Extracellular stimuli, like cellular stress (Daoud, Mies et al., 2002), hormones (Patel,
Apostolatos et al., 2004), growth factors (Cogan, Prince et al., 1997), cytokines (McKay,
Hunter et al., 1994; Eissa, Strauss et al., 1996) or changes in neuronal activity (Xie and Black,
2001) can also be reasons for changes in splice site selection. These external signals act
through activation of signaling pathways, for instance the MAPK (mitogen activated protein
kinase) pathways like Ras-Raf-MEK-ERK or SAPK/JINK that transduce the signal to the
nucleus, leading to a wide range of responses which can effectively change activation of
splicing factors (Van Der Houven Van Oordt, Diaz-Meco et al., 2000; Matter, Herrlich et al.,
2002; Blaustein, Pelisch et al., 2005).

1.2.3 Phosphorylation dependent control of the pre-mRNA splicing machinery

The proteins of the pre-mRNA splicing machinery undergo phosphorylation and
dephosphorylation during the splicing process. Reversible phosphorylation of SR proteins
marks certain steps in the splicing reaction (Cao, Jamison et al., 1997; Xiao and Manley,
1998; Shin, Feng et al., 2004; Shi, Reddy et al., 2006). Experiments using phosphatase
inhibitors also show that dephosphorylation is important for the catalytic splice reaction

(Mermoud, Cohen et al., 1992).
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Changes in the phosphorylation stage, leading to hyper- or hypophosphorylation of
SR proteins, were found to inhibit their splicing activity (Prasad, Colwill et al, 1999).
Phosphorylation of serine residues is important for the efficient recruitment of SR proteins
from their storage compartments, nuclear speckles, to the sites of active transcription, which
leads to diffusion of the speckles (Misteli, Caceres et al., 1998). Changes in the
phosphorylation state of splicing factors can influence their ability to interact with other
proteins (Hartmann, Nayler ef al., 1999) or RNA (Chen, Cote et al., 2001). For example, the
interactions between SF2/ASF and other RS domain containing splicing factors such as
U1-70K are regulated by phosphorylation (Xiao and Manley, 1997) and binding of SF2/ASF
to cytoplasmic mRNA is enhanced by dephosphorylation (Sanford, Ellis et al, 2005b).
Phosphorylation can change the active concentration of splicing factors by controlling the
release of SR proteins from the storage compartments (Wang, Lin et al., 1998) and causing
relocalisation of hnRNP proteins to the cytoplasm (Van Der Houven Van Oordt, Diaz-Meco

et al., 2000).

Splicing dependent dephosphorylation of shuttling SR proteins was studied (Huang,
Yario et al., 2004; Lai and Tarn, 2004). It was shown that the mRNA export receptor TAP
favours binding of the hypophosphorylated forms of shuttling proteins, like SF2/ASF (Lai and
Tarn, 2004). So dephosphorylation of SR proteins might be critical for their nuclear export or

postsplicing functions.

Consequently, dynamic phosphorylation of SR proteins plays a significant role in
several processes like spliceosome assembly, regulation of splice site selection, subcellular

localisation of splicing factors and in mRNP maturation and/or export.

Tyrosine phosphorylation of non-SR proteins can also lead to changes of cellular
localisation. For example, phosphorylation of the splicing factor YT521-B by specific nuclear
non-receptor tyrosine kinases causes diffusion of YT bodies and drives the phosphorylated

protein into the insoluble nuclear fraction (Rafalska, Zhang et al., 2004).

Many studies demonstrated that phosphorylation of splicing factors can change splice
site selection. It was shown that phosphorylation of specific splicing factors by CDC2-like
kinases (CLK) 1-4 promotes exclusion of Tau exon 10 (Hartmann, Rujescu et al., 2001).
Exon 10 of human microtubule associated protein Tau is connected to frontotemporal
dementia and Parkinsonism linked to chromosome 17 (FTDP-17). Mutations in the gene
encoding Tau increase exon 10 inclusion and lead to production of Tau protein with
additional microtubule binding sites, which result in protein aggregation and formation of
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filamentous lesions (Goedert, Crowther et al., 1998; Hutton, Lendon et al., 1998; Poorkaj,
Bird et al., 1998; Spillantini and Goedert, 1998; Hasegawa, Smith et al., 1999; Varani,
Hasegawa et al., 1999; Jiang, Cote et al., 2000; Kowalska, Hasegawa et al., 2002).

Another case of phosphorylation dependent regulation of splice site selection is the
formation of different CD44 isoforms during immune response (Weg-Remers, Ponta et al.,
2001). Following T-cell receptor stimulation, the Ras-Raf-MEK-ERK signaling pathway is
activated and exon v5 inclusion is promoted. Enhanced ERK-mediated exon v5 inclusion
could also be observed after forced expression of Sam 68 and phorbol ester stimulation
(Matter, Herrlich et al., 2002). Tyrosine phosphorylation of SLM-1 and SLM-2 (Sam68-like
mammalian proteins) leads to inhibition of their RNA-binding activities (Haegebarth, Heap et

al., 2004) and influences their splicing properties (Stoss, Novoyatleva et al., 2004).

1.2.4 Function of alternative splicing

Gene regulation through alternative splicing is more versatile than regulation through
promoter activity. Similar to transcripts originating from different promoters, transcripts
produced by alternative splicing are often tissue and/or developmental specific, resulting in
effects only observed in special cells or developmental stages. Changes in promoter activity
mainly modify the expression levels of mRNA. In contrast, changes in alternative splicing can
alter the structure of the protein by deleting or inserting protein parts and vary transcript
expression levels by causing mRNAs to undergo nonsense mediated decay (NMD). The main
structural changes are classified in three groups: changes of the protein structure, changes in
the 3’ or 5’ untranslated region and introduction of stop codons. The effects caused by
alternative splicing range from a complete loss of function to slight effects that are not easy to
detect. Information on functional characteristics of alternative splicing is collected in the

Alternative Splicing Database (ASD) at http://www.ebi.ac.uk/asd/ and reviewed in Stamm,

Ben-Ari et al., 2005. Several examples of the functional importance of alternative splicing are

summarised below.

1.2.4.1 Introduction of stop codons

mRNAs that contain premature stop codons can be degraded by nonsense mediated
decay (NMD). During pre-mRNA splicing, the splicing machinery marks exon:exon junctions
with a protein complex that influences the subsequent mRNA translation. An essential
requirement for NMD to occur is that proteins are translated. If no translation takes place,

mRNA is not subjected to NMD, even when premature stop codons accomplish the NMD
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criteria (Maquat, 2005). About 25-35% of all alternative exons introduce frameshifts or stop
codons into the pre-mRNA (Stamm, Zhu et al., 2000; Lewis, Green et al, 2003). Since
roughly 75% of these exons are expected to be subject of NMD, an estimated 18-25% of
transcripts are switched off by stop codons caused by alternative splicing and NMD (Lewis,
Green et al., 2003). This process which is named RUST (regulated unproductive splicing and
translation) presently characterises the function of alternative splicing with the most obvious

biological consequences (Figure 1-5).

More than 50-55 nt

PTC
AUG -/ AUG
"G ] [ s AAAA, G EREE AAAAA
~—~
Ribosome displaces all EJCs Ribosome does not displace all EJCs

Release factors interact with EJCs

X

S &
>

Translation of proteins Transcript is degraded by NMD

Figure 1-5: A current model for NMD in mammalian cells. A premature termination codon (PTC)
50 nucleotides (nt) upstream of the last exon-exon junction activates NMD. Translation causes the displacement
of the exon junction complexes (EJCs) placed upstream of each splice junction. Termination of translation
upstream of one or more EJCs triggers NMD by recruitment and activation of factors released by ribosomes.
Termination in the last exon results in displacement of all EJCs and a stable mRNA. (Figure adapted from
http://compbio.berkeley.edu/people/ed/rust/)

The precise number of genes influenced by RUST is only an approximation, as
mRNAs undergoing nonsense mediated decay will be unstable and underrepresented in cDNA
libraries, which leads to an underestimation of RUST (Green, Lewis et al.,, 2003; Lewis,
Green et al., 2003). However, recent array data suggest that transcripts undergoing RUST are

only minor forms (Pan, Saltzman et al., 2006).

1.2.4.2 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, Furuno et al., 2002; Zavolan,

Kondo et al., 2003). Modifications in the protein primary structure can change the binding
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properties of proteins, influence their intracellular localisation and alter their enzymatic
activity and/or protein stability by diverse mechanisms. One frequently found mechanism is
the introduction of protein domains that are caused to undergo posttranslational modification,

such as phosphorylation.

1.2.4.2.1 Binding properties

Protein isoforms generated by alternative splicing vary in their binding properties to
small molecular weight ligands (e.g. hormones) as well as to macromolecules such as proteins
or nucleic acids. Binding activity can be completely abolished due to alternative splicing as it
happens for example for the TSH (thyroid stimulating hormone) receptor. Alternative variants
of the TSH receptor, occurring in TSH-secreting tumours, are unable to bind TSH and cause
insensitivity to TSH (Ando, Sarlis et al., 2001). Alternative splicing can also determine the
ligand specificity of a receptor. A well-studied example is the FGFR-2 (fibroblast growth
factor receptor) gene, 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, Bottaro et
al., 1992). The affinities between the modified protein and its ligand can also be changed. For
example, the angiotensin II type receptor isoforms show threefold difference in binding
affinity (Martin, Willardson et al., 2001) or binding of GnRH (gonadotrophin releasing
hormone) to shorter variants of GnRH receptor is reduced 4-10 fold (Wang, Oh et al., 2001),
which abolishes signaling.

In the same way, interactions of transcription factors with DNA can be changed by
alternative splicing, which contributes to transcriptional regulation (reviewed by Lopez,
1995). The loss of binding between a transcription factor isoform and DNA can restrain
transactivation in a dominant-negative way, if the binding-negative isoform can substitute the
binding-competent isoform in the transactivation complex. Alternative splicing often does not
directly influence DNA binding, but alters the formation of complexes between different
transcription factors, which as a result regulates the affinity between transcription factor
complexes and DNA (Kozmik, Kurzbauer et al., 1993; Ormondroyd, De La Luna et al.,
1995). The binding properties of RNA binding proteins can be altered by alternative splicing
in a similar way, for example of the Staufen RNA binding protein (Monshausen, Putz et al.,

2001).
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1.2.4.2.2 Intracellular localisation

Alternative splicing can modulate the intracellular localisation of proteins, usually by
influencing localisation signals or regulating the interaction of proteins with membranes.
Deletion or interruption of transmembrane domains of membranous proteins can lead to their
accumulation in the cytoplasm or secretion into the nuclear space. Nonmembrane bound
soluble isoforms can lose their ability to transduce signals (Kestler, Agarwal et al., 1995;
Tone, Tone et al., 2001) and become less stable (Garrison, Hojgaard et al., 2001). If the
soluble isoform keeps the ability to bind a ligand, it can control the concentration and
bioactivity of that ligand, which indirectly interferes with the function of the membrane bound
form. This type of regulation has for example been described for the IL-4 (interleukin-4)
receptor (Blum, Wolf et al, 1996). Alternative splicing can regulate the localisation of
proteins in different subcellular sites and organelles. Proteins can be sequestered into
compartments, where they carry out no function. This mechanism is widely used for receptor
molecules. 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 decreases cell surface expression of this
receptor and limits its trafficking (Chan, Soloviev et al., 2001). Also sub-localisation of
proteins within organelles can be affected by alternative splicing. For example, due to
alternative splicing, proteins in the nucleus can be present in different nuclear substructures,

such as the nucleoplasm or speckles (Nishizawa, Usukura et al., 2001).

1.2.4.3 Protein and mRNA stability

Inclusion of alternate protein domains can control the half-life of proteins. Protein
stability can be altered due to autophosphorylation that signals the degradation of receptor
molecules. For example, the autophosphorylation-dependent degradation of interleukin-1
receptor-associated kinase (IRAK) is isoform specific, leading to a molecule that is not
down-regulated by its ligand (Jensen and Whitehead, 2001). The effect of alternative splicing
dependent protein stability also has been studied for the fosB gene, which creates a shorter
isoform that is more stable than the full-length protein. This isoform accumulates in a specific
brain region in response to many types of chronical behavioural changes (Nestler, Kelz et al.,
1999). Some examples have been described where alternative splicing changes properties of
mRNA. Alternative splicing events occurring in 5’ and 3> UTRs may change the stability of

RNA. For example, alternative exons in the 5 UTR of HIV-1 can either promote or inhibit
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the nuclear degradation of their mRNA, which regulates HIV-1 gene expression

(Krummbheuer, Lenz et al., 2001).

1.2.4.4 Posttranslational modifications

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

factor B (Nikolakaki, Kohen et al., 2001).

1.3 SR and SR-related proteins

As already mentioned above, SR and SR-related proteins are essential for the splicing
reaction (Manley and Tacke, 1996; Graveley, 2000). They are members of a class of highly
conserved proteins in metazoans and are necessary for constitutive splicing as well as for the
regulation of alternative splice site selection (Fu, 1995; Graveley, 2000). SR proteins have a
characteristic structural organisation (Figure 1-6), containing one or two N-terminal
RNA-binding domains (RNA recognition motif, RRM), that interact with pre-mRNA and a
C-terminal arginine/serine rich domain of variable length, needed for protein interactions. The
serine residues in the RS domain were found to be extensively phosphorylated. This
phosphorylation influences protein interactions (Wang, Lin et al., 1998; Xiao and Manley,
1998) as well as the subcellular localisation of SR proteins (Gui, Lane et al., 1994; Colwill,
Pawson et al., 1996). Both events can alter their function in splicing. The RS domain of some
SR proteins further acts as a nuclear localisation signal mediating the interaction between SR
proteins and the nuclear import receptor transportin-SR, which mediates nucleocytoplasmic
shuttling of SR proteins (Caceres, Misteli et al., 1997; Kataoka, Bachorik et al., 1999; Lai,
Lin et al., 2000). The RS domain can also directly bind to RNA (Shen and Green, 2006).

The SR-related proteins (SRrps) are members of another class of RS domain
containing proteins. Most of these proteins also contain RRMs. To this class belong e.g.
U1-70K, both subunits of U2AF, splicing coactivators SRm 160/300, RNA helicase hPRP16,
as well as alternative splicing regulators like Tra and Tra2, which are involved in splice site

selection.
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SR and SR-related proteins play a role in splice site selection and spliceosome
assembly by interacting with other splicing factors through their RS domain. They are
recruiting components of the core spliceosome to the splice sites (Wu and Maniatis, 1993;
Tacke and Manley, 1999). It was also shown that the RS domain can directly interact with the
pre-mRNA branchpoint as well as the 5’ splice site (Shen, Kan et al., 2004). Additionally to
pre-mRNA processing, they play a significant role in mRNA transport, stability and

translation (reviewed by Sanford, Longman et al., 2003).

A. Human SR Proteins B. Human SR-related Proteins
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Figure 1-6: Schematic diagram of human SR and SR-related proteins. A) Domain structures of known
members of the human SR protein family are depicted. Light red boxes: RRM (RNA recognition motif) and
RRMH (RRM homology); green box: Zinc knuckle (Z); dark red boxes: arginine/serine (RS) rich domain. B)
Domain structures for some of the human SR-related proteins that participate in pre-mRNA splicing are
depicted. Light red boxes: RRM; dark red boxes: RS domain; green: zinc finger (Zn); DEXD/H Box: motif
characteristic for RNA helicases. Figure adapted from Graveley, 2000.

One important function of SR and SR-related proteins is to activate suboptimal
adjacent splice sites (Blencowe, 2000) in alternative splicing. They are thought to stimulate
the recognition of weak upstream 3’ splice sites by recruiting U2AF, or to facilitate Ul
snRNP binding to the 5’ splice site (reviewed in Black, 2003). In addition, several SR proteins
have antagonistic effects on alternative splicing, e.g. the regulation of B-tropomyosin through

antagonistic effects of SF2/ASF and SC35 (Gallego, Gattoni et al., 1997). SR and SR-related
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proteins bind to the cis-acting elements located within exonic or intronic sequences.
SR protein binding sites within ESEs have a positive effect on splice site selection. Their
binding leads to recruitment and stabilisation of Ul snRNP and U2AF at the 5’ and 3’ splice
site (Robberson, Cote et al., 1990; Boukis, Liu et al,, 2004). This process is called exon
definition and is schematically shown in Figure 1-7 A. By forming numerous protein:protein
interactions across introns, SR proteins bring the 5’ and 3’ splice sites close to each other in
early spliceosome assembly (Figure 1-7 B). As a result, the so-called intron bridging complex
is formed, which is mediated by simultaneous interactions of SR proteins with Ul snRNP-
associated 70 kDa protein (U1-70K) at the 5° splice site and the 35 kDa subunit of U2AF
(U2AF35) at the 3’ splice site. After E complex formation SR proteins also help in the
recruitment of the U4/U6-US5 tri-snRNP to the pre-spliceosome (Roscigno and Garcia-Blanco,
1995) (Figure 1-7 C). Moreover, SR proteins can compensate for a weak polypyrimidine tract
by recruiting U2AF (Figure 1-7 D, upper panel), while interacting with ESEs. By binding to
ESEs, SR proteins can antagonise the negative activity of hnRNPs, such as hnRNP Al
(Blencowe, 2000; Hastings and Krainer, 2001) (Figure 1-7 D, lower panel).

A. exon definition B. intron bridging
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Figure 1-7: Roles of SR proteins in spliceosome assembly. A) U2AF (grey oval) at an upstream 3’ splice site
and Ul snRNP (black circle) at a downstream 5’ splice site. The binding to RNA is facilitated by SR proteins
bound to ESEs (light grey boxes). YYYYYY: strong polypyrimidine tract. B) 5’ and 3 splice sites can be
juxtaposed early in the splicing reaction by intron bridging interactions between SR proteins and the RS domain
containing subunits of Ul snRNP and U2AF. C) SR proteins can recruit the U4/U6-US tri-snRNP to the
pre-spliceosome. D) SR proteins bound to ESEs promote alternative 3’ splice site selection by recruiting U2AF
to suboptimal 3’ splice sites. YRRYRY: weak polypyrimidine tract. Alternatively, exonic splicing silencers
(ESS, black boxes) can recruit splicing repressor proteins like hnRNP A1l and block 3’ splice site selection by
U2AF. Figure adapted from Sanford, Ellis et al., 2005a.
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In addition, SR and SR-related proteins can remove factors from the pre-mRNA that
inhibit splicing by competing for binding sites on the target RNA (Eperon, Makarova et al.,
2000; Zhu, Mayeda et al., 2001). This was shown by in vitro studies on substrates that have
rather strong 3’ splice sites which do not require an RS domain (Zhu and Krainer, 2000).

In summary, exon recognition and splice site selection are achieved by coordinated
positive and negative regulation, supplied by SR and SR-related proteins and hnRNP proteins,

respectively.

Tra2-betal

Human Transformer 2-beta (Tra2-beta) is a homologue of the sex determination factor
Transformer 2 (Tra2) from Drosophila melanogaster. Together with Transformer (Tra), this
protein regulates the sex determination in somatic cells through a cascade of alternative
splicing events (Dauwalder, Amaya-Manzanares et al., 1996; Nayler, Cap et al., 1998).
Another mammalian homologue of Drosophila Tra2 is Tra2-alpha (Matsuo, Ogawa et al.,
1995; Dauwalder, Amaya-Manzanares et al., 1996; Segade, Hurle et al., 1996; Beil, Screaton
et al., 1997). Tra2, Tra2-alpha and Tra2-beta share a similar structure of two RS domains
flanking a central RRM. Human Tra2-alpha has regulatory functions in splicing that are
conserved between Drosophila and humans. hTra2-alpha can partially compensate for the loss
of Drosophila Tra2, when expressed in flies, which influences both female sexual
differentiation and alternative splicing of doublesex dsx pre-mRNA. Tra2-beta was identified
via its interactions with splicing factors SC35, SF2/ASF and SRp30c (Amrein, Hedley et al.,
1994; Beil, Screaton et al., 1997; Nayler, Cap et al., 1998).

The human tra2-beta gene consists of 10 exons, of which two are alternatively spliced
(Figure 1-8). It generates at least five RNA isoforms (tra2-betal to beta5) by alternative
splicing, alternative polyadenylation and alternative promoter usage. Two of these RNAs are
translated to generate the proteins Tra2-betal and Tra2-beta3. tra2-beta2 and tra2-betad
cannot be translated due to the presence of exon two, which inserts an in-frame stop codon.

The translation of tra2-beta5 mRNA also gives rise to the Tra2-beta3 protein.
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Figure 1-8: The tra2-beta gene structure. A) The exon-intron structure is drawn to scale. Exons are shown as
black boxes, introns as lines. The shaped region marks the sequence of Tra2-beta minigene. B) Structure of
Tra2-betal protein consisting of an RNA recognition motif (RRM), flanked by two SR repeats (red). The protein
also has a tyrosine rich (yellow) and glycine rich (blue) stretch, located between the C-terminal SR repeat and
the RRM. The position of the epitope in Tra2-betal protein recognised by the pan-Tra2 antiserum is shown on
top. C) Transcripts derived from the tra2-beta gene. Boxes indicate the individual exons. The shading shows the
open reading frame. Right side: proteins encoded by each of the transcripts. The position of the epitope in the
proteins recognised by the pan-Tra2 antiserum is shown on top. Figure adapted from Stoilov, Daoud et al., 2004.

The two protein isoforms differ in the presence of the first RS domain (Figure 1-8).
The resulting hTra2-beta3 protein is expressed in a number of tissues and has no influence on
Tra2-beta splice site selection. The generation of the two RNA isoforms which are not
translated to proteins is regulated through alternative splicing by external stimuli, such as
T-cell receptor stimulation (Beil, Screaton er al., 1997) and neuronal activity (Daoud, Da
Penha Berzaghi et al., 1999).

hTra2-betal is a SR-related protein, which localises in speckles in the nucleus and
interacts with chromatin organising proteins. It is upregulated in breast cancer and regulates

alternative splicing of the CD44 gene (Watermann, Tang et al., 2006).

Tra2-betal protein concentration is autoregulated through a negative feedback
regulation. Increased Tra2-betal concentration changes the splicing of its own pre-mRNA to

generate an isoform that does not yield protein. Hyperphosphorylated Tra2-betal has reduced
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ability to bind to RNA. It was shown that presence of CLK2 kinase inhibits usage of exons 2
and 3, giving rise to htra2-beta3 mRNA (Stoilov, Daoud et al., 2004).

Recently, it was established that hTra2-betal binds to the degenerate RNA sequence
GHVVGANR. This motif is found more frequently in exons than in introns (Stoilov, Daoud
et al., 2004). It was shown that SMN2 exon 7 contains this sequence and Tra2-betal can
mediate inclusion of this exon (Hofmann, Lorson et al., 2000). Thus, splicing factor
Tra2-betal usually promotes inclusion of exons by recruiting or stabilising an exon

recognition complex after binding to a degenerate RNA element.

1.4 Heterogeneous nuclear ribonucleoproteins

Heterogeneous nuclear ribonucleoproteins (hnRNPs) were first described as a family
of proteins binding heterogeneous nuclear RNA in hnRNP complexes. All hnRNPs have
some structural motifs in common. Most common is the consensus RNA recognition motif
(RRM), also called RNP motif, which usually is found at the N-terminus. Binding studies
have shown that hnRNP proteins can bind sequence-specifically to single-stranded RNA or
DNA (Dreyfuss, Matunis et al., 1993). The RNP motif contains two consensus sequences
RNP1 and RNP2, which are located at a distance of about 30 amino acids to each other in the
approximately 90 amino acids long RRM domain (Dreyfuss, Swanson et al., 1988). The RRM
of certain hnRNPs was also found to be involved in protein:protein interactions. For example,
the interaction of hnRNP A1 with IkBa is mediated by its N-terminal RNA binding domain
(Hay, Kemp et al., 2001).

Other domains in hnRNPs are RGG and KH motifs, which are not found throughout
all family members. The RGG box is an RG-rich region, which contains a number of
arginine/glycine/glycine (RGG) repeats with several aromatic acids in between (Kiledjian and
Dreyfuss, 1992). It is involved in RNA binding and also connected to protein:protein
interactions, transcriptional activation and nuclear localisation (Dreyfuss, Matunis et al.,
1993). Many of the arginine residues within the RGG box are potential methylation sites,
which could play a role in regulation of the RNA binding activity. Arginine methylation is a
common modification for several hnRNP proteins (Liu and Dreyfuss, 1995; Kzhyshkowska,
Schutt er al., 2001). The KH domain was first identified in hnRNP K (Siomi, Matunis et al.,
1993) and can also be found e.g. in hnRNP E1 (Leffers, Dejgaard er al., 1995; Ostareck,
Ostareck-Lederer ef al., 1997). Most KH proteins have more than one copy of the KH motif.

hnRNP K e.g. has three copies. The KH domain is 50 amino acids long and contains
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conserved octapeptide repeats of Ile-Gly-X-Gly-X-Ile (X being any amino acid), which are
essential for RNA binding (Siomi, Matunis et al., 1993).

A number of hnRNP genes produce multiple isoforms through alternative splicing, e.g.
hnRNP D. hnRNP D has 10 exons and generates four isoforms by alternative splicing of
exons 2 and 7 (Wagner, Demaria et al., 1998). It has also been shown that several hnRNP
proteins are able to shuttle between the nucleus and the cytoplasm, e.g. hnRNP A1l (Pinol-
Roma and Dreyfuss, 1992).

hnRNP proteins were found to play a role in several processes in the cell, e.g.
transcription regulation, telomere-length maintenance, immunoglobulin gene recombination,
splicing, pre-rRNA processing, transport, localisation and stability of mRNAs (Dreyfuss,
1986; Dreyfuss, Kim et al., 2002). hnRNP A1, one of the best studied hnRNP proteins, was
found to play an antagonistic role to the action of SR proteins that promote distal 5° splice site
usage in E1A and B-globin pre-mRNAs (Mayeda and Krainer, 1992; Caceres, Stamm et al.,
1994). Another example for negative regulation of splice site selection is the ubiquitously
expressed polypyrimidine tract binding protein PTBP1 (hnRNP I), which mediates silencing
of exons by binding to a number of intronic splicing silencers of alternatively spliced

pre-mRNAs (reviewed by Wagner and Garcia-Blanco, 2001).

Recent studies also showed that some hnRNP members play a role in mediating DNA
repair, for example hnRNP B1 (Iwanaga, Sueoka et al., 2005). Other hnRNPs were found to
regulate transcription or translation, e.g. addition of hnRNP C1 enhanced translation of c-myc
mRNA in vitro (Kim, Paek et al., 2003). Based on their functions certain hnRNP family
members have also been linked to tumour progression (reviewed in Carpenter, Mackay et al.,
2006). A number of hnRNPs was found to play a role in HIV gene expression, amongst them
hnRNP E (Woolaway, Asai et al., 2007), hnRNP H (Schaub, Lopez et al., 2007) or hnRNP U
(Valente and Goff, 2006).

hnRNP G

hnRNP G, also known as RBMX, is a ubiquitously expressed O-glycosylated nuclear
protein, which is encoded by the RBMX (RNA-binding motif gene, X chromosome) gene
localised on the X chromosome. The hnRNP G protein contains one RNP-consensus RNA
binding domain (RBD) at the N-terminus and a domain rich in serine, arginine and glycine
residues at the C-terminus. This domain also contains three RGG boxes, surrounded by other

RG/GR repeats, similar to an RGG box (Soulard, Valle et al, 1993). hnRNP G has a
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paralogue on the Y chromosome, the RBMY (RNA-binding motif gene, Y chromosome) gene.
It encodes the protein RBM (or RBMY), which is involved in nuclear RNA-processing during
spermatogenesis and is expressed only in nuclei of male germ cells. Deletions of RBMY are
associated with male infertility (Ma, Inglis et al., 1993). The cDNAs of hnRNP G and RBM
show about 60% homology (Delbridge, Ma et al., 1998).

Multiple homologous (92-96% homology) RBMX-like sequences (RBMXLs) were
found dispersed in the human genome. These RBMXLs all lack introns and are probably
derived from retroposition events. They are conserved sequences and present in all primates.
Some of them show deletions, insertions or stop codons, which probably results in non-
functional proteins. RBMX was found subject to X inactivation as it is common for
X-partners of X/Y gene pairs, so the expressed RBMXLs might provide compensatory
expression (Lingenfelter, Delbridge er al., 2001). Also they could play an important
functional role during pachytene of meitosis, since the X and Y chromosomes are condensed
into transcriptionally inactive structures (XY body) (Mccarrey and Thomas, 1987) at this
time. Because of their high sequence similarity they might encode proteins with the same
functions as RBMX and might replace them during prophase (Elliott, 2004). Another
RBMX-related gene is hnRNP G-T, which is meiosis-specifically expressed in testis (Elliott,
Venables et al., 2000; Venables, Elliott et al., 2000). It also contains no introns, but with only
69% identity on nucleotide level and 73% identity on protein level it shows a lower sequence

homology than the RBMXLs (Lingenfelter, Delbridge et al., 2001).

hnRNP G, hnRNP G-T and RBM interact with each other and with ubiquitously
expressed proteins involved in splice site selection and signal transduction (e.g. SRp30c,
Tra2-betal, Sam 68, SLM-2) (Venables, Vernet et al., 1999; Elliott, Bourgeois et al., 2000;
Venables, Elliott et al., 2000). RBM was found to co-localise with several splicing factors in
spermatocytes, amongst them Tra2-betal (Elliott, Oghene et al., 1998). Furthermore, it was
shown that RBM as well as hnRNP G interact with Tra2betal in vitro and in vivo (Venables,
Elliott et al., 2000; Hofmann and Wirth, 2002) and both can promote inclusion of SMN2
exon 7 in vivo. SMN2 is an almost identical copy of the SMN1 gene, which is lost in spinal
muscular atrophy (SMA) (1.5.2). The inclusion of SMN2 exon 7 is mediated by direct
interaction of RBM or hnRNP G with Tra2-betal (Hofmann and Wirth, 2002).

Other data demonstrated that hnRNP G also can have an opposite effect to Tra2-betal
upon the incorporation of several exons, e.g. tropomyosin exon 5 or the dystrophin

pseudogene. Tropomyosin exon 5 exists in 2 versions, which differ in skeletal muscle cells
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(SK exon) and non-muscle cells (NM exon). NM usage is stimulated by hnRNP G and
repressed by Tra2-betal, while SK usage is stimulated by Tra2-betal and repressed by
hnRNP G. Also it was shown that hnRNP G inhibits CD44 v5 exon 5 inclusion which is
promoted by SRrp86, to which it strongly binds (Li, Hawkins et al., 2003).

A possible target sequence for hnRNP G could be AAGT, comparing the sequences
from SK exon and dystrophin pseudo-exon, to which it binds (Nasim, Chernova et al., 2003).
These sequences also contain CAA motifs. Interestingly, it was found recently for RBMY that
it binds to RNA stem loops with a CA/UCAA loop and a GUC-loop-GAY consensus in a
novel mode of interaction, whereas hnRNP G or hnRNP G-T were unable to bind this stem

loop structure (Skrisovska, Bourgeois et al., 2007).

Knockdown of rbmx in zebrafish embryos, which is highly homologue to human
hnRNP G, showed that it plays a key role in brain development (Tsend-Ayush, O'Sullivan et
al., 2005). This supports the role it might play in X-linked mental retardation, as its
chromosome locus makes it a prime candidate for this disease (Graves, Gecz et al., 2002).
Recent studies showed that hnRNP G is associated with the proapoptotic Bax gene in human
breast cancer (Martinez-Arribas, Agudo et al., 2006), it has growth inhibitory effects against
human oral squamous cell carcinomas (Shin, Kang et al., 2006), and plays a main role in

DNA repair in response to p5S3 (Shin, Kim ez al., 2007).

These examples show that hnRNP G might play a role in several mechanisms in the

cell. However, its function is still not well understood and needs further investigation.

1.5 Human diseases that are caused by missplicing events

An increasing number of diseases associated with missplicing events demonstrates the
physiologic importance of alternative splicing (Stoilov, Meshorer et al., 2002, Faustino and
Cooper, 2003; Novoyatleva, Tang et al., 2006). Approximately 10% to 15% of human
disease-causing mutations affect splicing (Krawczak, Reiss er al.,, 1992; Stenson, Ball et al.,
2003). The mutations can be subdivided into two types. Type I mutations affect invariant
positions of splice sites, usually resulting in severe disease because recognition of the affected
exon is destroyed. Type II mutations occur in variant positions of splice sites, in enhancer or
silencer regions. These mutations often lead to an altered ratio of alternative exon use and the
resulting phenotypes can be more subtle. Often, these mutations are silent, affecting the

protein structure only through a change in the mRNA composition (Table 1-4)
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Gene Name Wild type Mutant Ref
Adenosine Ozsahin,
deamins A215T | CTGTCCACGCC | CTGTCCACACC | Arredondo-Vega et
caminase al., 1997
Adenomatosis R623R | ACTTACCGGAGC | ACTTACCGTAGC | Montera, Piaggio ef
polyposis coli al., 2001
Hellwinkel,
Androgen receptor | S888S ATGGTGAGCGTG | ATGGTGAGTGTG | Holterhus et al.,
2001
At 748C>T | ATTCGAGTG ATTTGAGTG
telzz‘iec sia 802C>T | ACTCAACAT ACTTAACAT Teraoka, Telatar et
. tafe d (ATM) 3576G>A | AAGGTTTTA AAGATTTTA al., 1999
6154G>A | CTCGAAACA CTCAAAACA
ATPase Cu™* Das, Levinson et
transporting, alpha- | C1302R | GATGGAATC GATC/AGAATC al ’1 994 ¢
polypeptide ’
BRCAI 64T>G | ATCITAGAG ATCGTAGAG Yang, Swaminathan
et al., 2003
CD45 77C>G | CACCCGCAA CACCGGCAA ;ggfh and Weiss,
Fumarylacetoacetate Dreumont, Poudrier
Hydrolase (FAH) Q279R | AAGCAGGAC AAGCGGGAC ot al. 2001
Ploos Van Amstel,
FAH N232N | ATGAACGAC ATGAATGAC Bergman et al.,
1996
Fibrillin 1 FBNI | 21181 | ATCATCGTG ATCATA/TGTG %;‘;;Qlan etal,
Fibrillin 2 FBN2 DI114H | ACGGACATC ACGCACATC flabfgglg’ Gasner et
Wakamatsu,
Hexosaminidase A P417L GCGCCGGGC GCGCTGGGC Kobayashi et al.,
1992
Hypoxanthine G40R CATGGACTA CATAGACTA Torres. Mateos ef
phosphoribosyl R48H GAACGTCTT GAACATCTT L 2000 ¢
transferase (HPRT1) | V133M ATTGTGGAA ATTATGGAA v
N279K | ATTAATAAG ATTAAGAAG Sllarlkg’gpgoorkaj et
S305N | GGCAGTete GGCAATate f,”f;;; Poorkaj e?
Microtubule- D'U Poorkal of
associated protein | L284L GATCTTAGC GATCTCAGC lsolugz;; oorkay e
tau (MAPT) g TN
N296N | ATAATATCA ATAACATCA priantnt, TOShICa
et al., 2000
A280K | AATAAGAAG AATAAG Rizzu, Van Swieten
Ea— etal., 1999
MutL homologue 1, Stella, Wagner et
MLHI K461Stop | GAGAAGAGA GAGTAGAGA ol 2001
Neurofibromin I K354K | CTTAAGAAC CTTAAAAAC Fahsold, Hoffmeyer
et al., 2000
Phenylalanine V399V | AGAAAGTAAGG | AGAAAGTTAGG | C1ao, Hsiaoeral,
hydroxylase = = 2001

Table 1-4: Mutations in regulatory elements that cause aberrant splicing. Examples of mutations not located
in splice sites are given. A comprehensive and updated list is available at the Alternative Splicing Database
(Thanaraj, Stamm et al., 2004) under http://www.ebi.ac.uk/asd/.
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A change of alternative splicing without obvious mutations has been observed in
several diseases. For example, in schizophrenia, altered isoform ratios of the
gamma-aminobutyric acid receptor (Huntsman, Tran er al, 1998), neural cell adhesion
molecule (Vawter, Frye et al., 2000), and N-methyl-D-aspartate R1 receptor (NMDARI1) (Le
Corre, Harper et al., 2000) have been observed, indicating that the composition of regulatory
proteins can affect splice site selection. An interesting observation is that the same
mutation-bearing allele shows different alternative splicing patterns depending on the genetic
background, which suggests that alternative splicing is a potential genetic modifier (Nissim-
Rafinia and Kerem, 2002).

In the following subchapters two well-characterised examples of splicing disorders
will be discussed to show the complexity of enhancer arrangements and their regulation

through multiple proteins.

1.5.1 Tauopathies

Tauopathies are a group of diverse dementias and movement disorders, to which
frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17) belongs.
FTDP-17 is an autosomal dominant disorder caused by mutations in the MAPT gene, which
encodes the protein Tau. Symptoms of FTDP-17 are personality changes, reduced speech, and
a loss of judgement and insight (Wilhelmsen, 1999). Tau is a microtubule binding protein
expressed in the nervous system and involved in the assembly and stabilisation of
microtubules (Hong, Zhukareva et al., 1998; Hutton, Lendon et al., 1998). MAPT has 16
exons. The four microtubule binding domains at the N-terminus are encoded by exons 9
through 12. By alternative splicing of exons 2, 3 and especially 10, six major tau transcripts
are produced in adult human brain (Andreadis, Brown et al., 1992). Exon 10 encodes one of
the microtubule binding domains. In healthy individuals, the ratio between tau with three and
tau with four microtubule binding domains is approximately equal. Misregulation of splicing
can lead to an increased inclusion of exon 10. This results in the overproduction of the tau
isoform containing four binding repeats (4R Tau). The 4R Tau isoform is deposited in
insoluble aggregates of fibrillar tangles and helical filaments, which leads to neuronal cell
death and causes the neurological symptoms of FTDP-17 (Goedert, Crowther et al., 1998;
Spillantini, Murrell et al., 1998). Exon 10 splicing is regulated by a set of regulatory elements
in, and next to, exon 10. In addition, the 5’ splice site is located in a putative stem-loop
structure that could prevent binding of the Ul snRNP (Hutton, Lendon et al., 1998; Grover,
Houlden et al., 1999) or may bind a splicing inhibitor (D'souza, Poorkaj et al., 1999; Grover,
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Houlden et al., 1999; D'souza and Schellenberg, 2000; Wang, Gao et al,, 2004). A large
number of FTDP-17 mutations in exon 10 regulatory elements have been described (Table
1-4, Figure 1-9). The majority of mutations cause an increase of exon 10. It has been shown
that many SR and hnRNP proteins inhibit exon 10 inclusion to some extent. Some of these

factors act directly on the exons, whereas others work indirectly through sequestration (Wang,

Gao et al., 2004).
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Figure 1-9: Regulatory elements in tau exon 10 that play a role in FTDP-17. The exon-intron structure is
indicated by boxes and lines, respectively. Regulatory elements (light grey: silencers; dark grey: enhancers) are
indicated by numbers: 1, ESE (exonic sequence enhancer) element: AATAAGAAG; 2, ESS (exonic sequence
silencer): TTAG; 3, ESE: CAAC; 4, ESS: ATA; 5, stem-loop structure that acts as an ISS (intronic sequence
silencer) (Wang, Gao et al., 2004). Figure adapted from Heinrich, Zhang et al., 2005.

1.5.2 Spinal muscular atrophy

Spinal muscular atrophy (SMA) is an autosomal recessive disease with an incidence of
1 in 6000 newborns. In SMA, spinal cord motor neurons are progressively lost, resulting in
weakness and wasting of voluntary muscles. SMA is one of the leading genetic causes of
infantile death. It is caused by mutations in or loss of the survival of motor neurons gene
(SMN1). The encoded gene product functions in the assembly of small ribonucleoproteins
and recycling. Deletion of both alleles of SMN1 causes the most severe forms of SMA. This
is surprising, because humans possess a second gene, SMIN2, which is almost identical to
SMN1. SMN2, however, cannot compensate for the loss of SMN1 because the nucleotide at
position 6 of exon 7 is mutated from C to U. As a result exon 7 is skipped in SMN2, and the
mRNA encodes a truncated SMN2 protein that is less stable and has a reduced ability to
oligomerise. For this and other unknown reasons, it cannot compensate for the loss of SMN1.

Several studies have identified a number of proteins that bind to SMN2 exon 7 (Figure
1-10). Exon 7 contains a weak splice site (Lim and Hertel, 2001), leading to its dependency
on additional elements. Elegant in vivo selection experiments have shown that the exon can be

subdivided into three parts: exinct (extended inhibitory context), a conserved tract, and a
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3’ cluster (Singh, Androphy et al., 2004a; Singh, Androphy et al., 2004b). It has been shown
that SF2/ASF (Cartegni and Krainer, 2002), hnRNP Al (Kashima and Manley, 2003),
possibly in an extended inhibitory context (Singh, Androphy et al., 2004b), and Tra2-betal
(Hofmann, Lorson et al., 2000) bind to the exon.
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Figure 1-10: Regulatory elements in SMIN1/2 exon 7 that play a role in spinal muscular atrophy. The
exon-intron structure is indicated by boxes and lines, respectively. Regulatory elements (light grey: silencers;
dark grey: enhancers) are indicated by numbers: 1, ISS (intronic sequence silencer) element:
5’-GUAAAAUGUCUUGUGAAACAAAAUACUUUUUAACAUCCAUAUAAA-3’ (Miyajima, Miyaso et al.,
2002); 2, ESE (exonic sequence enhancer): AAAGAAGGA, transacting splicing factor Tra2-betal (Lorson and
Androphy, 2000); 3, ESS (exonic sequence silencer): UAGACAA, transacting splice factor hnRNP Al
(Kashima and Manley, 2003); 4, ISE (intronic sequence enhancer): 5’-GAAAACAAAUGUUUUUGAACA
UUUAAAAAGUUCAGAUGUUAGAAAGUUGAAAGGUUAAUGUAAAAC-3’ (Miyajima, Miyaso et al,
2002); 5, stem-loop structure that acts as an ISS (Miyaso, Okumura et al., 2003). Figure adapted from Heinrich,
Zhang et al., 2005.

1.5.3 Current models for therapeutic approaches

Several experiments have proved the principle that diseases caused by an alteration of
splicing can be reversed in vivo. Two major approaches are emerging: defective regulatory
sequences can be masked with oligonucleotides or the concentration of regulatory factors can
be changed. Oligonucleotides have been used to alter missplicing events (Sazani and Kole,
2003). Typically, an oligonucleotide is designed to bind to and block cryptic splice sites
generated by a mutation. Oligonucleotides used to regulate alternative splicing should not
activate RNaseH, which would destroy the pre-mRNA prior to splicing. Therefore,
chemically modified oligonucleotides lacking RNaseH induction are used. They have been
shown to revert aberrant splicing in beta-thalassemias (Suwanmanee, Sierakowska et al.,
2002), CFTR (Friedman, Kole et al., 1999), FTDP-17 (Kalbfuss, Mabon et al., 2001), spinal
muscular atrophy (Lim and Hertel, 2001), Duchenne muscular dystrophy (Mann, Honeyman
et al., 2001) and myasthenia gravis associated with missplicing of acetylcholine esterase
(Brenner, Hamra-Amitay et al., 2003). Alternative splice site recognition depends on the
formation of dynamic regulatory complexes on the pre-mRNA. Because the individual

interactions in these complexes are weak, changing the concentration of regulatory factors
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influences splice site selection. Therefore, an increase in the concentration of a certain factor
can correct missplicing in vivo. This concept has been proved in several model systems. For
example, overexpression of the splicing factor Tra2-betal stimulates exon inclusion of the
SMN2 gene, which could then substitute for the SMN1 gene product, missing in spinal
muscular atrophy (Hofmann, Lorson et al, 2000). The effect of mutation in tau exon 10
regulatory sequences can be partially overcome by overexpressing factors that bind directly to
pre-mRNA or by sequestering proteins that bind to it (Wang, Gao et al., 2004). The formation
of regulatory complexes depends on protein:protein interaction, which is often sensitive to
phosphorylation. As a consequence, phosphorylation of splicing factors can alter splice site
selection in vivo (Matter, Herrlich et al., 2002; Rafalska, Zhang et al., 2004; Stoss,
Novoyatleva et al., 2004). This can be used as a therapeutic principle, as it has been found
that hyperphosphorylation of splicing factors by CLK kinases reverts the missplicing of
mutated neurofilament tau in vivo (Hartmann, Rujescu et al., 2001). Despite the obvious
problems associated with the delivery of cDNAs, these studies prove the principle that
alternative missplicing can be corrected in vivo. The use of RNA binding substances such as
gentamicin, chloramphenicol, and tetracycline clearly demonstrates that drugs can be targeted
against RNA and/or RNA binding proteins. It is therefore not surprising that several drugs
influence splice site selection. The first group of components probably alters the expression of
regulatory splicing factors. For example, alternative splicing of SMN?2 is influenced by
treatment with sodium butyrate or valproic acid (Chang, Hsieh-Li et al., 2001; Brichta,
Hofmann et al, 2003; Sumner, Huynh et al, 2003). The effect of manipulating the
phosphorylation levels has been demonstrated by the ability of the protein phosphatase
inhibitor vanadate to reverse missplicing of SMN2 exon 7 (Zhang, Lorson et al., 2001), which
could be mediated through the phosphorylation state of STAR proteins (Stoss, Novoyatleva et
al., 2004). An important function of alternatively spliced exons is the introduction of new stop
codons in mRNA isoforms. Misregulation of these exons bearing premature stop codons can
cause disease. An estimated 5% of all mutant alleles causing cystic fibrosis carry premature
stop codons. Aminoglycoside antibiotics such as gentamicin or tobramycin can suppress
premature stop codons in vivo, and their administration shows promising effects in individuals
experiencing missplicing events (Wilschanski, Yahav et al., 2003). These emerging examples
clearly show that the treatment of splicing disorders with drugs might be possible in the

future.
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2 RESEARCH OVERVIEW

Alternative splicing is one of the main mechanisms in regulating eukaryotic gene
expression. Alternative splice site selection involves the synchronised action of a number of
protein:RNA and protein:protein complexes. For better understanding of this process, it is
important to identify the involved proteins and to find in which way they can influence splice
site selection.

In the first part of this research (4.1), it was tested if the RNA binding protein RBM4
can change splice site selection of several minigene constructs in vivo and if binding of WT1

can modulate the influence of RBM4.

The second part of this study (4.2) focuses on Tra2-betal, an SR-related protein which
contains the protein phosphatase 1 binding motif RVDF. We investigated whether
dephosphorylation by PP1 affects heteromultimerisation of Tra2-betal to its interactor
SF2/ASF in vivo and in vitro. Furthermore, it was examined if reducing PP1 activity either by

its inhibitors or by RNAi promotes usage of alternative Tra2-betal dependent exons.

In the main part of this work (4.3), the role of heterogeneous nuclear
ribonucleoprotein G (hnRNP G) in splicing was studied, since it was found as binding partner
of other splicing factors. The goal was to determine whether hnRNP G is a target for tyrosine
kinases and if tyrosine phosphorylation has an effect in splice site selection. The tyrosine
phosphorylation site of hnRNP G was found and a phosphodeficient mutant created.
Furthermore, we were trying to find a possible binding sequence of hnRNP G by SELEX and
CLIP analysis, as well as possible target genes by microarray analysis and 2D gel

electrophoresis.
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals

Product Supplier Product Supplier

Acetone Merck B-Mercaptoethanol Merck

Acetic acid Carl Roth GmbH Methanol Carl Roth GmbH

30% Acrylamide/bis Sigma-Aldrich [*’S]-Methionine Amersham

37.5:1 Ni-NTA agarose Qiagen

40% Acrylamide/bis Carl Roth GmbH Nonidet P-40/Igepal CA- Sigma-Aldrich

19:1 630

Agar (Select Agar) Sigma-Aldrich NTPs Roche

Agarose UltraPure Invitrogen dNTPs Invitrogen, Sigma-

Ammoniumpersulfate Sigma-Aldrich Aldrich

Ampicillin Sigma-Aldrich Paraformaldehyde Merck

Aprotinin Sigma-Aldrich PEG 3500 Sigma-Aldrich

v-[**P]-ATP Hartmann Pepstatin Sigma-Aldrich
Analytics Perhydrol 30% H,0, Merck

Bluo-Gal Sigma-Aldrich Phenol:Chloroform:Isoamyl Sigma-Aldrich

Boric acid Carl Roth GmbH alcohol

Bradford reagent BioRad PMSF Sigma-Aldrich

(BioRad Protein Assay) Ponceau S solution Sigma-Aldrich

Brilliant Blue R 250 Sigma-Aldrich Potassium acetate Riedel de Haén

Bromophenol blue Merck Potassium chloride Merck

Calciumchloride Merck Potassium dihydrogen Merck

Cellfectin Invitrogen phosphate

Chloramphenicol Sigma-Aldrich Protease inhibitor cocktail Sigma-Aldrich

Chloroform:Isoamyl
alcohol

Crystal violet
Dextrose

DMSO

DTT

Dynabeads Protein A
EDTA

EGTA

Ethanol

Ethidium bromide
Ficoll 400
Formaldehyde
Forskolin

Gelatin

Gel/Mount
Gentamycin
Glycerol

Glycerol 2-phosphate
Glycine

Guanidine
hydrochloride
Heparin

HEPES

HiPerfect
Hydrochloride

Sigma-Aldrich

Merck
Sigma-Aldrich
Sigma-Aldrich
Merck

Dynal Biotech
Carl Roth GmbH
Merck

Carl Roth GmbH
Sigma-Aldrich
Fluka

Merck
Calbiochem

Carl Roth GmbH
Biomeda
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Carl Roth GmbH
Fluka

Sigma-Aldrich
Sigma-Aldrich
Qiagen
Merck

Protein A sepharose
PTP 1B inhibitor
RNase inhibitor

SDS

Sepharose CL-4B
Silver nitrate

Sodium acetate
Sodium chloride
Sodium deoxycholate
Sodium dihydrogen
phosphate

Sodium fluoride
Sodium hydroxide
Sodium orthovanadate
Sodium pyrophosphate
di-Sodiumhydrogen
phosphate

Sodium thiosulphate
Sucrose

Superfect
Tautomycin

TEMED

Trichloro acetic acid
Tris base

TRIzol

Triton X-100
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Amersham
Calbiochem
Roche

Carl Roth GmbH
Pharmacia
Merck

Merck

Carl Roth GmbH
Sigma-Aldrich
Merck

Sigma-Aldrich
Merck
Sigma-Aldrich
Merck
Merck

Merck

Carl Roth GmbH
Qiagen
Calbiochem
Sigma-Aldrich
Riedel de Haén
Sigma-Aldrich
Sigma-Aldrich
Carl Roth GmbH
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Product Supplier Product Supplier
Imidazole Carl Roth GmbH Tryptone Sigma-Aldrich
Isopropanol Carl Roth GmbH Tween 20 Sigma-Aldrich
p-lodophenol Sigma-Aldrich Urea Merck
Kanamycin Sigma-Aldrich o-[**P]-UTP Hartmann
Leupeptin Sigma-Aldrich Analytics
Luminol Sigma-Aldrich Yeast extract (select yeast Sigma-Aldrich

Magnesium chloride

Merck

extract)

Magnesium sulphate Merck Xylene cyanole FF Merck

3.1.2 Commercially available kits

Product Supplier Product Supplier

QIAGEN plasmid maxi kit Qiagen QIAprep spin M13 kit Qiagen
QIAEX II gel extraction kit Qiagen Miniquick spin RNA columns Roche
QIAquick gel extraction kit Qiagen JetStar plasmid maxi kit Genomed
RNeasy mini kit Qiagen TNT® T7 coupled reticulocyte Promega
TOPO TA cloning kit Invitrogen lysate system

3.1.3 Enzymes, proteins and standards

Product Supplier Product Supplier
Abl protein tyrosine New England Restriction New England
kinase Biolabs endonucleases Biolabs/Fermentas
Antarctic phosphatase New England RNase A Roche
Biolabs Taq DNA polymerase Invitrogen, PeqLab
Benzonase Sigma T4 DNA ligase New England
Calf intestinal alkaline New England Biolabs
phosphatase (CIP) Biolabs T4 polynucleotide New England
DNase I Roche kinase Biolabs
MultiMark® multi- Invitrogen T4 RNA ligasel New England
coloured protein standard (ssRNA ligase) Biolabs
peqGOLD protein- PeqLab T7 DNA polymerase New England
marker IV (Prestained) Biolabs
Platinum Pfx polymerase Invitrogen T7 RNA polymerase Roche
Precision Plus protein BioRad TrackIt™ 100bp DNA  Invitrogen
prestained standards ladder
Protein phosphatase 1 New England TrackIt™ 1kb DNA Invitrogen
Biolabs ladder

Pwo polymerase PeqLab SuperScript II Invitrogen

3.1.4 Bacterial strains and media

Strain Genotype Reference
A(mcrA)183 A(mcrCB-hsdSMR-mrr) 173 endAl Bullock,

E.coli XL1-Blue

supE44 thi-1 recAl gyrA96 relAl lac [F’ proAB

Fernandez et al.,

MRF laclqZAM15 Tnl0 (Tetr)] 1987

E.coli C] 236 F’ cat (ng 105 = pOX38::cat= FA(HindIIl)::cat [Tra" | Kunkel, Roberts
' Pil" Cam"]/ ung-1 relAl dut-1 thi-1 spoT1 et al., 1987

One Shot® Topl0 FmcrA A(mrr-hsdRMS-mcrBC) ©80lacZAM15

Chemically competent | AlacX74 recAl araD139 A(ara-leu)7697 galU galK | Invitrogen

E.coli

rpsL (Str™) endA1 nupG
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Strain Genotype Reference |
. . ® FmcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15
g[gl)é]];:il%[ency AlacX74 recAl endAl araD139 A(ara-leu)1697 Invitrogen
galU galK X\ rpsL nupG /pMON14272 / pMON7124
LB Medium (1 L) LB Agar (1L)
10g NaCl 10g NaCl
10 g Tryptone 10g  Tryptone
5g Yeastextract 5¢ Yeast extract
20g agar
3.1.5 Cell lines and media
Name Description ATCC
number
Cos-7 African green monkey kidney SV40 transformed CRL-1651
HEK?293 Human embryonic kidney transformed with adenovirus 5 DNA CRL-1573
HeLa Human adenocarcinoma epitheloid cells CCL-2
Neuro-2a Mouse neuroblastoma CCL-131
SF9 insect cells | Spodoptera frugiperda ( fall armyworm ) CRL-1711

The eukaryotic cell lines were cultured in DMEM supplemented with 10% foetal calf

serum (both Invitrogen). For subculturing, 1 x Trypsin/EDTA (Invitrogen) was used.

Insect cells were cultured in TNM-FH (BD Biosciences).

3.1.6 Antibiotics

Antibiotic Stock concentration Working concentration
Liquid culture Agar plates
Ampicillin 50 mg/ml 100 pg/ml 100 pg/ml
Chloramphenicol 30 mg/ml 15 pg/ml 30 pg/ml
Gentamycin 10 mg/ml 7 pg/ml 10 pg/ml
Kanamycin 20 mg/ml 50 pg/ml 50 pg/ml
Tetracyclin 5 mg/ml 50 pg/ml 50 pg/ml
3.1.7 Antibodies
3.1.7.1 Primary antibodies
Antibody Organism ‘])‘),::l;:::;lg;;t Supplier
anti-Abl Mouse 1:2000 Santa Cruz
anti-actin Mouse 1:2000 Amersham
anti-beta-actin Rabbit 1:2000 abcam
anti-FLAG M2 Mouse 1:1000 Sigma
anti-GAPDH Mouse 1.2000 abcam
anti-GFP Mouse 1:4000 Roche
anti-hnRNP A1l Mouse 1:1000 abcam
anti-hnRNP G Rabbit 1:2000 custom made'”
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Dilution for

Antibody Organism Western Blot Supplier
anti-phospho-hnRNP G Rabbit 1:1000 custom made”
anti-PP1y1 (C-19) Goat 1:200 Santa Cruz
anti-pTyr (PY20) Mouse 1:5000 Santa Cruz
anti-tra2-beta+alpha (ps568) | Rabbit 1:2000 custom made"”
anti-SF2/ASF Mouse 1:200 Zymed Laboratories
anti-SC35 Mouse 1:2000 Sigma
anti-Src Mouse 1:1000 upstate
anti-SLM-1 Rabbit 1:1000 custom made"”
anti-SLM-2 Rabbit 1:1000 custom made®
anti-U1-70K Mouse 1:600 Synaptic Systems
anti-YT521-B (PK2) Rabbit 1:3000 custom made'”
anti-SF3A1 (SF3a120) Rabbit 1:500 fgf;ggﬁiﬁgﬁﬁfﬁ; 5)
anti-SF3A2 (SF3a66) Rabbit 1:500 ?1132?)3%23?2? Ely 1?.9;(3r)amer
anti-SF3A3 (SF3a60) Rabbit 1:1000 kindly provided by A. Krdmer

(Kridmer, Legrain et al., 1994)

Custom made antibodies were raised against the following peptides (Pineda, Berlin):

D" hnRNP G: RDDGYSTKD

@ Phospho hnRNP G: RDDGY'STKD

®) ps568/Tra peptide: GC(StBu)SITKRPHTPTPGIYMGRPTY (Stoilov, Daoud et al., 2004)

@ SLM-1: VNEDAYDSYAPEEWTTCG and DQTYEAYDNSYVTPTQSVPECG (Stoss,

Novoyatleva et al., 2004)

® SLM-2: VVTGKSTLRTRGVTCG and PRARGVPPTGYRPCG (Stoss, Novoyatleva et

al., 2004)

© YT521-B: RSARSVILIFSVRESGKFQCG and KDGELNVLDDILTEVPEQDDECG
(Nayler, Hartmann et al., 2000)

3.1.7.2 Secondary antibodies

Dilution for

Antibody Organism Western Blot Supplier
anti-mouse IgG-HRP Sheep 1:10000 Amersham
anti-rabbit IgG-HRP Donkey 1:10000 Amersham
anti-goat IgG-HRP Donkey 1:10000 Santa Cruz
CY3-conjugated anti-rabbit Mouse 1:500 Dianova
CY3-conjugated anti-mouse Goat 1:500 Dianova
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3.1.8 Plasmids

3.1.8.1 Minigenes

Name Backbone Description Reference
SV9/10L/11 Exontrap Tau minigene Gao, Memmott et al., 2000
pCR3.1 MGtra pCR3.1TA Tra2-beta minigene Stoilov, Daoud et al., 2004
pXB (X16) pCRneo SRp20 minigene Jumaa and Nielsen, 1997
pET v5 Exontrap CD44 v5 minigene Konig, Ponta et al., 1998
PSMN?2 pClI SMN2 minigene Lorson, Hahnen et al., 1999

3.1.8.2 Clones from the lab collection or outside sources

Name Backbone Description Reference
pEGFP-C2 pEGFP-C2 | CMV-promoter, Kana'/Neo', f1 ori Clontech
pRKS5-abl pRKS5S c-Abl kinase O. Nayler
c-Src wt pcDNA3.1 | c-Src kinase Ygggg’ Besser et al,
Sik-YF pcDNA3 | Constitutively active Sik kinase lz)gégy’ Richard et al,
pRKS5-fyn pRKS Fyn kinase O. Nayler
pSVL-Syk pSVL Syk kinase %gggg’ Berenstein et al.
CSK pcDNA3 CSK kinase O. Nayler
AUGI . Debnath, Chamorro et
(pcDNA3-RIk) | PEPNA3 | Rlkkinase al., 1999
pUHG10-3 i . .

(FER) pUHDI10-3 | FerH kinase Hao, Ferris et al., 1991
lfiGFP'D YRK- | JEGFP-C2 | DYRKIA kinase Sitz, Tigges et al., 2004
HA-ACK2 pCDNA3 HA tagged ACK2 kinase Yang, Lo et al., 2001
. Warmuth, Bergmann et
Ber-abl pCDNA3 Ber-abl kinase al., 1997
RAK pClneo RAK kinase Craven, Cance et al,
1995
pCMV- . .
Iyn SPORT6 lyn kinase RZPD, Berlin
pCMV- . RZPD, Berlin
LAR SPORT6 phosphotyrosine phosphatase LAR IMAGp998P2312140Q3
pCMV- . RZPD, Berlin
MEG1 SPORT6 phosphotyrosine phosphatase MEG1 IMAGP9981199578Q3
pCMV- . RZPD, Berlin
MEG2 SPORT$ phosphotyrosine phosphatase MEG?2 IMAGp998G249687Q3
pCMV- . RZPD, Berlin
PTP1B SPORT6 phosphotyrosine phosphatase PTP1B IMAGP998C079948Q3
PTPIA2B pCMV- phosphotyrosine phosphatase RZPD, Berlin
SPORT6 PTPIA2f IMAGp998B059626Q3
PTPa pCMV- phosphotyrosine phosphatase RZPD, Berlin
SPORT6 PTPalpha IMAGp9980079750Q3
pCMV- . RZPD, Berlin
SHP2 SPORT$ phosphotyrosine phosphatase SHP2 IMAGp998K 169625Q3
pCMV- . RZPD, Berlin
STEP SPORT6 phosphotyrosine phosphatase STEP IMAGP998A0212719Q3
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Name Backbone Description Reference
I(’}Eg’; P-hnRNP' | 'EGFP-C2 | EGFP tagged full length rat haRNP G | A. Hartmann
pEGFP-hnRNP EGFP tagged rat hnRNP G with
G-TH-C2 PEGFP-C2 | deletion of first RRM A. Hartmann
hnRNP G-TH- Flag tagged rat hnRNP G with
Flag PEDNA 1 jeletion of first RRM A. Hartmann

Beil, Screaton et al.,
Ei;}FP—hTraZ— pEGFP-C2 | EGFP tagged human Tra2-betal 1997; Nayler, Cap et al.,
1998
EGFP tagged human Tra2-betal with .
PEGFP-hTra2-- | ppp o) | PP binding site RVDF mutated to | 0 voyateva, Heinrich et
betal-RATA al., in press
RATA
EGFP tagged human Tra2-betal with
Eiil;l;—gTraZ- pEGFP-C2 | all serine residues in the first RS Y. Tang
domain mutated to alanine
EGFP tagged human Tra2-betal with
Eleit(a}-l}:{Ps—ll;TraZ- pEGFP-C2 | all serine residues in the first RS Y. Tang
domain mutated to glutamic acid
hTra2-beta-HA pFastBac- Human Tra2—beta} in Drosgphzla S. Kishore
HTa vector for generating bacmid
EGFP-NIPP-C1 | EGFP-C1 | EGFP tagged nuclear inhibitor of PP1 Y;‘;‘SEynde’ Wera et al.,
Markus, Heinrich et al.,
pEGFP-RBM4 | pEGFP-C2 ffgg;‘gged full length REM4 2006; Markus and
Morris, 2006
Markus, Heinrich et al.,
ES\MV RBM4- pCMV-HA g/\A—I‘[élI%z;;ed full length RBM4 2006 Markus and
Morris, 2006
EGFP-tagged RBM4 (LARK), C- Markus and Morris,
pEGFP-MI pEGFP-C2 terminal region deleted 2006
pCMV Markus, Heinrich et al.,
WT1(+KTS)- pCMV-myc | c-myc-tagged full length WT1 2006; Markus and
myc Morris, 2006

3.1.8.3 Newly made clones

Name Backbone Description
pEGFP-Y211F-C2 pEGFP-C2 g(gflPl;tagged full length rat hnRNP G mutant
EGFP tagged rat hnRNP G mutant Y211F with
pEGFP-Y211F-TH-C2 pEGFP-C2 deletion of first RRM
hnRNP G-YFP pFREDI15 hnRNP G in shuttling vector
hnRNP G-Y211F-YFP pFREDI15 hnRNP G mutant Y211F in shuttling vector

pFastBac-HT-hnRNP G

pFastBac-HTa

Rat hnRNP G in Drosophila vector for
generating bacmid; HIS-tag

pFastBac-HT-Y211F

pFastBac-HTa

hnRNP G mutant Y211F in Drosophila vector
for generating bacmid; HIS-tag

pFastBac-HT-RATA

pFastBac-HTa

Tra2-betal RATA mutant in Drosophila vector
for generating bacmid; HIS-tag
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3.1.9 Oligonucleotides

3.1.9.1 Primers used for cloning and sequencing

Name

Orientation

Sequence 5°—3’

Target

Y211F

sense

AGAGATGATGGATTTTCTACAAAA
GAC

hnRNP G to create Y211F
mutant

hnG-deltaRRM-
Eco

sense

CTGAATTCCCATCTTTTGAAAGTG
GC

Y211F; cloning of
pEGFP-Y211F-TH-C2

hnG-end-Bam antisense GTGGATCCCTAGTATCTGCTTCTG

hnG-start-Eco sense TCGAATTCATGGTTGAAGCAGATC | hnRNP G/Y211F; for
) cloning into pFastBac-

hnG-end-Sal antisense GTGTCGACCTAGTATCTGCTTCTG

HTa

hnG-start-Sacll

sense

CCGCGGGCCACCATGGTTGAAGCA

hnG-end-Nhel

antisense

GTGCTAGCGTATCTGCTTCTGCC

hnRNP G/Y211F; for
cloning into shuttling
vector

GGACCGGTGCCACCATGTCCCCTA

CfTagerfor | sense TACTAGGTTATIGG SSRTNEIC()}I}% ¥ lfF-GST (in
GST i CCTCCAAAATCGGATCTGGTTCCG TOPO

-eco-rev antisense GAATTCCG )
ForEcoR1 TRA
(RATA) sense GAATTCATGAGCGACAGCGGCGAG Tra-RATA; for cloning
Rev Sall antisense GTCGACTTAATAGCGACGAGGTGA | into pFastBac-HTa
(RATA) new CTAT
mutseq hnRNP sequencing of
G sense GAGGACCACCACCACGAA hnRNP G/Y211E

FastBacHT_Seq

sense

CGGTCCGAAACCATGTCGTAC

sequencing of inserts in
pFastBac-HTa

T3 sense ATTAACCCTCACTAAAGGGA sequencing in TOPO
vector

T7 antisense TAATACGACTCACTATAGGG izg‘tfrncmg in TOPO

M13rev antisense CAGGAAACAGCTATGAC sequencing in TOPO

vector

3.1.9.2 Primers used for amplifying SELEX sequences

Name

Orientation

Sequence 5°—3’

T7pro

sense

TAATACGACTCACTATAGGGATCCGAATTCCCGACT

RT

antisense

GCGTCTCGAGAAGCTTCCc

3.1.9.3 Primers used for minigene analysis

Name Orientation Sequence 5°—3’ Minigene
pCR3.1 RT revers | antisense GCCCTCTAGACTCGAGCTCGA
MG Tra-Bam sense GGGCCAGTTGGGCGACCGGCGCGTCGTGCG Tra2-beta
MG Tra-Xho antisense GGGCTCGAGTACCCGATTCCCAACATGACG
NS5 INS sense GAGGGATCCGCTTCCTGCCCC CDA44v5
N3 INS antisense CTCCCGGGCCACCTCCAGTGCC
T7 sense TAATACGACTCACTATAGGG SRp20
X16R antisense CCTGGTCGACACTCTAGATTTCCTTTCATTTGACC
INS1 sense CAGCTACAGTCGGAAACCATCAGCAAGCAG Tau
INS3 antisense CACCTCCAGTGCCAAGGTCTGAAGGTCACC

35




MATERIALS AND METHODS

Name Orientation Sequence 5°—3’ Minigene
pCl for sense GGTGTCCACTCCCAGTTCAA SMN2
SMNex8 rev antisense GCCTCACCACCGTGCTGG

3.1.9.4 Primers used for Microarray analysis
3.1.9.4.1 Primers used for Microarray with overexpressed Tra2-betal
Name | Orientation Sequence 5’—3’ Target Exon
208.8.3
Clk4 for sense GTCCGCAGCAGGAGAAGC CDC-like kinase | Intron retention
. 4 Ref: NM_020666
CPSFE 1 sense CAATCAGGACAAATGTCTGGG | Cleavage and 148.1.1
for polyadenylation | Novel exon
CPSF6 specific factor 6, | Ref: NM_007007
rev antisense CACTGGCATCAGACACAGC 68kDa Var: AL557975
]f?) ? X23 | ense GAACGTCGGGAACGCAGG DEAD (Asp-Glu- | 211 .
Ala-Asp) box Intron retention
DDX23 1 ide 23 Ref: NM_004818
rev antisense GTAGTCAATGGATGTGTCCT polypeptide Var: BU174750
eIF2B for | sense GCAGATCTTGTCATAGTTGG | Lukaryotic 14.1.1
translation -
initiation factor Exon skipping
7B. subunit 1 Ref: NM_001414
elF2B rev | antisense CTCATCGCTGACTGCTGAG ’ Var: AA923281
alpha, 26kDa
Amyloid beta
Fe65 for | sense CAGAGCCGTTGCCCCAAG (A 43’ precursor | 200039:002
Co Exon skipping
protein-binding, | p.r M 001164
Fe65rev | antisense | CACTGTCCCGCCCGAC family B, Var- BX420711.1
member 1
FUS for | sense GACAACAACACCATCTTTGTG | Fusion (involved | 93.1.1
in t(12;16) in Exon skipping
malignant Ref: NM_004960
FUS rev antisense CCTCCACGACCATTGCCAC liposarcoma) Var: AJ549096
907.002.002
Fyn for sense GAGAGCTGCAGGTCTCTG Novel exon
FYN oncogene
related to SRC Ref:
FGR. YES ’ NM_002037.3
Fyn rev antisense CTCGGTGACGATGTAGATG ’ Var:
NM_153047.1
hoRNPM | o nse GATGAGAGGGCCTTACCAA | Heterogeneous | 11411
for nuclear Exon skipping
hnRNP M . ribonucleoprotein | Ref: NM_005968
ey antisense CCTGCCCATGTTCATCCCA M Var: AL516884
MTMRI11 137.1.1
for sense GAGACTGAGCGGAAGAAGC Myotubularin Novel exon
MTMRI11 antisense CTGACACTGTCATGAAGAGC related protein 11 Ref:‘ NM_006697
rev Var: U78556
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Name Orientation Sequence 5°—3’ Target Exon
NOLS5A 127.3.1
for sense GTGGAGGAGTCTGTGCTC Nucleolar pI'OtCil’l Novel exon
NOLSA ) 5A (NOL5A) Ref: NM_006392
rev antisense GCAGGTGGGTCTCCAAGAG Var: BE253695
PPIE for | sense GTCAGATGATGACTGGTTGAA | Peptidylprolyl 11781 -
. Exon skipping
isomerase Ref: NM_006112
. AT o : _
PPIE rev | antisense CATGAGTGCACAGGCAGCG (cyclophilin E) Var BI821836
236.10.1
PPIL3 for | sense GAGCTCGCTGTAAGACTGAG Peptidylprolyl Alternative splice
isomerase like acceptor
PPIL3 rev | antisense | GATATTCACTGTATTCATC protein 3 Ref: NM_032472
Var: BU195819
fSOFrRS4 sense CAGCCATCACTGCCGTTGCC | Splicing factor, | L0+
arginine/serine- Novel exon
: Ref: NM_005626
f‘eFVRS4 antisense | GCGTCCAGAACCGTAACTGC | Tich 4 (Srp75) Var- BX447499
SFRS5 144.1.3
for sense GAGGATCCAAGGGATGCAGAT | gplicing factor, Partial internal
arginine/serine- exon deletion
SFRSS | antisense | GGCCAGCTGACTCTTGAGGA | tich S Ref: NM_006925
rev Var: BC0O18823
SFRS14 sense CAAGGACTTGGACTTCGCC Splicing factor, 179.1.1 .
for arginine/serine- Exon skipping
SFRS14 . : Ref: NM_014884
rev antisense CTTCTAGGCTTTATCAAGGC rich 14 Var AI089022
SRRMI sense GATGAACGACCCAAGAGATC | Serine/arginine 110.3.1
for repetitive matrix Novel exon
SRRM1 . Ref: NM_005839
rev antisense GGAGACCGTCGCCTTCTG 1 Var- BE931442
WT1 for | sense CAAATGACATCCCAGCTTGAA 222.1.2 -
o Exon skipping
Wilms’ tumour 1 Ref: NM 024426
WTI1 rev | antisense GACGCAAGAAGAGATGTCAT Var AK093168
3.1.9.4.2 Primers used for Microarray with overexpressed hnRNP G in mouse cells
Name Orientation Sequence 5°—3’ Target Gene ID
E‘)‘IA‘SF/ SF2 | sense GTGGAAGCTGGCAGGACTTA | Splicing factor, Ref:
arginine/serine rich i
NM_173374
QVASF/ SE2 | antisense TCACAGTCTGAAGAGCATGGA | 1 (Sfrsl) -
mCasp?2 for | sense TTCTTCATCCAAGCATGTCG
Casp?2 Caspase 2 Ref:
P antisense ATGGCTGACAGGAAACAAGC P NM_007610
mCasp7 for | sense CCGAGTGCCCACTTATCTGT
Casp7 Caspase 7 Ref:
P antisense GGAACCGTGGAGTAAGCAAA P NM_007611
mCasp9 for | sense GATGCTGTCCCCTATCAGGA Ref:
F;Sasr@ antisense | GCAGAGAAGCCCTGTTCTTG | CosPase? NM_015733
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Name Orientation Sequence 5’—3’ Target Gene ID

mhnRNPK Heterogeneous

for sense GGACGTGCACAACCTTATGA nuclear Ref:
ribonucleoprotein NM_025279

?(’)lrmRNP K | antisense GCAGCAAATACTGTGCGTTC | K

mPtbpl for | sense GGATGGCCAGAACATCTACAA | Polypyrimidine Ref:
tract binding NM' 008956

mPtbpl rev | antisense CATCTGCACAAGTGCGTTCT protein 1 (PTB-1) —

mPpih for | sense GGTGGCAAATTCAAGTCCAG Peptidyl prolyl Ref:

mPpih rev | antisense AAATTTTCATCCGCAAATGG isomerase H NM_028677

mSC35 for | sense CTCGAGGTCAAGGTCCAGGT | Splicing factor, Ref:
arginine/serine rich i

mSC35 rev | antisense TAGCCAGTTGCTTGTTCCAA | 2 (Sfrs2) NM_0T1358

U5-15kD

for sense AGGTAGACCAGGCCATCCTT Thioredoxin-like 4 | Ref:

}g “ISKD | ntisense | GACAGTGCAGGGGTCATACA | (TX014) NM_025299

3.1.9.4.3 Primers used for Microarray with overexpressed hnRNP G in human cells

Name | Orientation Sequence 5°—3’ Target Exon
136.4.1
CPSEL | sense GCGTGGACCACATCAAGTT Cleavage and Novel exon
for polyadenylation Ref:
specific factor 4, ’
CPSF4 | intisense | GAATTCACAGACAGCAGCG 30kDa NM_006693
rev Var: BM807314
CPSF6 148.1.1
sense CAATCAGGACAAATGTCTGGG | Cleavage and
for . Novel exon
polyadenylation Ref:
ific factor 6 )
CPSF6 . spect > | NM_007007
A —
rev antisense CACTGGCATCAGACACAGC 68kDa Var ALS57975
DEAD/H (Asp-
DDXl11 Glu-Ala-
for sense GAAATCGCAAACTGGGCGT Asp/His) box 2245
polypeptide 11 Novel exon
(CHLI1-like Ref:
helicase NM_030653
DDXIL | o ntisense GAAGTCTTCCTGGATGGAAT homolog, S. Var: BU859051
ey cerevisiae)
(DDX11)
907.002.002
Fyn for sense GAGAGCTGCAGGTCTCTG Novel exon
FYN oncogene
related to SRC Ref:
FGR. YES ’ NM_002037.3
Fyn rev antisense CTCGGTGACGATGTAGATG ’ Var:
NM_153047.1
127.3.1
NOLSA sense GTGGAGGAGTCTGTGCTC Novel
for . ovel exon
Nucleolar protein Ref:
5A (NOL5A) ‘
NOLSA | htisense | GCAGGTGGGTCTCCAAGAG NM_006392
rev Var: BE253695
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Name Orientation Sequence 5°—3’ Target Exon
SF3A2 150.2.1
for sense GACCAAGCAGAGAGACTCG Splicing factor Intron retention
3a, subunit 2, Ref:
SE3A2 | ntisense | GATCCTCTGCTCGTACGCA 66kDa NM_007165
rev Var: BM927190
SFRS3 TGGCT TGTAAGAGT L 39.5.1
for sense GTGGCTGCCGTG GAG Splicing factor, Novel exon
arginine/serine- Ref:
SFRS3 | antisense | CTGCGAGAGAAGCTTCTCCT rich 3 NM_003017
ey Var: BQ643106
SFRS6 122.4.1
for sense GTACAGAATACAGGCTTATTGT Splicing factor, Intron retention
arginine/serine- Ref:
SFRS6 antisense CAGAGTAGGAGCGAAACTCAAT | Tich 6 NM_006275
rev Var: BG540891
SRRM1 110.3.1
for sense GATGAACGACCCAAGAGATC Serine/arginine Novel exon
repetitive matrix | Ref:
SRRMI' | tisense | GGAGACCGTCGCCTTCTG 1 NM_005839
rev Var: BE931442
TAF 15 TAF15 RNA 247.1.3
for sense GAGGCTACGGTGGAGAGAG polymerase II, Partial internal
TATA box exon deletion
TAF15 binding protein Ref:
antisense CCTCCATAGCCACCTCGGT (TBP)-associated | NM_139215
rev factor, 68kDa Var: AB060882
USP39 134.7.1
for sense GTACAAGCAGTACACAAGAAT o Exon skipping
Ubiquitin Ref:
specific protease )
USP39 | ntisense | CTGTGTTCTTATTTACCATCAT NM_006590

rev

Var: BM803640

3.1.9.5 Primers used for siRNA knockdown

Name Target Supplier
hnRNP G siRNA human hnRNP G Santa Cruz, sc-38274
PPla siRNA human PPla Santa Cruz, sc-36299
PP1p siRNA human PP1p3 Santa Cruz, sc-36295
PP1ly siRNA human PP1y Santa Cruz, sc-36297

3.1.9.6 Primers used for CLIP

Name Sequence 5°—3’ Function
RNA-X6aR CAGACGGGGCACAAAUA 3’ RNA linker
TraEx3 RNA CUGGAAGCAGAACGGGAUU | 5’ RNA linker
TraEx3 for AATCCCGTTCTGCTTCCAG RT, PCR
X6aRfor CAGACGGGGCACAATA PCR
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3.2 Methods

3.2.1 Plasmid isolation

Plasmid DNA was isolated from bacteria using small-scale (1.5-3 ml) miniprep and
large-scale (100-200 ml) maxiprep purifications, which are based on the alkaline lysis

protocol with SDS described by Birnboim and Doly, 1979.

3.2.1.1 Miniprep

1.5-3 ml from a bacterial over night culture were centrifuged for 5 min at 10,000 rpm
at room temperature to remove the medium. The pellet was resuspended in 200 ul buffer P1.
Lysis was carried out in 200 ul buffer P2 for 5 min at room temperature. After adding 200 pl
neutralisation buffer P3, the mixture was kept on ice for 20 min. Cell debris was removed by
centrifuging for 10 min (14,000 rpm, 4 °C) and the supernatant was transferred to a new tube.
This step was repeated once. 500 ul isopropanol were added to the supernatant and incubated
on ice for 20 min or at -20 °C for 10 min. To precipitate the DNA, a centrifugation step was
carried out at 14,000 rpm at 4 °C for 15 min. Finally, the DNA pellet was washed with 200 pl
70% ethanol and dried. The dry pellet was diluted in TE or dH,0.

Buffers used for Miniprep:

Buffer P1 Buffer P2 Buffer P3
50 mM Tris-HCI, pH 8.0 200mM NaOH 3M Potassium
10 mM EDTA 1% SDS acetate, pH 5.5

100 pg/ml RNase A
3.2.1.2 Maxiprep

For large-scale purification of plasmid DNA, commercially available kits from Qiagen
or Genomed were used. The procedure was carried out according to the manufacturer’s

protocol. The dry pellet was diluted in TE or dH,O.

3.2.2 Electrophoresis of DNA

0.7-2% agarose or 5% native polyacrylamid gels in 1 x TBE buffer were used to
resolve DNA. Electrophoresis was performed for 60 min at 100 V, or 45 min at 70 V,
respectively. The gels were either stained for 20 min in a 0.5 mg/ml ethidium bromide
solution or agarose gels were prepared containing 0.05 pg/ml ethidium bromide. The stained

DNA was visualised under UV light at A = 260 nm wavelength.
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1 x TBE 6 x gel loading buffer 5% native PAA gel (S ml)
90 mM  tris base 0.25% bromophenol blue 3.34ml dH,O
90 mM boric acid 0.25%  xylene cyanol FF 620 ul  40% acrylamide
20mM EDTA 15% ficoll 400 1 ml 5x TBE
35l APS

10 ul TEMED
3.2.3 DNA purification from agarose gels

For visualisation of DNA under normal light, the desired DNA was resolved on
0.7-2% agarose gels in 1 x TBE buffer containing 2 pg/ml crystal violet. The DNA was cut
with a clean scalpel and purified 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

3.2.4 Determination of DNA concentration

Concentrations of nucleic acids in buffered solution were determined using a
spectrophotometer (Eppendorf BioPhotometer 6131). Absorbance was measured at 260 nm in

plastic cuvettes. The concentration was calculated using following formulas:

1 Azgo = 50 pg/ml double stranded DNA
1 Aseo = 37 pg/ml single stranded DNA

1 A26() =40 },Lg/ ml RNA

The purity was determined with help of the A260/A280 ratio, which should be in the

range of 1.8-2.0 for pure nucleic acids.

3.2.5 Enzymatic reactions with DNA
3.2.5.1 Restriction analysis of DNA

Restriction of DNA was performed with endonucleases using the buffer system
suggested by the supplier. Amount of enzyme and incubation time were used depending on
the DNA amount and the number of restriction sites in the plasmid at 37 °C if not suggested

differently by the supplier. Inactivation of enzymes was performed according to the supplier’s
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protocol, if possible. The size of the DNA fragments was confirmed by agarose gel

electrophoresis or desired bands were purified from the agarose gel.

3.2.5.2 Dephosphorylation of 5> DNA ends

To avoid re-ligation of linearised vectors with compatible ends, phosphate groups at
their 5° ends were removed by alkaline phosphatase. The protocol was carried out according

to the supplier’s instructions.

3.2.5.3 Ligation of DNA fragments

Compatible DNA fragments were covalently linked by T4 DNA ligase. The ligation
was carried out according to the supplier’s protocol using 200-300 ng vector with insert in a

molar ratio of 1:1-1:3. The reaction was incubated over night at 4 °C.

3.2.5.4 DNA amplification by PCR

For PCR amplifications, a standard PCR reaction was set up. 40-80 ng of highly pure

plasmid DNA was used as a template for the reaction.

PCR reaction

40-80 ng template DNA

5-25 pmol 5’ oligonucleotide

5-25 pmol 3’ oligonucleotide

200 uM dNTPs

2.5ul 10 x Taq Polymerase buffer
1U Polymerase

upto25ul  dH,O

For cloning purposes, a proofreading polymerase (Pwo from Peqlab or Pfx from
Invitrogen) was used instead of Taq DNA polymerase. The amplification was carried out in a

Perkin Elmer GeneAmp PCR System 9700 thermocycler under the following conditions:

PCR program
initial denaturation 94 °C 2-4 min
denaturation 94 °C 15-30 sec
. o 25-35
annealing Tm of specific primers 30 sec cveles
extension 72 °C 1 min per 1 kb Y
final extension 72 °C 5-10 min

Annealing temperature depended on the oligonucleotides used. The PCR product was
confirmed by agarose gel electrophoresis (3.2.2). If not one single sharp band was visible the
amplified fragment was gel-purified (3.2.3). For cloning, the PCR reaction or the purified
PCR product were used in a TOPO cloning reaction (Invitrogen) according to the

manufacturer’s protocol.
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3.2.5.5 Site-directed mutagenesis of DNA

Site-directed mutagenesis was performed according to the method described by
Kunkel (Kunkel, Roberts et al., 1987).
The DNA of interest was cloned into pEGFP-C2 which carries the f1 phage origin of

replication. Therefore, single- and double-stranded DNA could be made from this vector.

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
180 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

QIAprep spin M13 kit according to the manufacturer’s protocol.

This uracil-containing ssDNA was used as a template in the in vitro mutagenesis
reaction. Phosphorylated oligonucleotides containing desired mutations were annealed to 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 ul by adding to the same tube 1 pl of 10 x T7 DNA polymerase buffer, 0.8 pl 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 and the ligase was subsequently 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.

3.2.6 Preparation of KCM competent E. coli cells

A single colony of the desired E.coli strain was inoculated in LB medium and cultured
overnight. 4 ml of the culture was added into fresh 250 ml LB medium and grown to early
logarithmic phase (ODggo = 0.3-0.6). The culture was centrifuged for 10 min at 2,500 rpm at
4 °C. The bacterial pellet was resuspended in 1/10 volume of ice cold TSB buffer and
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incubated on ice for 10 min. Cells were aliquoted into pre-chilled Eppendorf tubes and frozen

in liquid nitrogen. Competent bacterial cells were stored at -80 °C.

TSB buffer
10% PEG 3500
5% DMSO

10 mM MgCl,
10 mM MgSO,
in LB medium, pH 6.1

3.2.7 Transformation of KCM competent E.coli cells

An aliquot of competent cells was thawed on ice. 20 ul 5 x KCM was added to
100 ng-1 ug DNA or a ligation reaction and filled up to 100 ul with dH,O. This was carefully
mixed with 100 ul of cell suspension and kept on ice for 20 min. After heat shock for 10 min
at room temperature, cells were kept on ice for another 2 min. Finally, 1 ml LB medium was
added to the mixture and incubated for 1 hour at 37 °C.

Afterwards, cells were plated on selective LB Agar plates and incubated overnight at

37 °C.

5x KCM
500mM KCI
150 mM  CaCl,
250 mM  MgCl,
in dH20

3.2.8 In vitro transcription

The SELEX sequences were amplified from TOPO vector by PCR using primers
T7pro and RT for their flanking regions. T7pro contains the T7 promoter. After PCR
amplification the cDNA was purified from a 2% agarose gel using QIAquick gel extraction
kit (Qiagen) following the manufacturer’s protocol. The purified cDNA was eluted with 35 pl

dH,O and used as template in the following radio-labelled transcription reaction:

5-10ul cDNA
2.5ul 10 x transcription buffer
1.0ul  10mM rATP
1.0pl 10 mM rCTP
1.0pul 10 mM rGTP
1.0pul 10 mM rUTP
2-3ul  a-[*P]-UTP (400 Ci/mmol)
Tl RNase Inhibitor
Tl T7 RNA polymerase
up to 25 ul with dH,O
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The reaction was incubated for 1 hour at 37 °C. Afterwards, 1 ul DNase was added
and incubated for 30 min at 37 °C. Finally, the reaction was purified with miniquick spin
RNA columns (Roche) following the manufacturer’s protocol. The purified RNA product was
checked on a PAA gel and used for electrophoretic mobility shift assay (3.2.9).

3.2.9 RNA electrophoretic mobility shift assay

RNA gel shift assay was performed according to the protocols reviewed earlier (Black,
Chan et al., 1998; Thomson, Rogers et al, 1999). 1 ug of purified recombinant HIS-tag
protein was pre-incubated for 5 min at room temperature in 1 x binding buffer, containing
12.5 mM ATP, 2 pg heparin, 5 U RNase inhibitor and 0.5 mM PMSF in a final volume of
25 pl. After 2-4 pl radiolabeled in vitro transcribed RNA was added, the mixture was
incubated for 5-10 minutes more. RNA:protein complexes were separated on 5% native
polyacrylamide gels in 0.5 x tris/glycine buffer at 4 °C. The gel was pre-run for 30 min at
4 °C, 200 V before loading the samples. The gel run was continued for 1-2 hours at 200 V.

5 x binding buffer 5 x tris / glycin buffer (1 L) 5% native PAA gel (30 ml)
50mM  HEPES 30.28 g tris-base 21.03ml dH,O
15mM  MgCl, 142.7g  glycine 495ml  30% acrylamide/bis
200mM KCI 392 ¢ EDTA 3 ml 5 x tris/glycin buffer
25% glycerol 750 pl glycerol
5 mM DTT 240 pl APS

30 ul TEMED
3.2.10 Freezing, thawing and subculturing eukaryotic cell lines

To freeze eukaryotic cells, 6 x 10° cells per 10 cm dish were seeded and grown to mid
logarithmic phase (about 75% confluency). The cells were trypsinised for 1-5 min (1 ml
1 x Trypsin/EDTA per 10 cm dish), 10 ml DMEM was added and centrifuged for 2 min at
1,500 rpm. The supernatant was discarded and the cells were resuspended in 1 ml of the
freezing medium (90% FCS and 10% DMSO). The cell suspension was cooled down in
cryotubes in a cryo freezing device at 1 °C/min at -80 °C and finally stored in liquid nitrogen.

Frozen cells were thawed at 37 °C, transferred to 10 ml culture medium and
centrifuged for 2 min at 1,500 rpm to remove DMSO. The pellet was resuspended in 10 ml
culture medium and seeded on a 10 cm dish. Cells were grown in the incubator with 37 °C

and 5% CO, until they were ready for subculturing.

After reaching confluency, the cell monolayer was detached by adding 1 ml
1 x Trypsin/EDTA and incubation for 1-5 min at 37 °C. 10 ml culture medium was added to
the trypsinised cells and they were centrifuged for 2 min at 1,500 rpm. The cell pellet was
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resuspended in 10 ml culture medium and 1-2 ml (1 x 10° cells) of this solution was added to
a new dish containing 7 ml fresh culture medium. The cells were incubated at 37 °C with

5% CO,.

3.2.11 Transfection of eukaryotic cells
3.2.11.1 Transfection of plasmid DNA

For transfecting plasmid DNA in HEK293 cells the calcium phosphate method was
used, which is based on the protocol published by Chen and Okayama, 1987.

3x 10° cells per well in 2 ml growth medium containing 10% FBS were plated in a
6-well format. Cells were incubated at 37 °C and 5% CO, for about 24 hours to reach 60-80%
confluency. For transfection in one well, 1-5 ug of expression construct were mixed with
25 ul in a final volume of 100 ul. 100 ul of 2 x HBS buffer was added drop wise with
constant vortexing on very low speed. The mixture was incubated for 20 min at room
temperature to form a precipitate and then added to the growth medium. Cells were grown for

additional 16-24 hours at 37 °C and 3% CO, to express the transfected plasmids.

2 x HBS
280 mM  NaCl
10mM  KCl

1.5mM Na,HPO, -2 H,O
12 mM Dextrose
50 mM HEPES

pH 6.95

For transfection of cos7 cells Superfect reagent (Qiagen) was used according to the
supplier’s protocol. This method is based on the fusion of a DNA-lipid complex with the cell
membrane (Felgner, Gadek et al., 1987).

3.2.11.2 Transfection of siRNA to knock down specific genes

siRNA knockdown of desired genes was performed by transfecting 20 nM siRNA
oligos with HiPerfect transfection reagent (Qiagen) and DMEM without FBS using the
reverse transfection procedure according to the supplier’s protocol in a 24-well format. After
40-48 hours siRNA treatment, RNA was isolated from 6 x 10° cells, in parallel 3 x 10° cells
were lysed in RIPA buffer. 1/10 of the lysates was used for SDS-PAGE (3.2.20) and Western
Blot (3.2.23) to confirm the knockdown of the desired genes on protein level.
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3.2.12 Fixing attached eukaryotic cells on cover slips

Cells grown on cover slips and transfected with pEGFP-C2 constructs (3.2.11.1) were
fixed with 4% paraformaldehyde in 1 x PBS, pH 7.4 for 20 min at 4 °C. Cells were washed
three times in PBS before mounting on microscope slides with Gel/Mount. The cells were

examined using a confocal laser scanning microscope (Leica).

3.2.13 Immunostaining

Cells grown on cover slips were fixed in 4% paraformaldehyde in 1 x PBS, pH 7.4 for
20 min at 4 °C. After fixing, the cells were washed three times in PBS with 0.1%
Triton X-100 and blocked in PBS containing 0.1% Triton X-100 and 3% NGS for 2 hours at
room temperature. Cells were then incubated with the desired antibody (diluted in PBS with
0.1% Triton X-100 and 3% BSA) overnight at 4 °C. After washing three times in PBS with
0.1% Triton X-100, cells were incubated with CY3 or CY5 coupled secondary antibody,
diluted 1:500 in PBS with 0.1% Triton X-100 for 2 hours at room temperature. After washing
for another three times in PBS with 0.1% Triton X-100, the cover slips were mounted on
microscope slides with Gel/Mount. Finally, stained cells were examined by confocal laser

scanning microscopy.

3.2.14 Immunoprecipitation of proteins

20-24 hours after transfection (3.2.11), cells were washed with 1 x PBS. Cell lysis was
performed for 25 min at 4 °C on ice in 200 ul RIPA buffer per well. Lysates were collected in
Eppendorf tubes and cleared by centrifugation for 1 min at 12,000 rpm. The supernatant was
diluted with 3 volumes of RIPA rescue buffer and an antibody recognising the expressed
protein or an attached tag was added. After incubation on a rotating wheel for 2 hours at 4 °C,
50 ul Protein A Sepharose/Sepharose CL-4B (1:1) was added and the incubation continued
over night under the same conditions. The Sepharose beads were pelleted for 1 min at
1,000 rpm in a microcentrifuge, followed by 3-5 washes with 400 ul of 1 x HNTG buffer.
20 ul 3 x SDS sample buffer were added to the pellet and boiled for 5 min at 95 °C to
denature the proteins. After spinning down shortly, the supernatant was resolved by SDS
polyacrylamide gel electrophoresis (3.2.20) and analysed by Western Blot using appropriate
antibodies (3.2.23).
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Protein A Sepharose / Sepharose CL-4B preparation:

Protein A Sepharose beads were twice washed in 15 ml dH,O and pelleted at 500 rpm
for 2 min. Then equal volume of Sepharose CL-4B was added and the beads were washed two

more times in RIPA rescue buffer and stored in equal volume of RIPA rescue buffer at 4 °C.

RIPA RIPA rescue
1% NP-40 20mM  NaCl
1% Na-deoxycholate 10 mM Na;PO,, pH 7.2
0.1% SDS 1 mM NaF
150 mM NaCl 5 mM B-glycerolphosphate
10 mM Na;PO,, pH 7.2
2 mM EDTA + freshly added
5 mM B-glycerolphosphate 2 mM Na;VO,
1 mM DTT
+ freshly added 1 mM PMSE
4 mM Na;VO, 20 pg/ul  aprotinin
1 mM DTT 1 pg/ul  pepstatin
1 mM PMSF 1 pug/ul  leupeptin
20 pg/ul aprotinin 1x PIC

Tpg/ul pepstatin
1 pg/ul leupeptin

1x PIC
100 U/ml  benzonase
4 x HNTG

200 mM HEPES, pH 7.5
450 mM NaCl

4 mM EDTA

40% glycerol

0.4% Triton-X-100

+ Freshly added to 1 x HNTG
2 mM Na3VO4

100 mM NaF

1 mM DTT

1 mM PMSF

20 pug/ul aprotinin
1 pg/ul pepstatin
1 pg/ul leupeptin
1x PIC

3.2.15 Isolation of nuclear protein cell extract and RNA immunoprecipitation

After transfection, cells were washed twice with PBS and collected in 500 ul
EDTA-PBS per well. 2 wells were combined in one Eppendorf tube and centrifuged at
3000 rpm for 5Smin at 4 °C. The pellet was resuspended in 300 ul harvest buffer and
incubated on ice for 10 min. Cells were centrifuged at 1000 rpm for 10 min at 4 °C, the pellet
was resuspended in 300 ul buffer A and centrifuged for another 5 min at 1000 rpm and 4 °C.

The pellet was resuspended in 550 ul buffer C and vortexed for 5 min at high speed
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(25 Hertz) and 10 min at low speed (15 Hertz) at 4 °C, followed by a centrifugation step at
14,000 rpm and 4 °C for 10 min to pellet nuclear debris. Immunoprecipitation with anti-GFP
and Protein A Sepharose was performed overnight at 4 °C, followed by 5 washes in cold
RIPA buffer. RNA was isolated from sepharose beads using phenol-chloroform extraction
after DNase treatment. After ethanol precipitation the RNA pellet was dissolved in 20 pl

RNase free water.

Harvest buffer Buffer A Buffer C
10mM  HEPESpH 7.9 10mM HEPES pH 7.9 10mM  HEPES pH 7.9
50mM  NaCl 10mM KCI 500mM KCI
0.5M sucrose 0.lmM EDTA 0.lmM EDTA
0.lmM EDTA 0.lmM EGTA 0.lmM EGTA
0.5% Triton X-100 + freshly added 0.1% Igepal
+ freshly added | mM DTT + freshly added
1 mM DTT 1 mM PMSF 1 mM DTT
10 mM sodium pyrophosphate 4 ug/ml  aprotinin 1 mM PMSF
100 mM  NaF 2 pg/ml  pepstatin 4 pg/ml  aprotinin
17.5 mM B-glycerolphosphate 2 ug/ml  pepstatin

1 mM PMSF
4 ug/ml  aprotinin
2 ug/ml  pepstatin

3.2.16 Freezing, thawing and subculturing insect cells

For freezing SF9 insect cells, cells were seeded in 25 cm® flasks grown to about
90-100% confluency. Cells were detached by vigorous shaking for 2-3 times and centrifuged
at 1,000 rpm for 2 min. The cell pellet was resuspended in 2 ml serum-free TNM-FH medium
(Becton-Dickenson) and mixed with 2 ml freezing medium (80% medium and 20% DMSO).
1 ml aliquots were frozen in cryotubes in a cryogenic freezing device at -80 °C and finally
stored in liquid nitrogen.

SF9 cells were thawed rapidly at 37 °C and transferred to 4 ml serum-free TNM-FH

medium. After 24 h, the medium was changed to remove DMSO.

For maintenance, SF9 insect cells were cultured under serum-free conditions in
TNM-FH medium in 25 cm? flasks at 28 °C. When 90-100% confluency was reached, cells
were subcultured by detaching them by vigorous shaking and diluting 1:5 in fresh culture

medium.

3.2.17 Expression of HIS-tagged protein in the Baculovirus system

The Bac-to-Bac® Baculovirus expression system from Invitrogen was used for

expression of HIS-tagged proteins. This method is based on site-specific transposition of an
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expression cassette into a baculovirus shuttle vector (bacmid) propagated in E. coli (Luckow,
Lee et al., 1993; Ciccarone, Polayes et al., 1997).

pFastBac vector containing the gene desired for expression was transformed into E.
coli DH10Bac™, Generating bacmid from these cells was done according to the Bac-to-Bac
manual from Invitrogen. The isolated bacmid was checked by PCR with the forward gene

specific primer used for cloning into pFastBac-HTa and M13 reverse primer.

Bacmid transfection for generating virus was performed in 6-well plates according to
the Bac-to-Bac manual from Invitrogen, using unsupplemented Grace’s medium and

Cellfectin (both Invitrogen).

When cells showed typical signs of infection (about 72 hours after transfection), the
medium was collected from each well (about 2 ml) and transferred into sterile 15 ml falcons.
The P1 viral stock was stored at 4 °C, protected from light. For amplification of P1 viral

stock, SF9 cells were infected at a multiplicity of infection (MOI) according to the manual.

Cells were harvested about 48 hours after infection and expression of recombinant

protein was analysed by SDS-PAGE and Western Blot or protein staining (see 3.2.20-3.2.23).

3.2.18 Purification of HIS-tagged protein in insect cells

48 hours after infection, SF9 cells were centrifuged at 500 g for 10 min. The pellet was
resuspended in 1 ml of denaturing lysis buffer. The suspension was lysed with a 19 G
hypodermic needle and centrifuged at 14,000 rpm for 25 min in a 5417R centrifuge
(Eppendorf). The supernatant was incubated for 1-2 hours at 4 °C with Ni-NTA agarose resin
(Qiagen), equilibrated once with dH,O and once with denaturing bind/wash buffer, pH 7.8.
After incubation, the resin was washed twice with denaturing wash buffer, pH 7.8, twice with
denaturing wash buffer, pH 6.4, and once with native buffer. Protein elution from the resin
was performed with native buffer containing 250 mM imidazol. Fractions of each step were

run on SDS-PAGE.

denaturing lysis buffer denaturing bind/wash buffer
6 M guanidine HCI 8M urea
20mM  Na;PO,, pH 7.8 20 mM Na;PO,4, pH 7.8
500 mM NaCl 500 mM NaCl
denaturing wash buffer native buffer (pH 8.0)
8M urea 50 mM NaH,PO,
20mM  Na;PO,, pH 7.8/pH 6.4 300 mM NaCl
500 mM NaCl 30 mM imidazol

0.1% Triton X-100
30 mM imidazol
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3.2.19 Determination of protein concentration

Concentration of proteins was determined using BioRad protein assay kit which is
based on the Bradford method (Bradford, 1976).

Protein in 800 ul dH,O was mixed with 200 ul of 1 x Dye reagent and incubated for
S min at room temperature. BSA concentrations were used as standard. Absorbance was
measured in a spectrophotometer at A = 595 nm. Concentration of protein was read from a

standard curve where ODsos was plotted against concentration of BSA standards.

3.2.20 Phosphorylation dependent pull down assay

For phosphorylation of HIS-Tra2-beta, protein bound to Ni-NTA agarose was
incubated in a typical reaction mixture (see below) for 30 min at 30 °C. The samples were
then washed once in 1 x PBS and twice in native buffer (see 3.2.18) containing Triton X-100.
Half of the protein was dephosphorylated with 2.5 U protein phosphatase 1 (PP1) in PP1
buffer for 60 min at 30 °C. PP1 was removed by stringent washing in native buffer containing
Triton X-100. For binding, 0.25 ug GST-SF2/ASF was added to phosphorylated and
dephosphorylated HIS-Tra2-beta and incubated in a total volume of 100 ul in native buffer for
2-3 hours at 4 °C on a rotating wheel.

After centrifuging, 1/5 of the supernatant was collected and boiled in SDS sample
buffer. The resin was boiled in SDS sample buffer after being washed once with native buffer.
The proteins were run on SDS polyacrylamide gels and detected by Coomassie staining and

Western Blot.

Phosphorylation reaction

60 ul HelLa nuclear extract
1 mM ATP

25mM  MgCl,

3.3mM tris-acetate, pH 7.8
6.6 mM  potassium acetate

1 mM magnesium acetate
0.5mM DTT

3.2.21 Electrophoresis of proteins

Proteins were resolved using denaturing SDS polyacrylamide gel electrophoresis
(Laemmli, 1970). For the separating gel, 7.5-15% acrylamide was used depending on the
molecular weight of the proteins, for the stacking gel 4% acrylamide was used. The proteins
were mixed with sample loading buffer, boiled for 5 min and cooled on ice prior to loading.
Electrophoresis was performed at 100-150 V for 2-2.5 hours in SDS gel running buffer.
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separating gel (10 ml) 4% stacking gel (10 ml)
2.5 ml 1.5 M Tris-HCI, pH 8.8 2.5 ml 0.5 M Tris-HCI, pH 6.8
100 pl 10% SDS 100 pl 10% SDS
100 pl 10% APS 100 pl 10% APS
10 ul TEMED 10 pl TEMED
desired conc.  30% acrylamide/bis 620 pl 30% acrylamide/bis
up to 10 ml dH,0O upto 10 ml  dH,O

3.2.22 Staining of protein gels

To detect proteins in SDS polyacrylamide gels, Coomassie or silver staining were
used. For Coomassie staining, the gel was placed in staining solution for 2-3 hours at room
temperature or overnight at 4°C. Then the gel was washed 2-3 times in

50% Methanol/10% acetic acid and 2-3 times in 20% Methanol/10% acetic acid.

Coomassie staining solution

0.25% Coomassie Brilliant Blue R250
45% methanol
10% acetic acid

For silver staining, Silver Stain Plus (BioRad) solutions were used according to the

manufacturer’s protocol.

3.2.23 Western Blotting

After gel electrophoresis, SDS polyacrylamide gels were transferred to a nitrocellulose
membrane (Protran, Schleicher & Schiill). Before placing the membrane on the gel, gel and
membrane were equilibrated shortly in protein transfer buffer. The transfer was performed for
45 min at 120 °C. Afterwards, the membrane was blocked for 1 hour in 1 x NET gelatine at
room temperature. Primary antibody diluted in 1 x NET gelatine was added and incubated
overnight at 4 °C or 2-4 hours at room temperature. After three washes for 15 min in 1 x NET
gelatine, incubation with HRP-coupled secondary antibody, diluted in 1 x NET gelatine
followed for 1-2 hours at room temperature. The membrane was washed another three times
and detection of antibodies was carried out with the ECL system. The membrane was
incubated for 5 min with equal amounts of ECL1 and ECL2 solutions, exposed to an X-ray

film (Fuji Super RX) and developed in a Kodak X-omat 1000.

Transfer buffer 1 x NET gelatine
192mM  glycine 150mM  NaCl
25 mM tris base 5 mM tris-HCL, pH 7.5
20% methanol 0.05% Triton X-100

0.25% gelatine
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ECL1 ECL2

4.5 mM Juminol 0.003% H,0,
43mM  p-iodophenol 100 mM tris-HCL, pH 9.5
100 mM  tris-HCL, pH 9.5

For reblotting membranes with another antibody, membranes were stripped with

stripping buffer for 5-10 min before washing with NET gelatine and incubation in new first

antibody.

Stripping buffer

30% trichloroacetic acid
1% acetic acid

1% Ponceau S solution

3.2.24 Isolation of total RNA

Total RNA was isolated from eukaryotic cells grown in 6-well plates using RNeasy
mini kit (Qiagen) according to the supplier’s protocol. RNA was eluted from the column in

30-40 ul RNase free dH,O.

3.2.25 RT-PCR

200-500 ng of total RNA was used in the following reverse transcription reaction.

RT reaction RT buffer
200-500 ng RNA 300 ul 5 x first strand synthesis buffer
5 pmol 3’ oligonucleotide 150l 0.1 M DTT
Sul RT buffer 75ul 10 mM dNTPs
40U SuperScript 11 up to 1 ml with dH,O
4U Dpnl (optional)

To avoid later amplification from transfected DNA, Dpnl could be added to the
RT reaction to digest endogenous DNA. Dpnl specifically cuts GATC in double-stranded
DNA with methylated adenosine residues, but not non-methylated single-stranded DNA or
cDNA.

A control reaction using dH,O instead of RNA was included. The RT reactions were

incubated for 45 min-1 hour at 42 °C.

1-3 ul of the reverse transcription reaction was used for amplification of resulting

cDNA in the following reaction.
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PCR reaction

1-3 pl cDNA
5 pmol 5’ oligonucleotide
5 pmol 3’ oligonucleotide
200nM  dNTPs
2.5 ul 10 x Taq polymerase buffer
1U Taq polymerase
up to 25 ul with dH,O

The conditions for the PCR program were dependent on the template (see 3.2.26 and
3.2.30).

3.2.26 In vivo splicing assay

To determine the influence of a protein on the splicing of selected minigenes, in vivo
splicing assays were performed as described earlier (Stoss, Stoilov er al., 1999; Tang,
Novoyatleva et al., 2004).

Eukaryotic cells were plated in a 6-well format. 24 hours after plating, 1-2 ug of
plasmid carrying the desired minigene were cotransfected with a protein expression construct
in each well (3.2.11.1). The plasmid for expressing the protein was usually transfected in
increasing amounts from 0-3 ug to test for a concentration dependent effect. To ensure a
constant amount of transfected DNA, the parental vector of the expression plasmid missing
only the gene to be expressed was added in decreasing amounts. After cells were incubated
for 14-18 hours at 37 °C and 3% CO,, total RNA was isolated (3.2.24) and RT-PCR was
performed (3.2.25)

If the effect of siRNA knockdown on different minigenes was studied, siRNA was
transfected shortly after plating cells in a 24-well format (3.2.11.2). After 24-28 hours
incubation at 37 °C and 5% CO,, 250 ng minigene were transfected per well using the
calcium phosphate method (3.2.11.1). After incubation for 16 hours at 37 °C and 5% CO;,
total RNA was isolated (3.2.24) and RT-PCR performed (3.2.25).

The reverse primer used for RT was specific for the vector which carried the minigene

to avoid reverse transcription of endogenous RNA.

PCR was carried out in a Perkin Elmer GeneAmp PCR System 9700 thermocycler
using minigene specific primers, which amplified alternatively spliced minigene products. A

control reaction using RNA instead of DNA was included.

Optimised PCR conditions were used for each minigene:
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Tau minigene SMN2 minigene
94°C 2 min 94°C 4 min
94°C 1 min 30 94°C  20sec
60°C 1 min cveles 62 °C 20sec 25 cycles
72°C 48sec 7 72°C 20 sec
72°C 10 min 72°C 5 min
Tra minigene CD44v5 minigene
94 °C 2 min 94°C 5 min
94 °C 20 sec 94 °C 20 sec
65°C  20sec ﬁes 72°C  50sec  Socyeles
72°C  40sec Y 72°C 7 min
72°C 2 min
pXB (X16) minigene
94°C 5 min
94°C  50sec 20
55°C 50sec
72°C 1min
72°C 7 min

PCR reactions were resolved on a 2% agarose or 5% polyacrylamide gel. The image

was analysed with Image J software (http://rsb.info.nih.gov/ij/download.html).

3.2.27 UV-crosslinking and immunoprecipitation (CLIP)

UV-crosslinking and immunoprecipitation (CLIP) was done according to the protocol
published by the R. Darnell lab (Ule, Jensen et al., 2003; Ule, Jensen et al., 2005). HEK293
cells were grown in four 10 cm dishes for 2 days. 2 dishes were irradiated at 400 mJ/cm®
twice. Then lysis was performed in RIPA buffer (3.2.14) in absence of benzonase (400 ul per
dish). Cells were harvested and lysates from UV-treated cells and control were treated with
high concentrated (50ng) and low concentrated (1 ng) RNase, respectively. After
centrifuging, lysates were immunoprecipitated with 2 pl anti-hnRNP G, 900 ul RIPA rescue
including RNase inhibitor and 55 ul dynabeads over night. Dynabeads were prepared before
by washing once with 0.1 M Naz;PO,, pH 8.1 and twice with RIPA rescue buffer. The
following day, the beads were washed twice each with buffer A, buffer B and buffer C, then
CIP treatment and 3’ RNA linker (TraX3) ligation (over night at 16 °C) were performed on
the samples treated with low concentrated RNase. The following day, the beads were washed
3 times with buffer C and all samples were labelled with y-ATP by T4 polynucleotide kinase.
After washing the beads 4 times with buffer C, the samples were boiled for 10 min at 70 °C
and SDS-PAGE and Western Blot were performed. The membrane was rinsed with 1 x PBS

and exposed to X-ray film over night. The next day, 3 bands which ran above the normal size
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of hnRNP G were cut from the UV-treated and low RNase treated sample. To isolate and
purify the bound RNA, the membrane pieces were treated with Proteinase K and urea and
phenol-chloroform extraction was performed. Next, the 5> RNA-Linker (X6aR) was ligated to
the purified RNA over night at 16 °C. After DNase treatment and phenol-chloroform
extraction, the RNA was amplified by RT-PCR using specific oligos priming the linker
sequences. TOPO cloning was performed and DNA was sequenced (Agowa, Berlin) to find

the RNA binding targets.

3.2.28 Systematic evolution of ligands by exponential enrichment (SELEX)

For performing in vitro SELEX, an initial PCR was performed to amplify a DNA pool
using primers T7pro and RT. The PCR product was cut from an 8% polyacrylamide gel,
crashed and 600 ul extraction solution (4 ml ammoniumacetate, 0.8 ml EDTA 0.5 M, pH 8.3,
5.2 ml H,O) added. The mixture was incubated at 37 °C over night on a rotating wheel. After
spinning down at full speed for 5 min, the supernatant was taken to a fresh tube, mixed with
1 ml isopropanol and placed at -80 °C for 3 h. After centrifuging, the pellet was washed with
70% ethanol and dissolved in 10 ul H,O.

After performing in vitro transcription with 1 ug of the amplified DNA pool in a total
of 250 ul for 3 hours at 37 °C, DNAse treatment and phenol-chloroform extraction were
carried out and the transcribed RNA precipitated over night at -80 °C. The mixture was
centrifuged and washed with 70% ethanol and resuspended in 70 ul binding buffer (10 mM
Tris, pH 7.5, 100 mM KCl, 2.5 mM MgCl,, 0.1% TritonX-100, 0.1 mg/ml tRNA).

25 ul Ni-NTA agarose resin was washed in binding buffer without tRNA and the RNA
was pre-incubated with the resin for 15 min at 4 °C. The resin was removed, 20 ul purified
HIS-hnRNP G added and incubated at room temperature for 30 min. 25 ul resin, washed with
binding buffer, was added and incubated for 30 min at 4 °C. After washing the resin twice
with binding buffer, 50 ml 2x proteinase K buffer (200 mM Tris, pH 7.5 + 25 mM EDTA,
300 mM NaCl + 2% SDS) and 5 pg proteinase K were added and incubated at 37 °C for

30 min.

The RNA was isolated by phenol-chloroform extraction and ethanol precipitation

containing glycogen.

For performing reverse transcription reaction, the RNA was resuspended in 1x RT
buffer (10 pl first strand buffer, 4 ul RT primer, 5 ul 10 mM dNTPs, 31 ul H20), incubated
for 10 min at 65°C, spin down and put on ice for 2min. 0.5ul DTT (0.1M),
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1.0 pl RNase inhibitor and 2 ml Superscript II were added and incubated at 42 °C for 2 hours.
The reaction was heated for 15 min at 72 °C and PCR was performed using primers T7pro
and RT.

The amplified DNA pool was purified from an 8% polyacrylamide gel as described
above and another round of SELEX performed. After 5 rounds, the PCR products of the last

SELEX round were cloned into TOPO vector and sequenced.

3.2.29 Preparation of supraspliceosomes

Supraspliceosomes were prepared from HEK293 or Hela cells using a protocol
described previously (Spann, Feinerman et al., 1989; Sperling and Sperling, 1998). Briefly
nuclear supernatants enriched for supraspliceosomes were prepared from purified nuclei of
cells by micro-sonication of the nuclei and precipitation of the chromatin in the presence of
tRNA. The nuclear supernatants were fractionated in 10-45% glycerol gradients in 100 mM
NaCl, 10 mM Tris-HCI, pH 8.0, 2 mM MgCl, and 2 mM vanadyl ribonucleoside complex.
Centrifugations were carried out at 4 °C in a SW41 rotor run at 41,000 rpm for 90 min (or an

equivalent ®2t).

3.2.30 Array analysis

Array analysis was performed by Exonhit. 5 pg of total RNA was reverse transcribed
in 30 ul total reaction volume with 200 U SuperScript II (Invitrogen), 4 ug random primers
(Invitrogen) and dTTP and aminoallyl (aa)-dUTP at 250 uM final concentrations on 1 x first
strand buffer (Invitrogen) at 42 °C for 2 h. RNA strands were hydrolysed with 10 ul NaOH
(1 N) during 10 min at 65 °C. The reaction mixtures were neutralised with 10 u HCI (1 N).
The resulting aa-cDNAs were precipitated using 6 ul NaAc-3H,O (3M), pH 5.2, 132 ul
absolute ethanol, 0.5 ul glycogen and incubated over night at -20 °C. aa-cDNA pellets were
resuspended in 2.5 ul RNase free water and labelled with 5 ul sodium bicarbonate (0.1 M),
pH 9.0 and 2.5pul Cy3 or Cy5 (Amersham Biosciences) in DMSO. Each sample was
incubated in the dark for 1 h. The reactions were completed by adding 4.5 pl hydroxylamine
(4 M) and incubated for 15 min.

Labelled materials were purified using JetQuick PCR purification columns (Genomed)
following the manufacturer’s instructions and eluted twice with 50 ul RNase free water
preheated at 65 °C. The cDNA yields and dye incorporation was quantified by
spectrophotometry. Hybridisations were performed using 2.5 ug of Cy3 and Cy5 labelled
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targets (for 11K and 22K slides), respectively, along with 20 pg of herring sperm DNA

(Invitrogen).

3.2.31 Databases and computational tools

Database / URL Description Reference
Software

ASD http://www.ebi.ac.uk/asd/ alternative splicing database | Thanaraj, Stamm
et al., 2004,
Stamm,
Riethoven et al.,
2006

ClustalW http://www.ebi.ac.uk/clustalw/ | multiple sequence alignment | Thompson,

program for DNA or proteins | Higgins ef al.,
1994; Chenna,
Sugawara et al.,

2003
ESE http://rulai.cshl.edu/tools/ESE | finds putative binding Cartegni, Wang
regions for several splice et al., 2003
factors
Human BLAT | http://www.genome.ucsc.edu/ | sequence alignment tool Kent, 2002
Search cgi-bin/hgBlat similar to BLAST
NCBI BLAST http://www.ncbi.nlm.nih.gov/ | finds regions of sequence Altschul, Gish et
BLAST/ similarity al., 1990;
Altschul, Madden
etal, 1997
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4 RESULTS

4.1 Regulation of alternative splice site selection by RBM4 (LARK)

Lark is an RNA binding protein containing an RNA recognition motif (RRM) and is
required for embryonic development in Drosophila (Newby and Jackson, 1993). In the
sequence published for human Lark (Jackson, Banfi et al., 1997) a frame-shift error was
discovered, revealing that Lark and RBM4 are the same proteins (Markus and Morris, 2006),
a recently described novel splicing regulator. RBM4 shares a nuclear import pathway with SR
proteins, being delivered to the nucleus by transportin-SR2 (TRN-SR2), an importin B-like
nuclear transporter (Lai, Kuo ef al., 2003). RBM4 is able to modulate alternative 5’ splice
sites and exon selection on an adenovirus E1A reporter in vivo (Lai, Kuo et al., 2003) and was
shown to directly influence the expression of the skeletal muscle specific a-tropomyosin
isoform (Lin and Tarn, 2005). RBM4 contains two consensus RRMs and a retroviral zinc
finger (RTZF). In this way, it resembles the SR protein 9G8. Unlike SR proteins, it does not
contain an RS rich C-terminal domain, but several alanine stretches termed CAD (C-terminal
alanine-rich domain) (Lai, Kuo et al., 2003). Similar to RS domains, the RBM4 CAD region
is important for protein:protein interaction as well as for the splicing effect. Furthermore,
RBM4 was found to reside in speckles like many other splicing factors (Lai, Kuo et al., 2003;
Markus and Morris, 2006).

In yeast-two-hybrid screenings, it was found that RBM4 binds to the tumour
suppressor WT1(+KTS) (Wilms’ tumour 1) isoform, whereas the other major isoform

WTI1(-KTS) only showed a possible weak interaction (Markus, Heinrich et al., 2006).

WT1 is involved in multiple molecular processes and has been implicated in 10-15%
of Wilms’ tumours, a paediatric renal malignancy (Little and Wells, 1997) often seen with the
congenital abnormalities WAGR (Wilms’ tumour, aniridia, genitourinary abnormalities,
mental retardation), Denys-Drash and Frasier syndromes (Pelletier, Bruening et al., 1991;
Kohsaka, Tagawa et al., 1999; Guo, Menke et al., 2002). In normal development, WT1 has a
prominent role in the differentiation of the metanephric mesenchyme by mediating
mesenchyme-to-epithelial transition (reviewed in Hastie, 2001; Scharnhorst, Van Der Eb et
al., 2001). WTI also plays a role in early haematopoiesis, and WT1 expression is associated
with certain acute leukaemia, as well as prostate and breast cancers (reviewed in Yang, Han et

al., 2007).
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Alternative splicing, RNA editing and alternative translation initiation sites generate
up to 24 WT1 isoforms, which seem to have overlapping but also distinct functions during
embryonic development and maintenance of organ function. In particular, the insertion or
deletion at the end of exon 9 of only 9 nucleotides, which code for the three amino acids Lys—
Thr—=Ser (KTS), results in altered functions for the two isoforms (Hammes, Guo et al., 2001).
While WT1(-KTS) has strong DNA binding capacities and acts as a transcriptional regulator
(Scharnhorst, Van Der Eb er al., 2001), WT1(+KTS) has been found to be active post-
transcriptionally, having an ability to bind RNA (Caricasole, Duarte et al.,, 1996; Ladomery,
Sommerville et al., 2003) and be incorporated into spliceosomes (Davies, Calvio et al., 1998).
WTTI is also known to localise within the nucleus in speckles, defined compartments or in a

diffuse manner, depending on the protein isoform (Larsson, Charlieu et al., 1995).

To check the influence of RBM4 on splice site selection, an in vivo splicing assay was
performed. Several reporter minigenes were transfected into HEK293 cells along with

increasing amounts of RBM4 expression constructs (Figure 4-1 A).
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Figure 4-1: RBM4 influences alternative splice site selection in HEK293 cells ir vivo. A) Structures of
SMN2 and SRp20 minigenes. Indicated are alternative exon (grey), intron (horizontal line) and promoter
(arrow). Lines connecting the exons indicate the two splicing patterns, either including or omitting the alternative
exon. B) RBM4 wild type protein and C-terminus deleted mutant M1. RRMs (dark grey) and zinc finger (light
grey) are indicated. C) RBM4 promotes exon 7 inclusion on SMN2 and exon 4 exclusion on SRp20. An
increasing amount of GFP-RBM4 or RBM4-HA (0-3 pug) was cotransfected with 1 pg of the minigenes. Parental
vector was added to ensure that similar amounts of cDNAs were transfected. The ethidium bromide stained gels
are from representative experiments. D) and E) Splicing results of 4 independent experiments using GFP-RBM4,
HA-tagged RBM4 or mutant M1 with minigene SMN2 (C), as well as GFP-RBM4 with minigene SRp20 (D).
Error bars indicate +/- SE. All p values are from t-test versus O ug RBM4 plasmid.
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The mRNA isoforms were detected by RT-PCR using primers directed at sequences
located in the flanking constitutive exons. Figure 4-1 C shows results of representative
agarose gels for minigenes SMN2 and SRp20.

For SMN2, both GFP- and HA-tagged RBM4 expression clones promoted exon

inclusion in a concentration-dependent manner (Figure 4-1 D).

From a baseline of approximately 30%, such exon inclusion was elevated to 60%,
which is comparable to the effect of Tra2 betal or SRp30c on pre-mRNA from SMN2
(Hofmann, Lorson et al., 2000; Young, Didonato et al., 2002). A deletion mutant M1 lacking
the C-terminal region of RBM4 (Figure 4-1 B) was unable to alter splice site selection of
SMN?2, indicating that the carboxyl terminal region of RBM4 is important for regulation of
splice site selection (Figure 4-1 D). RBM4 had the opposite effect on minigene SRp20. It
stimulated the skipping of exon 4 (Figure 4-1 E).

A weaker effect was observed on Tra2-beta minigene, with a reduction in exon
inclusion from 30% down to 21% (Figure 4-2, left) as well as in CD44v5 minigene with an

increase from 10% up to 21% (Figure 4-2, right).
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Figure 4-2: RBM4 influences alternative splice site selection on Tra2-beta and CD44vS minigenes in vivo.
Panel A shows the structures of SMN2 and SRp20 minigenes. Indicated are: alternative exon (grey), intron
(horizontal line) and promoter (arrow). Lines connecting the exons indicate the two splicing patterns, either
including or omitting the alternative exon. Panel B shows that RBM4 promotes exon 2 exclusion on tra2-beta
and exon 5 inclusion on CD44vS5. An increasing amount of GFP-RBM4 (0-3 pg) was cotransfected with 1 ug of
the minigenes. Parental vector was added to ensure that similar amounts of cDNAs were transfected. The
ethidium bromide stained gels are from representative experiments. Panels C and D show splicing results of
3 independent experiments using GFP-RBM4 with minigenes tra2-beta (left) and CD44v5 (right). Error bars
indicate +/- SE. All p values are from t-test vs. 0 ug RBM4 plasmid.

61



RESULTS

These results accord with earlier findings (Lai, Kuo et al., 2003; Lin and Tarn, 2005)
that RBM4 modulates alternative 5’ splice site selection and is able to promote or prevent
exon inclusion, depending on the minigenes or pre-mRNA used.

Next, the functional significance of the binding of RBM4 to WT1 was examined by
testing the ability of WT1 to modulate the influence of RBM4 on splice site selection. An
increasing amount of RBM4 (0, 1, 2, 3 ug) was cotransfected into HEK293 cells with a
constant amount of WT1(+KTS) expression construct. As shown in Figure 4-3, WTI1(+KTS)
abolished the influence of RBM4 on splice site selection of SMN2 pre-mRNA (Figure
4-3 A+C) and CD44v5 pre-mRNA (Figure 4-3 H) and significantly reduced the effect on
SRp20 (Figure 4-3 D). This was probably caused by sequestration of RBM4 by WT1(+KTS)
and demonstrates that the interaction between RBM4 and WT1 occurs in vivo. A WT1(-KTS)
plasmid, where nine nucleotides at the end of exon 9 were deleted, was not, however able to
inhibit the RBM4 splicing effect (Figure 4-3 B), indicating that the KTS coding exon is
necessary for the effect of WT1 on RBM4.

A

oN

z
B +1ug WT1( +KTS) H RBM4-GFP_—

@ 1 WT1

e o e | mua
TP e — — — 5
c F g il s ey
- I i - —
g- S _——
z = 5 0.
5 5 = w/o WT1
8 g4 E+1ug WT1 g 004
2 Q 20 -
2 - |
IS =20
o
o 5 0.13 029
2 2 ]
b 0.27

1 2 3
1g RBM4 plasmid

0o 1 2 3
ug WT1+KTS plasmid

[
o

@ wio WT1
O+1 ug WT1

% exon inclusion on CD44v5

o

].

o
o
o

0o 1 2 3
pg RBM4-GFP

o
Q
5]

06 %
all 2,
inmd -,
0 1 2 3 0 2 3

ng RBM4 plasmid ug WT1 +KTS plasmid
Figure 4-3: WT1 antagonises the RBM4 splicing effect in HEK293 cells. Panels A and C show that
WTI1(+KTS) antagonises the effect of RBM4 on SMN2, panel H shows that it antagonises the effect of RBM4
on CD44v5. One microgram of WT1(+KTS)-myc was cotransfected with an increasing amount of GFP-RBM4
and SMN2 or CD44v5 minigenes as indicated and compared with transfections without WT1 (‘w/o WT1’).
Panel C and panel H (bottom) show results from 3 independent experiments. Panel B shows that WT1(-KTS) is
not able to inhibit the RBM4 splicing effect. Panel D shows that WT1(+KTS) suppresses the RBM4 splicing
effect on SRp20 (n =3 independent experiments). WT1 alone does not influence the splicing patterns of SMN2
and SRp20 minigenes (E-G).
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To exclude the possibility that WT1 has an effect on splice site selection of the tested
minigenes independently of RBM4, WT1(+KTS) plasmid alone was transfected and the effect
in exon inclusion measured. It was found that WT1(+KTS) had no significant effect on splice
site selection with SMN2 or SRp20 (Figure 4-3 E-G), suggesting that the inhibitory effect it
has on splice site changes by RBM4 is mediated through its interaction with RBM4.

Together, these results show that RBM4 is able to change splice site selection, which
can be influenced by protein:protein interaction with WT1. A possibility is that RBM4 is

sequestered to the splice sites by interacting with WTI.
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4.2 Regulation of alternative splice site selection by reversible
phosphorylation

Reversible protein phosphorylation is a main regulatory mechanism of intracellular
signal transduction. A number of kinases and phosphatases participate in several different
transduction pathways. Protein phosphatase 1 (PP1), protein phosphatase 2A (PP2A), 2B
(PP2B - calcineurin) and 2C (PP2C) are four major serine/threonine phosphatases, mediating
signaling cascades in eukaryotes. Earlier investigations showed that PP1 is involved in the
organisation of pre-mRNA splicing factors in the mammalian cell nucleus (Misteli and
Spector, 1996). PP1 (Mermoud, Cohen et al., 1992) and PP2C (Murray, Kobayashi et al.,
1999; Allemand, Hastings et al., 2007) were found to associate with complexes formed on
pre-mRNA and can be identified in the B complex (Deckert, Hartmuth et al., 2006). Recently,
it was demonstrated that PP1 or PP2A mediated dephosphorylation of U2 and U5 snRNP
components facilitates the structural rearrangements that are necessary for the transition from
the first to the second step of splicing (Shi, Reddy er al, 2006). Reversible protein
phosphorylation differently regulates the subcellular localisation and activity of shuttling SR
proteins (Sanford, Ellis et al., 2005b). Dephosphorylation of the RS domain of SR proteins
participates in a sorting mechanism for mRNP transition from splicing to export (Lin, Xiao et
al., 2005).

Human transformer Tra2-betal is an SR-related protein, which could be detected in all
metazoans except plants. Our group demonstrated that protein phosphatase 1 (PP1) binds to
Tra2-betal via a phylogenetically conserved RVDF sequence located downstream of the
alpha2 helix in the beta4 strand of the RNA recognition motif (RRM) of Tra2-betal and
dephosphorylates it. The PP1 binding motif is also present in RRMs of other SR proteins
(Novoyatleva, Heinrich et al., in press). The RVxXF motif was previously shown to be a PP1
binding motif and is present in most PP1 binding partners. This docking motif interacts with a
hydrophobic channel of PP1 that is remote from the catalytic site (Egloff, Johnson et al,
1997; Bollen, 2001). As in other PPl interactors, the RVDF motif of Tra2-betal is
N-terminally flanked by basic residues that promote the initial binding to PP1 (Meiselbach,
Sticht et al.,, 2006). The RVDF motif is fully conserved in all Tra2-betal sequences from
vertebrates, except some fish species, and non-vertebrate species, where it is changed to

RVDY.
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4.2.1 Tra2-betal and Tra2-betal-RATA both bind to RNA

It was found that PP1 can dephosphorylate Tra2-betal in vivo and in vitro, but not the
Tra2-betal mutant Tra2-betal-RATA. In this mutant, the RVDF motif was exchanged to
RATA, which is known to destroy or severely weaken the ability of PP1 to bind this protein
sequence (Wakula, Beullens et al., 2003).

To test whether mutating the RVDF motif into RATA disrupts the RRM, gel
retardation assays were performed using recombinant proteins and a purine rich synthetic
RNA (GGGCGGGACAGACGCGAGCC). As shown in Figure 4-4, both proteins bound to
the RNA, demonstrating that the mutation did not disrupt the overall structure of the RRM.
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Figure 4-4: Tra2-betal and Tra2-betal-RATA bind to RNA. Gel retardation assay, lpg of nuclear extract
(NE), recombinant Tra2-betal and Tra2-betal-RATA were incubated with a purine-rich RNA probe and
analysed by native gel electrophoresis. The pointed arrow indicates the RN A:protein complexes, the round arrow
the free probe.

4.2.2 Phosphorylation dependent binding of Tra2-betal and SF2/ASF

Tra2-betal is known to form homodimers and can also heterodimerise with other SR
proteins, such as SF2/ASF (Beil, Screaton et al., 1997; Nayler, Cap et al., 1998). Our group
found that PP1 influences the dimerisation. It was shown that in contrast to wild type
Tra2-betal, the Tra2-betal-RATA mutant no longer homomultimerises with endogenous
Tra2-betal. In addition, it was shown that Tra2-betal and PP1 partially colocalise in cells,
although both proteins have a dynamic localisation. This colocalisation was found to depend
on the presence of the PP1 binding motif (Novoyatleva, Heinrich ef al., in press).

Next, we determined whether the known interaction between Tra2-betal and SF2/ASF
(Nayler, Cap et al., 1998) is dependent on the PP1 binding site of Tra2-betal in vitro and in

vivo.
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4.2.2.1 Phosphorylation dependent in vivo binding of Tra2-betal with other proteins

The Tra2-betal protein consists of two RS domains (RS1 and RS2), which are
flanking the RRM. It was shown previously that the serine residues in these RS domains
could be phosphorylated (Cao, Jamison et al., 1997; Xiao and Manley, 1998). To have a tool
for studying the influence of phosphorylation of Tra2-betal, all the serine residues in this RS
domain were mutated either to alanine residues (Tra2-betal-RSA) or to glutamic acid residues
(Tra2-betal-RSE). The phosphorylation of serine residues can be abolished by their mutation
to alanines, while mutation to glutamic acid residues mimics a phosphorylation state.

EGFP tagged wild type Tra2-betal, Tra2-betal-RATA, Tra2-betal-RSA and
Tra2-betal-RSE mutants were immunoprecipitated with anti-GFP and the presence of
endogenous SF2/ASF in the precipitates was detected by Western Blot. The
immunoprecipitations were performed in the presence of benzonase to omit RNA-mediated

interactions.

As shown in Figure 4-5 (top row), no multimerisation between SF2/ASF and
Tra2-betal-RATA could be observed. For both Tra2-betal mutants RSA and RSE splicing
factor SF2/ASF could be detected in the precipitates. For the non-phosphorylated mutant
Tra2-betal-RSA even a stronger band is visible than for the phosphorylated form

Tra2-betal-RSE, which indicates a possible stronger interaction.

It is known that SF2/ASF acts antagonistically to hnRNP A1l to regulate alternative splicing.
Increased concentrations of SF2/ASF select proximal 5’ splice sites, while high hnRNP A1l
levels promote distal 5’ splice site selection (Mayeda and Krainer, 1992; Caceres, Stamm et
al., 1994). Therefore, a specific antibody was used to detect hnRNP Al in the
immunoprecipitates. For Tra2-betal-RATA, where no SF2/ASF was found, hnRNP A1 could
be detected and for the Tra2-betal-RSA mutant, where a strong SF2/ASF band was detected,
only a very weak band for hnRNP A1 was visible (Figure 4-5, bottom row). This shows that
in the interaction with Tra2-betal hnRNP A1l depends more on a phsophorylated state of
Tra2-betal than SF2/ASF.
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Figure 4-5: PP1 dependent heteromultimerisation of Tra2-betal. EGFP tagged wild type Tra2-betal and
EGFP tagged Tra2-betal-RATA was expressed in HEK293 cells. Protein complexes were recovered by
immunoprecipitation with anti-GFP antisera. Top row: endogenous SF2/ASF was identified with anti-SF2/ASF;
middle row: reblot with a pan-Tra2-betal antiserum, PP1 dependent homomultimerisation of Tra2-betal with
endogenous Tra2-betal is visible. Bottom row: reblot with anti-hnRNP A1l to identify endogenous hnRNP Al.
Pointed arrow: endogenous SF2/ASF; black round arrow: EGFP tagged Tra2-betal; white round arrow:
endogenous Tra2-betal; square arrow: endogenous hnRNP Al.

4.2.2.2 Phosphorylation dependent in vitro binding of Tra2-betal and SF2/ASF

The phosphorylation dependency of the binding between SF2/ASF and Tra2-betal
was analysed using recombinant proteins. Baculovirus generated (section 3.2.18) His tagged
Tra2-betal was immobilised on Ni-NTA agarose and phosphorylated in vitro by incubation
with nuclear extract and ATP. The nuclear extract contains Clk/Sty kinases that phosphorylate
SR proteins (Nayler, Stamm et al., 1997). After removing the nuclear extract and performing
stringent wash steps, the phosphorylated Tra2-betal was incubated with PP1 from rabbit
skeletal muscle. The activity of PP1 was blocked by tautomycin, a cell permeable phosphatase
inhibitor that blocks PP1 about four times more potently than protein phosphatase PP2A and
other phosphatases. This affinity matrix was then used to determine binding of bacterially
expressed GST-SF2/ASF. As shown in Figure 4-6 A, the dephosphorylated Tra2-betal
protein exhibited a higher affinity towards SF2/ASF. This reflects the in vivo situation where
Tra2-betal wild type binds to SF2/ASF and Tra2-betal, whereas the Tra2-betal-RATA
mutant shows no interaction (4.2.2.1). After tautomycin treatment, Tra2-betal had a lower

affinity to SF2/ASF similarly to unphosphorylated Tra2-betal.
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Figure 4-6: Phosphorylation dependent interaction between recombinant Tra2-betal and SF2/ASF.
A) HIS-Tra2-betal was immobilised on Ni-NTA agarose and the binding of recombinant GST-SF2/ASF was
determined without or after PP1 treatment or after PP1 and tautomycin treatment, as indicated on top. “washed
after PP1” indicates that prior to loading SF2/ASF, the Tra2-betal affinity matrix was washed and no PP1 could
be detected. The upper row shows that equal amount of HI S-Tra2-betal were present on the matrix. B) Control
that GST alone does not bind to HIS-Tra2-betal on the affinity matrix. HIS-Tra2-betal was bound to
Ni-NTA agarose and incubated with GST and PP1 as indicated. (Load: Tra2-betal, SF2/ASF, PP1, loaded on
column; Sup.: Supernatant).

Residual PP1 binding was not observed prior to loading SF2/ASF to the Tra2-betal
affinity matrix, indicating that the effect is phosphorylation mediated and does not reflect a
tethering activity of PP1 (Figure 4-6 A, bottom row). Furthermore, we did not observe
binding of GST to Tra2-betal bound to the matrix under any experimental conditions (Figure
4-6 B).

The data from chapter 4.2.2 indicate that the dephosphorylation of Tra2-betal by PP1
promotes the multimerisation between Tra2-betal and SF2/ASF, while the interaction with

hnRNP A1 is abolished.

4.2.3 PP1 regulates the usage of alternative exons

Tra2-betal regulates alternative exons by binding to a characteristic, degenerate, but
purine rich sequence that acts as an exonic enhancer (Tacke, Tohyama et al., 1998; Stoilov,
Daoud et al.,, 2004). Therefore, we next studied whether PP1 could regulate such exons.
Experimentally, it was shown that in a concentration dependent manner Tra2-betal promotes
inclusion of its own exon 2, tau exon 10 and SMN2 exon 7 (Stoilov, Daoud et al., 2004).
Since the molecular interactions of Tra2-betal were influenced by PP1-mediated

dephosphorylation, these exons were tested for their dependency on PP1 activity. Established
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minigene systems were employed, where each alternative exon is flanked by its constitutive
exons in a reporter gene construct. This reporter construct is cotransfected with expression
vectors for trans-acting factors and their influence on alternative splicing is determined by
RT-PCR (Stoss, Stoilov et al., 1999). NIPP1 (nuclear inhibitor of protein phosphatase 1), is a
specific inhibitor of PP1 (Beullens and Bollen, 2002). Therefore, reporter minigenes
containing Tra2-betal dependent alternative exons were cotransfected together with either
PPlcgamma or NIPP1 expression clones into HEK293 cells, which increased or decreased
cellular PP1 activity (Beullens and Bollen, 2002). The influence of PP1 activity on alternative
splicing was determined by RT-PCR (Stoss, Stoilov et al., 1999). An increase of PPl
expression promoted the exclusion of Tra2-betal dependent exons. In contrast, the inhibition
of nuclear PP1 by the expression of NIPP1 promoted Tra2-betal dependent exon inclusion
(Novoyatleva, Heinrich et al., in press). To further rule out non-specific effects, we decreased
the concentration of PP1 by performing RNA interference (section 3.2.11.2). The amount of
the three endogenous PP1 isoforms, PPlalpha, PPlbeta and PP1gamma was reduced by
cotransfecting three pairs of siRNA with the reporter minigenes. As shown in Figure 4-7 A-C,
decreasing the PP1 concentration with siRNA promoted inclusion of the Tra2-betal
dependent exons, an effect similar to blocking PP1 activity with NIPP1, whereas control
siRNA had no influence on splice site selection. The effect on splice site selection was

proportional to the decrease of PP1 that was detected by Western Blot (Figure 4-7 D).
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Figure 4-7: PP1 regulation of alternative exon usage. A-C) The expression of PPl was reduced by
cotransfecting siRNA against all PP1 isoforms with the reporter minigenes. 293: cells were treated only with the
transfection reagent; NC: non-specific siRNA; PP1: siRNA against all three PP1 isoforms. A: Tra2-beta, exon 2;
B: tau, exon 10; C: SMN2, exon 7; stars indicate p-values from student’s test, when non-specific siRNA was
transfected (lane 2) and siRNA for PP1 transfected cells (lane 3) were compared (Tra2-beta: p =0.00015;
SMNZ2: p = 0.002; tau: p = 0.0006). D) Western Blot showing the decrease of PP1, using specific primers.
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4.2.4 PP1 mediated alternative splice site selection of Tra2-betal dependent
exons

To test whether blocking PP1 activity has an effect on splice site selection of
endogenous genes we constructed an alternative exon specific oligonucleotide array that
contained all known alternative splice variants from splicing factors, as well as some well
studied model systems. The experiment was performed in collaboration with ExonHit
Therapeutics, Paris. For hybridisation, total RNA from untreated HEK293 cells, HEK293
cells transfected with expression constructs for Tra2-betal, NIPP1 as well as cells treated with
40 nM tautomycin were used. RNA was obtained 18 hours after transfection. The alternative
splicing events were detected by a combination of exon junction and exon body probes, as
previously described (Fehlbaum, Guihal et al., 2005). Dye swap experiments showed strong
probe variation (correlation coefficient: 0.75 and 0.59, Figure 4-8). Therefore, the array was

used as an exploration tool and findings verified by RT-PCR (4.2.4.1).
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Figure 4-8: Dye swap analysis of the array experiments. A) Dye swap of an experiment comparing HEK293
cells with cells overexpressing Tra2-betal. The log[fold change Cy3] is compared with log[fold change Cy5] in
a scatter plot. B) Dye swap of an experiment comparing HEK293 cells with cells overexpressing NIPP1.

The fold changes in the array analysis indicated that 65 out of a total of 942 alternative

splicing events were strongly influenced by Tra2-betal concentration.
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4.2.4.1 Validation of oligonucleotide array results by RT-PCR

17 of the 65 events were chosen for subsequent validation of the array data by
RT-PCR (see summarised in Table 4-1). These genes and their corresponding exons together
with their potential function are also indicated in Table 4-3, p. 75-76.

From these 17 events, 15 were confirmed for their dependency on Tra2-betal by
RT-PCR using primers in the flanking exons. The two events which could not be confirmed

are marked in grey in Table 4-1.

Gene name | Exon ID Splicing event Reference Variant
Clk4 208.3.3 Intron retention NM_020666 | BC063116
CPSF6 148.1.1 Novel exon NM_007007 | AL557975
DDX23 91.1.1 Intron retention NM_004818 | BU174750
elF2B 14.1.1 Exon skipping NM_001414 | AA923281
Fe65 909.039.002 | Exon skipping NM_001164 | BX420711.1
FUS 93.1.1 Exon skipping NM_004960 | AJ549096
Fyn 907.002.002 | Novel exon NM_002037 | NM_153047.1
hnRNP M 114.1.1 Exon skipping NM_005968 | AL516884
MTMRI11 137.1.1 Novel exon NM_006697 | BI833138
NOLSA 127.3.1 Novel exon NM_006392 | BE253695
PPIE 117.8.1 Exon skipping NM_006112 | BI821836
PPIL3 236.10.1 Alternative splice acceptor | NM_032472 | BU195819
SFRS4 104.9.3 Novel exon NM_005626 | BX447499
SFRS5 144.1.1 Alternative splice donor NM_006925 | BC018823
SFRS14 179.1.1 Exon skipping NM_014884 | AI089022
SRRM1 110.3.1 Novel exon NM_005839 | BE931442
WTI 222.2.1 Exon skipping NM_024426 | AK093168

Table 4-1: Validated alternative exons and their splicing events. Exon ID indicates the number of the exon in
the splice array; reference and variant indicate the number of the corresponding sequences from
Entrez Nucleotide (http://www.ncbi.nlm.nih.gov).

With the exception of alternative exons in CPSF6, MTRM11, PPIE and PPIL3,
Tra2-betal promotes exon inclusion for most of the tested genes (Figure 4-9 and Figure 4-10,
middle lane), supporting earlier findings that the protein acts as a general activator of exons
(Tacke, Tohyama et al., 1998; Stoilov, Daoud et al., 2004).

Next, overexpression of Tra2-betal was compared with the inhibition of PP1 by its
specific inhibitor tautomycin in HEK293 cells. HEK293 cells were treated with 40 nM of
tautomycin before isolation of total RNA 18 hours later. In most cases (10 from 15, Figure
4-9), blocking PP1 activity with tautomycin and increasing Tra2-betal concentration showed
a similar effect on alternative splice site selection. Only for CPSF6, MTMRI11, PPIE, PPIL3
and SRRM1 blocking PP1 activity with tautomycin had an opposite effect (Figure 4-9).
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Figure 4-9: Tautomycin treatment changes usage of Tra2-betal dependent exons. RNA from untreated
HEK?293 cells, 293 cells overexpressing EGFP-Tra2-betal or 293 cells treated with 40 nM tautomycin was
amplified by RT-PCR using specific primers. Ctrl: untreated HEK293 cells.

Next, the overexpression of Tra2-betal was compared with inhibition of PP1 by
NIPP1 overexpression in HEK293 cells. For most cases for which the array data could be
confirmed by RT-PCR, we found that blocking PP1 activity by NIPP1 also has a similar
effect on alternative splice site selection as increasing the Tra2-betal concentration (Figure
4-10). In some cases (Clk4, DDX23, FUS), NIPP1 overexpression had a stronger effect on
exon inclusion than Tra2-betal overexpression. Interestingly, likewise to PP1 inhibition by
tautomycin, PP1 inhibition with NIPP1 showed an opposite effect than Tra2-betal for
MTMRI11, PPIE and PPIL3, but not for CPSF6 and SRRM1.
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Figure 4-10: NIPP1 overexpression changes the usage of Tra2-betal dependent exons. RNA from untreated
HEK?293 cells, 293 cells overexpressing EGFP-Tra2-betal or EGFP-NIPP1 was amplified by RT-PCR using
specific primers. Ctrl: untransfected HEK293 cells.

These data show that many, but not all Tra2-betal dependent exons are influenced by
PP1 mediated dephosphorylation of Tra2-betal.
To further rule out effects from overexpression, we removed all three PP1 isoforms by

siRNA and amplified the RNA with specific primers of some the Tra2-betal dependent
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exons. As shown in Figure 4-11, siRNA treatment had an effect similar to NIPP1

overexpression, demonstrating that the effect on splice site selection is mediated by PP1.
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Figure 4-11: PP1 siRNA treatment changes the usage of Tra2-betal dependent exons. HEK 293 cells were
treated with mock siRNA (siRNA NC) or a mixture of siRNAs against all PP1 isoforms (siRNA PP1). RNA
from these cells was amplified by RT-PCR using specific primers. Ctrl: untreated HEK293 cells.

Together these data indicate that PP1 activity, specifically regulated by NIPP1, can

influence alternative splice site selection.

4.2.5 Chip gene analysis with forskolin treatment

In neurons the predominant inhibitor of PP1 is DARPP32 (Dopamine and cAMP-
regulated phosphoprotein), which binds to and inhibits PP1 after phosphorylation at
threonine 34. T34 is phosphorylated by protein kinase A (PKA) (Kwon, Huang et al., 1997).

Forskolin increases the cAMP level and activates PKA, which then leads via
DARPP32 to PP1 inhibition. Thus forskolin indirectly acts in the same way as NIPP1 and

tautomycin.

Therefore, we investigated the effect of forskolin treatment on Tra2-betal dependent
exons. We expected a similar effect as inhibition of PP1 with NIPP1 and tautomycin or PP1
removal by siRNA. RNA was isolated from HEK293 cells after 5 nM and 10 nM forskolin
treatment and RT-PCR was performed with specific primers. As shown in Figure 4-12, most
of the exons show the same effect as for PP1 inhibition or removal. With 10 nM forskolin the
effect is stronger in several cases than with 5 nM. Interestingly, for Fe65, PPIL3 and WTI,
forskolin treatment did not show the same effect. While PPIL3 and WT1 showed no effect,
Fe65 showed exon skipping, which is the opposite effect.
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Figure 4-12: Forskolin treatment changes usage of Tra2-betal dependent exons. RNA from untreated
HEK?293 cells and HEK?293 cells treated with 5 nM or 10 nM forskolin was amplified by RT-PCR using specific

primers. Ctrl: untreated HEK293 cells.

These data show that PKA mediated PP1 inhibition reached by forskolin has the same

effect on most of the Tra2-betal dependent exons as direct inhibition by PP1 inhibitors or PP1

removal by siRNA. Together this shows that PP1 activity can influence alternative splice site

selection and is regulated by cAMP levels.

Table 4-2 shows a summary of all changes observed with Tra2-betal and NIPP1

overexpression as well as tautomycin and forskolin treatment.

Gene name | Exon ID Tra2-betal | Tautomycin | NIPP1 Forskolin
Clk4 208.3.3 increase increase increase increase
CPSF6 148.1.1 skipping increase skipping skipping
DDX?23 91.1.1 increase increase increase increase
Fe65 909.039.002 | increase increase increase skipping
FUS 93.1.1 increase increase increase increase
Fyn 907.002.002 | increase increase increase increase
hnRNP M 114.1.1 increase increase increase increase
MTMRI11 137.1.1 skipping no change no change no change
NOLSA 127.3.1 increase increase increase increase
PPIE 117.8.1 skipping skipping increase ND

PPIL3 236.10.1 skipping no change increase no change
SFRS4 104.9.3 increase increase increase increase
SFRS14 179.1.1 increase increase increase increase
SRRM1 110.3.1 increase skipping increase ND

WTI1 222.2.1 increase increase increase no change

Table

forskolin. ND: not determined.

74

4-2: Changes of usage of Tra2-betal dependent exons by Tra2-betal, tautomycin, NIPP1 and



RESULTS

*o5ed jxou panunuo)) ‘ejep ABIIBOIDIW Y} JO UOHEPI[BA 10§ UISOYD SDUINDIS UOXI 1Y) pue SIUIT) :€-p QR

YODD0D0DIDOVYIVIOVYVYODDIVYY

N urjoxdos[onuoqrx
Iea[onu snooua3oraay sudldes owoy

VADINOND | 5951v099v¥vY1¥YDI00¥OIYYOIDIYOLLIYOIOVYODD _ o
9IS UONRIAOISLIAW-N | TOMNTHNYATJOO9ADTONOIOOTOH | 9vH9v00voovLIong0IvoD9LIvIo0I09LI0099 170 896S00 NN I'TvIl N ANIJUWY
I1109919IOVYOIIDILIIOIODDOVILODOLD SHA ¥Hd
- OYYOVYOYOOIOIDIOIIOIIIDDIOOYIDIIOVYOOOLL ¢
ous UONEIASOA[S-N | A=Y 20000 TIIETOTSHIYATMY DOIVOYYYIOOOIIVODIOLIOVYYOYIIIOVIOLIOVOD s Alz PAIE[21 2UA300UO N A SuIdes OWOH
1S UONR[AOISLAW-N | qMYI9SIOdIOSSYIALTINADTOAYY | LvooLIvoIolovYLIovYLLIIOIOLLIO9IYOLOOVYY LE€0C00 NN 200°C00°L06 NAA

IS
uone[Aioydsoyd [] oseury urase)

IS
uone[Aioydsoyd D aseury urajoig
Jjysowey o3 spe9 Surddrys uoxg

AMAIVVYIVSdddddsA
IVADNTIDLHIALATININIOD IMMNL

IVDLIIODL
OVDLIVYLIOOVIOVYVYVYILIODVYIOLIDOVIODIOVYDIVOLLLILIOLD
LODOVYVYODOVDVYODDVYDILODVVYIDDLIOVYVYDODVYIVOVD
YOVIDILIIVVYIIVOIVYODDDVIOVODDIOVVYVVYDVVYIOVVYVYOVY

(ewooresodi] yueudewr
ur (9[¢Z1)3 Ul paAjoaur) uoisny suardes owoy

09600 AN I'T°e6 Snd

IS
uone[Aioydsoyd [] oseury urase)

HOMODSIWAAHTNNYHASTOUYIDNN
AVASSEIDAVTHAHIHIINIAMD TSEAVYAD

YVYODODOOLODDDODLILOIYIIDDIOVYDIYD
[SARSIO) A 40) A 'A A A £0) 4OIOL AMRONROARSIS) JONNIIGIONA JOIONMA A 40)
YYOLOVIODOLOILOVIOVYODIVDDILODDIDDDILODOVODOVYODY
DDODVOILVYOVOVIDODILIDOVIODDLODIODILDDIODIOLILIOL

(199dV) [ Joquow ‘g Ajrurey “Surpuiq-urajord
Josinodaxd (V) 1oq projAwre suaides owoy

91100 AN ¢00°6£0°606 €934

OVVYILL
DVYVYIVDVYODIIODOVYOVVYIOVOOVVYVYIOVOOLILIOLODDDD

@9¢ ‘eydie 1 jungns ‘gg 101oe]
uonenIul Uone[sues) onoAieyns susrdes owoy

s MINAIAAOONTAATIA | 157 115vv01110VYYOVODLIOOLIOLYIOLLLOOVYYIV -
uone[Aioydsoyd D aseury u)old | AMASTVAAXADINOVIVOAVHONIOT | wovovoowvyoooIoiololoosrvoviovyoovyoorry | VIPI00 AN I'Tvl 1dcd1d
DYIH991000 ¢z opndadAod
I9IDI19I9III09IOIVOIIOVYYOLIO099DIIVYOVOL PTV-TTO -
s AMADANIDWTHASYMNAD | 51y0915101¥9 19110099 LIVIIOVLIIIIOVOLYYY xoq am< elv-nio-dsy) Qveq suatdes owoy
uone[Aioydsoyd [ oseUD UIASRD) | YSTATVIASAIWMIHS TISSAVIVOA | W¥ovovonolololo¥oLlol¥o0l99LL0099¢9910 818700 NN I'T'16 £exXaa
YOO I0000009DIVIOVOLIOD
99VIVOIVIVIOVIDLIOYIIDDDIVIVIDIVOVOVYIOY
DO¥DD199YDIIOVIVOVILYIVIOIDIYIODIIVOVYLID
YYOOVOOIDOIIIOLIIIOOVOIIVYOIOLYIDDDLIDTVID
5ddOXAONALg | 2OO¥O2009199¥I0I00¥OOYIDIOILIOIYIDIOLIOL
00ID9VIOVOVIIOODOVIO999IIOVIOIODIIIVIILD
ddd9Add1dddOdSAS LANDSNLAAd | 51595v0511.1000099¥00100¥00L00¥IIVOOOVIVYD
AAVANAHAVAdAVOdddDdTHAAAYT | ¥00I00¥D0¥I00991001000000990¥II99VIILIOY
1TddOTIOddNddadodddddonddd | 00100¥00I00099100I00LIIOYIIIODDLIIYOIIIIDY
9[1joid uoI3a1 YoLI-aur[oId 099OIIIIOOVYOYOOIOOIIIIIOLIOVOOYOOYOOLIOD B[R9 ‘9 J03oe] o1j10ads

Qouanbas juowyoene [[9D
9IS UOIB[AOISLIAW-N

dd9dddoAodAddddDHddTdDTdd0D
Ad09dATAdAdIIADINIIDVTAIAT
ADDAdddHAdDHAdDAIDTITIAILI0D

ODDLVYDVYDOVYDILVVYIDDLOODDDLODVIIOLODOILODIDODD
LOILODOVYIIOOLODLIOOVYIDLIDIOOVYIIVIDLODLIIOVD
D0DDVYIOIILOILOOVYILIIDOVIIOLDIOVIIOVIOIDLOVOVIOVDD

uoneAuapeAjod pue a3eAea[o suardes owoy
L00LOO AN 'T'8¥1 94SdD

dIAN :uopo) doig

x»dvYd

LYOVYVYOOVDVYVYILOLIDOVOVYDD
IOYVYVYOLDIOLYDILOOVOLODDVOOVYDIVDIVYODVYOVIVL
DVYDDVYDIILVOVYVYVYODVYYODIOVOIDVYDVYVYOVYIDLLODDDL
LOYDO0DLOOLODLIOIVYOOVYDDIOODLIVOLIVIVIVOL
OLOVOLLVVYDLOOODOLOLIVIODDLIVYYDILVYYODLODDDDD

¥ oseuny aI-DD suatdes owoy

999070 NN ££80¢C YLD

uonouny [enuog

uRjoIJ

duanbas uoxy

UIN)

75



RESULTS

‘BJep ARLIBOIDIW 3Y) JO UOTIBPI[EA 0] UISOYD SIUINDIS UOX? I19Y) pue SIUIL) :(*JU0D) ¢-p Qe

IS
uone[Aioydsoyd O aseury urajoig

OYYODV¥DVYIDD

[ Jnowny swipy suaides owoy

s uone[LoIsAw-N NSOOAIMMASSSSOVVA | 9YYOVIVIOIVYYOIOVIIOOVIDIOOVOODIIDIIDLILD 9TYZ0 AN 1'ceee IILM
dIAN ‘uopod doig 1 x1ew aAnnadar suruidre/QuLas suaides owoy
oy I oAn I L I
9IS uonepruy *MIAISOMIMOWONW | 199110¥D19¥0090IVY099IY00ovYyooo1vovonly | 6£8S00 AN I'¢ort TINIAIS
1 you
1S 9YI¥YYOYYID999IDYYIVIVOVOVIOIVIVODIYIIYD _uLasAuruise ‘ro1oer Sumnids suardes owo

" ANVEIMHEANOWNY | 5y5y5y9001 1919190 LIYOYOYOY YOV YYOYOOYDOY HOS/OUT ! w .. d . H

uone[Aioydsoyd [] oseuny UIdse)) | HIIAQILATIHADOAYOTOTDTSALD | 99999¥5 1091999 LIO9OVEO099TEON0LOIDIOVEDD 788710 AN I'T°6LT PISEAS
dIAN ‘uopod dois
IS

uone[Aioydsoyd [] oseury urase) DY9OIIVOL G you

I1OYODOOYOIYYIOLOIDDIVOOYIODOIILOIOLIDIOD _ ‘
NS ¥ SHANSYWIITSTID | 595559909v91901¥OYO1090099L¥OLIOLLIODIYOD oﬁioml\oEEmbN pogoﬁ. w.n_o:mm suaides owoH
uone[Aioydsoyd D aseuny ur1old | qIFIASYOHTTISOTTISVITLIMADA | 1¥99910LI009VYI999Y9L LIV LI99LOYD 199V LD $T6900 NN I'I'vvl CSYUAS
d OVVVYOVOOVILLL
AN ‘uopod dol§ OYOVODDIDILYODVYYYOVYYOVIVOVODIOIVOLOLOYD 1 oLl
QIS OVYOILODOILIOOIVOILOOLODIVYOVYIOLOVYYYOVVYYVYOLOL IOHHEOW\DH\:H:WHN ﬁ.HOHO.N% WﬁﬁO:Qm mﬂ@:ﬁﬁm OEOE
< : I¥OV00YOL099IVYDIDIOLYYOIOVOIVYYYOOVYOVL comTe R :
uonelLroydsoyd [y dseury urese) DO TAIIATIOHSITITSL | I10I119901I99¥OVOOIVOOOVIOVOIO0IVYI0001vow | 979500 AN €601 (SLAIS)FSYAS
¢ 1-(urprydo[oKo)
¥ODDDLODDYDLODDIDLIDLOVYID aserawosT [AjoxdjApndad suardes ouwro

dTSTOAADY | yy511999100109990L00¥YIDLO¥OLIDOIIOLYOID _ AL ] ! .ﬁ.a : H

umowyu) | 39dd4dd0TSOTAIMOADVOIADESHN | 099I¥VOVIOVODIODOVII0DDI0I010901010v991yY |  CLYCE0 AN 1°01°9¢¢C ¢1ldd

5¥09 (g urrydoo4o)

- YOVDIVOOD9IOOIOIYOIOLIDODIIILOOIYOVIILIYD

Qs UOPEIAOISLIAW-N VINGAAGSETINOTY | 55506 1599009¥YOVYODO LIVOVYOLYIYODLTOVIOL g ISEIoUOst ﬁbo&&ﬁumom suordes owoH

1yrysawrely 01 sped] Surddys UOXY | VAN TYIANAADANSHYMNYIAED | 590100l ¥Tvol0000000W YTy 109 LI¥I009¥OT90 ¢I1900 NN I'S°LIT HIdd

HYIOIVODOYHODD (veador q/a

AN ‘uopod doig
QIS UOTIB[ASOIA[S-N

*»dISTINSHOINAYADIDVINAAAYNTA

IV¥DLOODIVYDOOVOLOLOLOIVODLOLOIVOLOVOLYYOD
IOVOLODODODLYVYDIDLIOILVYVYVYOLYVYODDLIOVYDIVYDILOVD
DLILIOOOVYIIDOOLIODDILYIDIOLIDILOVODILYYOLOOVD

YIm B9S) V¢ urajoid rejooronu suardes owoy
76£900 AN 1'¢'LT1 VSION

woped roddiz surona|
uox9 Jse[ saguey)

*»HNSVYTOHH
dMdd0ADSSSHTSSVNSIAIAVSOLI
ATAAdOTTdIMSATYSSASATAAVTT
TSTOTASTINALIINTAINS LATADTD

DVDVYVYDILOVIID
DDDIOVVYODDDOLLODDDIOVYDILIDLLODODIVYIOVODILIOY
ODOLODDILOVYOVYDIDVIOVIOVIOVIOLYYIDILODDILIIOL
OYDOVYVYDDIIDOVYYDIDIDIDDOVYILIIOOLIODOVIDLODLIOVYOL
IOIOLOOIOODOLVYVYDLOLYDILODLYDILDDIDIDVYDVIDD
YOLVIIIOLOOILIOLLOOOIOLLLOLIOLOOOOVODLIOL
LIOVYIOOODIOLIOLOIIYOLOLIOLOLLIIYIODDDIIOD
IOILOVYOLOIOOOLOIOLODDIDLILODOYYYODDDOVYLIODLD
DIYVOLOLLLODLDIVIDLIOVOLLOLDLLLLIOLLLDLDD

uonouny [enuog

uRjoIJ

11 utar01d pajerar unrengnioAw suaides owoy
L69900 NN I'TLE] ITINLIN

duanbas uoxy

UIN)

76



RESULTS

4.3 Properties of hnRNP G and its role in splice site selection

The transcripts of most metazoan protein coding genes are alternatively spliced. The
detailed mechanisms involved in the control of splice site selection are still not well
understood. Phosphorylation of splicing regulatory proteins is one of the general regulatory
mechanisms to change alternative splice site usage. Several heterogeneous nuclear
ribonucleoproteins (hnRNPs) are known to be involved in splice site selection.

The heterogeneous nuclear ribonucleoprotein G (hnRNP G) was shown to bind to
Tra2-betal in yeast two hybrid screens. It was also identified as binding partner of several
other known splicing factors and has several tyrosine residues which can possibly be
phosphorylated. Therefore, it is a potential substrate for tyrosine kinases. Studies presented in
this chapter examine the role of unphosphorylated and tyrosine phosphorylated hnRNP G

related to splice site selection and try to discover its possible target genes.

4.3.1 hnRNP G protein structure

The sequence and domain structure of hnRNP G is shown in Figure 4-13. Similar to
other hnRNPs, hnRNP G has an RNA recognition motif (RRM) containing two RNP
domains. In addition, it also contains RGG motifs, which were also shown to have
RNA-binding activity (Kiledjian and Dreyfuss, 1992). Furthermore it contains a proline rich
region, which can putatively bind to SH3 (Src homology) domains and a tyrosine rich region,
which provides possible targets for tyrosine kinase phosphorylation. Additionally, a serine
arginine (SR) rich region was found similar to many proteins involved in splice site selection,
as well as arginine/glycine rich residues, which could be methylated by arginine methyl
transferases (Cote, Boisvert et al., 2003) and so regulate protein:protein interaction (Bedford,

Frankel et al., 2000).
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Figure 4-13: Sequence analysis of the hnRNP G protein. A) Domain structure of hnRNP G. The RRM is
indicated in green with the two RNP boxes in dark grey. Pro: proline rich region, marked in pink. B) cDNA and
protein sequence of human hnRNP G. Start and stop codons are shown in bold. The protein sequence is shown
underneath the cDNA sequence in one letter code. The RRM domain is shown as green box with the two RNP
boxes as grey ovals. The proline rich region is shown in a pink box. SR residues are indicated in red, tyrosine
residues in blue.
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N T E T N E K A L E A V F G K Y G R I V
GAAATACTTTTGATGAAAGACCGTGAGACCAACAAATCAAG
S [ 1 S T S VI T T U BT R N O S
TTCGAAAGCCCAGCAGATGCTAAAGATGCAGCTAGAGATATGAA TGGAT
F E s P A D A K D A A R D M N G K S L D

GGAAAAGCCATTAAGGTAGAGCAAGCTACCAAACCATCITTTGAAAGT N TGGA
G K A I K VvV E 0 A T K P S| F E S|G R R G
CCACCTCCACCTCCAAGAAGCACGAGECCCTCCCACAGGTCTTCGAGGAGGAAGTGGAGGA
p PP P PR SIRclE PR ][R ¢ ¢l s ¢
ACTAGGGGACCCCCTTCACGTGGAGGATACATGGATGACGGTGGTTATTCCATGAACTTT
T |R Gl P P 8 |R G gl ¥y Mm D D G G ¥ S M N F
AACATGAGTTCTTCCAGGGGACCACTTCCAGTAAARAGAGGACCACCACCACGAAGCGGG
NMs s s|R g P L PV K[RGP PP RS G
GGTCCCCCTCCTAAGAGATCAACACCTTCAGGACCAGTTCGAAGCAGCAGTGGAATGGGT
G p P P K R S T P S G P V R S S5 5 G M G
GGAAGAACGCCAGTGTCCCGTGGAAGAGATAGCTATGGAGGCCCACCAAGAAGGGAACCC
[c ) T p v s[R ¢ RlD s ¥ ¢ 6 P P R RE P
CTGCCATCTCGCAGAGATGTTTATTTGTCCCCAAGAGATGATGGATATTCTACAAAAGAC
L P S R R DV ¥ L. §$& P R DD G Y S T K D
AGCTATTCAAGCAGAGATTACCCAAGTTCTCGAGACACCAGAGATTATGCACCACCACCA
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GGCTATGGTGATAGAGATGGATATGGTCGGGATCGTGAGTATTCAGATCATCCAAGTGGC
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GGTTCCTACAGAGATTCATATGAGAGCTATGGAAATTCGCGCAGTGCGCCCCCTACTCGT
G 5 ¥ R D 5 ¥ E 58 ¥ 6 NS R 8 A P P T R
GGGCCACCACCATCTTATGGAGGAAGCAGCCGCTATGATGATTACAGCAGCTCACGTGAT
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GGATATGGTGGAAGTCGAGACAGTTACTCAAGCAGCAGAAGTGATCTCTACTCAAGTGGC
€ ¥ e €8 RDS Y S S5 8 KRSE8DLTYSES 8 |g
CGTGATCGCGTCGGCAGACAAGAACGAGGGCTTCCCCCGTCTATGGAAAGGGGGTACCCT
Blop R v[c Rl o e[R gJt 2 P s m E[R g]Y b
CCTCCACGTGATTCCTACAGCAGTTCAAGCCGTGGAGCACCAAGAGGAGGTGGCCGTGGA
P P RDS Y S S s s8RGOATPI|RGG G G|R G
GGGAGCCGATCTGATAGAGGGGGAGGCAGAAGCAGATACTAGaaacaaataagactttgg

Gls8 R 8 D|IR 6 6 6 R| 8 R ¥ *
atcaaggtctccatgcagagaaacacaagatggaaagtctctgtcataactatcaaggac
taataagagaagttgtgttacctttttaaattttctgttttaagttccececttcatttttg
tgttcttgtgaagaaaaagtaaaacatgattaattttgatattatgaattgctttcaaca
agcaaatgttaaatgtgtaagacttgacttgtactagtgttgtaattttccaagtaaaag
tgtccctaaaggcaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

The RGG and RG motifs are boxed.
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4.3.2 Phosphorylation of hnRNP G by several kinases

Tyrosine kinases play an important role in regulating protein:protein interaction
involved in splice site selection by phosphorylation of proteins. As hnRNP G was found to
interact with several splicing factors, we investigated whether it can as well be
phosphorylated by tyrosine kinases. Since hnRNP G is detected in the nucleus, we were
testing if non-receptor tyrosine kinases whose expression is often not only restricted to the
cell membrane (Pendergast, 1996) can cause its phosphorylation. Humans possess 90 unique
tyrosine kinases. 32 of them are non-receptor type kinases, which can be subdivided into 10
subfamilies (Robinson, Wu et al., 2000). In unstimulated cells, the activity of the endogenous
kinases can only be detected using phosphorylation specific antibodies against specific target
sites. To test the result of kinase activation, we increased their activity by transfecting
expression clones of certain kinases. Members of different subfamilies of non-receptor
tyrosine kinases were cotransfected with EGFP-hnRNP G. After immunoprecipitation with
anti-GFP, tyrosine phosphorylation of hnRNP G was detected by Western Blot using the
phosphotyrosine specific antibody PY20. As shown in Figure 4-14, hnRNP G is already in a
phosphorylated state in the cell, as a weak band could be detected when no kinase was
cotransfected (Figure 4-14, upper panel, last lane “w/0”). It can also be seen that most of the
kinases increase the phosphorylation of hnRNP G, especially c-Abl (member of the ABL
family), Rlk (TEC family) Syk (SYK family), Fyn and c-Src (both SRC family), while CSK
(CSK family), Ferh (FES family) and Sik (FRK family) only show a slight increase compared

to the control.

IP with anti-GFP

c-Abl CSK Ferh Fyn Rlk Sik c-Src Syk w/o

EGFP- | G gum oo GID Gl — O® ow —  7/5kDa
hnRNP G
WB: anti-PY20
crude lysates
c-Abl CSK Ferh Fyn RIlk Sik c¢c-Src Syk w/o
EGFP- 75 kDa
hRNP G | e T ey gy ey ey gy e

WB: anti-GFP

Figure 4-14: Several non-receptor tyrosine Kkinases phosphorylate hnRNP G. EGFP-hnRNP G was
co-expressed in HEK293 cells with the indicated tyrosine kinases. Protein was precipitated with anti-GFP and
tyrosine phosphorylation detected with the phosphotyrosine specific antibody anti-PY20 (upper panel). Crude
lysates of cells were analysed for EGFP-hnRNP G expression with anti-GFP antibody. IP: Immunoprecipitation.
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Western Blot analysis of crude lysates used for immunoprecipitation shows the
presence of EGFP-hnRNP G in all experiments (Figure 4-14, lower panel).
These data show that hnRNP G can be phosphorylated by endogenous kinases and the

phosphorylation can be increased by specific non-receptor tyrosine kinases.

4.3.3 Phosphorylation on specific tyrosine residue

Next, we wished to determine on which site hnRNP G is phosphorylated. For these
experiments, EGFP-hnRNP G was cotransfected together with c-Abl kinase in HEK293 cells,
immunoprecipitated with anti-GFP and analysed by mass spectrometry. A phosphoanalysis
using precursor ion scanning could clearly identify three different peptides, which were
phosphorylated on single residues (Figure 4-15). In these three peptides two tyrosine residues
were found, from which the second one is the more probable one from according to the
spectrum. This tyrosine is located at position 211 in the protein.

1) DVYLSPRDDGYSTKDSYSSRDYPSSR

2) DVYLSPRDDGYSTKDSYSSR
3) DVYLSPRDDGYSTK

~RRM-_ €

1

Y2 388

1 MVEADRPGKLFIGGLNTETNEKALEAVFGKYGRIVEILLMKDRETNKSRG
51 FAFVIFESPADAKDAARDMNGKSLDGKAIKVEQATKPSFESGRRGPPPPP
101 RSRGPPRGLRGGSGGTRGPPSRGGYMDDGGYSMNFNMSSSRGPLPVKRGP
151 PPRSGGPPPKRSTPSGPVRSSSGMGGRTPVSRGRDSYGGPPRREPLPSRR

201 DVYLSPRDDGYSTKDSYSSRDYPSSRDTRDYAPPPRDYTYRDYSHSSSRD

251 DYPSRGYGDRDGYGRDREYSDHPSGGSYRDSYESYGNSRSAPPTRGPPPS
301 YGGSSRYDDYSSSRDGYGGSRDSYSSSRSDLYSSGRDRVGRQERGLPPSM
351 ERGYPPPRDSYSSSSRGAPRGGGRGGSRSDRGGGRSRY*

Figure 4-15: Peptides found for hnRNP G by mass spectrometry with phosphorylation site. The arrow
indicates the second tyrosine residue in these peptides, which is the most probable phosphorylation site.
Underneath, this tyrosine residue is shown at its position 211 in the domain structure and the protein sequence.

4.3.4 Generation of a phosphorylation deficient hnRNP G mutant and specific
antisera for hnRNP G

To develop tools for further investigations, sera against the phosphorylation site
containing peptide and a phosphorylation deficient Y-F (tyrosine to phenylalanine) mutant

were generated.
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4.3.4.1 Phosphorylation deficient hnRNP G mutant

The Y-F mutant was cloned by exchanging the tyrosine residue at position 211 to a
phenylalanine residue following the Kunkel method for site-directed mutagenesis
(section 3.2.5.5). Next, it was tested by immunoprecipitation followed by Western Blot
analysis whether the Y211F mutant can still be detected with anti-PY20 antibody. As shown
in Figure 4-16 A, no immunoreaction with PY20 could be detected after the mutant was
transfected into HEK293 cells. However, the wild type hnRNP G could be detected. The
reblot with anti-GFP showed that both proteins were expressed and precipitated in equal
amounts. These data show that phosphorylation of hnRNP G by endogenous kinases happens
on the same tyrosine residue 211 as phosphorylation by recombinangt kinases.

Furthermore, it was tested whether the phosphorylation deficient mutant changes the
localisation in the cell. EGFP-tagged hnRNP G and hnRNP G-Y211F were transfected into
cos7 cells, plated on cover slips and fluorescence was visualised by microscopy. In Figure
4-16 B, it is shown that wild type and mutant hnRNP G both localise in the nucleus and the

localisation of hnRNP G in the cell does not depend on its phosphorylation state.

A B
Cowt mt |
— 75kDa
EGFP- —»
hnRNP G
WB: anti-PY20
EGFP- —75kDa
RN G| “—— EGFP-hnRNP G EGFP-hnRNP G-Y211F

WB: anti-GFP

Figure 4-16: The hnRNP G mutant Y211F is not phosphorylated by endogenous kinases and located in the
nucleus. A) EGFP-hnRNP G (wt) and EGFP-hnRNP G-Y211F (mt) were transfected into HEK293 cells. Protein
was precipitated with anti-GFP and tyrosine phosphorylation detected with anti-PY20 (upper panel). The lower
panel shows the reblot of the precipitates with anti-GFP to compare the expression of both proteins. B)
EGFP-hnRNP G and EGFP-hnRNP G-Y211F localise both in the nucleus.

4.3.4.2 Specific antisera against hnRNP G

To further analyse phosphorylation, rabbit polyclonal antisera were raised against
peptide RDDGYSTKD  (anti-hnRNPG) and phosphopeptide ~RDDGY ™ STKD
(anti-phospho-hnRNP G).

To test the obtained serum, EGFP-hnRNP G and EGFP-hnRNP G-Y211F were

cotransfected with c-Abl kinase into HEK293 cells. After immunoprecipitation with
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anti-GFP, tyrosine phosphorylation of hnRNP G was detected by Western Blot using
anti-phospho-hnRNP G. As shown in Figure 4-17 (upper left panel), anti-phospho-hnRNP G
can detect phosphorylated wild type hnRNP G, but not the phosphorylation deficient Y211F
mutant. However, when the mutant was co-transfected with c-Abl, a very weak band could be
detected by the antiserum. To test whether the non-phospho-specific hnRNP G antiserum
recognises wild type hnRNP G and its mutant, a reblot was performed with this antiserum.
Figure 4-17 (lower left panel) shows that anti-hnRNP G recognises both proteins specifically.
Western Blot analysis of crude cell lysates (load) used for immunoprecipitation demonstrates
equal amounts of wild type and mutant hnRNP G in all experiments (Figure 4-17, upper right
panel). A reblot with serum before immunisation of the rabbits shows that no protein can be

detected (Figure 4-17, lower right panel).

IP Load
wi mt wt mt
-abl + abl - abl + abl -abl + abl - abl + abl
— 75 kDa
EGFP-
mRNP G T | - s — S ST S
WB: anti-phospho-hnRNP G WB: anti-GFP
EGFP- — 75 kDa
- e — -

hnRNP G

WB: anti-hnRNP G WB: Preimmunoserum

Figure 4-17: Antisera against hnRNP G specifically recognise the protein. Left: EGFP-hnRNP G and
EGFP-hnRNP G-Y211F were coexpressed with c-Abl in HEK293 cells. Protein was precipitated with anti-GFP
and phosphorylated protein detected with anti-phospho-hnRNP G (upper panel). A reblot showed that
anti-hnRNP G recognises both wild type and mutant protein. Right: crude cell lysates were analysed for
EGFP-hnRNP G and EGFP-hnRNP G-Y211F expression with anti-GFP antibody (upper panel). A reblot with
preimmunoserum showed no detection of the protein (lower panel).

For further analysis, the result of kinase activation on hnRNP G (4.3.2) was repeated
with additional kinases and precipitates were checked by Western Blot analysis with the
phospho-specific antiserum. In addition to the kinases c-Abl, Rlk, Syk, Ferh, Sik, CSK, Fyn
and c-Src, kinases Ack2 (ACK family), lyn (SRC family), RAK (FRK family), DYRK
(DYRK family) and Bcr-Abl were cotransfected with EGFP-hnRNP G. Bcer-Abl is a
constitutively active tyrosine kinase with transforming capacity for haematopoietic 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 leukaemia (CML) (Ben-Neriah, Daley et
al., 1986; Daley, Van Etten et al., 1990). As shown in Figure 4-18, the result obtained by

Western Blot with anti-phospho-hnRNP G is comparable to the result obtained with
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anti-PY20. hnRNP G is phosphorylated by endogenous kinases and can be further
phosphorylated by several kinases of different subfamilies and by Bcr-Abl.

IP with anti-GFP

c-Abl ACK2 Sgl'"' CSK Ferh Fyn DYRK Lyn RAK RIk Sik c-Src Syk wlo
rE]GRFﬁF-)a e 0~ e Er - D GED GBS <D G G - — L
n
WAB: anti-phospho-hnRNP G
crude lysates
c-Abl ACK2 :‘glr' CSK Ferh Fyn DYRK Lyn RAK RIk Sik c-Src Syk  w/o
EGFP- — P - o 75 kDa

hnRNP G

WB: anti-hnRNP G

Figure 4-18: Anti-phospho-hnRNP G detects phosphorylation of hnRNP G by several non-receptor
tyrosine kinases. EGFP-hnRNP G was co-expressed in HEK293 cells with the indicated tyrosine kinases.
Protein was precipitated with anti-GFP and tyrosine phosphorylation detected with the phospho-specific
antibody anti-phospho-hnRNP G (upper panel). Crude lysates of cells were analysed for EGFP-hnRNP G
expression with anti-hnRNP G antiserum. IP: Immunoprecipitation.

4.3.5 Phosphorylation dependent shuttling of hnRNP G between nucleus and
cytoplasm

hnRNP G is phosphorylated by the membrane bound kinase c-Src (Figure 4-14 and
Figure 4-18). Since hnRNP G is detected only in the nucleus of cells, a phosphorylation by
membrane bound kinases would only be possible during mitosis when the nuclear structure
disintegrates or it would require shuttling of hnRNP G between nucleus and cytosol. Shuttling
has been reported for several proteins implicated in splice site selection and hnRNPs (Pinol-
Roma and Dreyfuss, 1992; Pinol-Roma and Dreyfuss, 1993; Caceres, Screaton et al., 1998).
To test these possibilities, we assessed the shuttling capability of hnRNP G-YFP using a
previously described cell fusion assay. The experiments were performed in collaboration with
Dr. Ruth Brack-Werner from GSF Institute of Molecular Virology in Neuherberg, Germany.
The assay monitors accumulation of a fluorescent protein in acceptor nuclei of a newly
formed polykaryon (Lee, Neumann et al., 1999; Neumann, Afonina et al., 2001). Transfected
HelLa cells expressing hnRNP G-YFP were fused with an excess of untransfected HeLa cells
and accumulation of hnRNP G-YFP in acceptor nuclei monitored by time-lapse imaging. As
shown in Figure 4-19, hnRNP G-YFP fluorescence is visible in the acceptor nuclei 5 hours

after cell fusion.
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after 5 hours

phase contrast hnRNP G-YFP merge

<4—— donor nuclei
44— acceptor nuclei

Figure 4-19: hnRNP G shuttles between nucleus and cytosol. HeLa cells transfected with hnRNP G-YFP
were fused to an access of untransfected cells. Fluorescence after 5 hours is shown in the lower panel. Red
arrows indicate donor nuclei, green arrows indicate acceptor nuclei showing accumulation of hnRNP G-YFP.

These results indicate that hnRNP G shuttles between nucleus and cytosol, where its
interaction with membrane bound SRC-family kinases is possible.

Next, we determined whether there is a difference in shuttling behaviour between wild
type and mutant hnRNP G. HeLa cells were transfected with hnRNP G-YFP or
hnRNP G-Y211F-YFP together with CFP-plasmid and fused with non-transfected HeLa cells.
Cell fusion was induced and YFP- and CFP-fluorescence monitored for 250-300 min. New
protein synthesis was inhibited by addition of cycloheximide (at a final concentration of
100 pg/ml). Successful fusion is indicated by distribution of CFP from donor to acceptor
cells. As shown in Figure 4-20, a strong decrease of wild type hnRNP G fluorescence was

visible in donor nuclei, but only a very weak decrease in hnRNP G-Y211F fluorescence.

This effect was independently observed in experiments with or without
cycloheximide. With cycloheximide, almost no increase in Y211F fluorescence is observed in

acceptor nuclei, but still an increase in wild type hnRNP G fluorescence is detected.
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Figure 4-20: Mutant hnRNP G-Y211F does not shuttle any more between nucleus and cytoplasm. A) Cell
pictures showing fluorescence at the start point and after 250 minutes. Red arrows indicate a loss of fluorescence
in donor nuclei, green arrows indicate an increase in fluorescence in acceptor nuclei. B) and C) Quantitative
analysis of fluorescence. Graphs show the loss in donor nucleus fluorescence (B) and the increase in acceptor
nucleus fluorescence in wild type hnRNP G (blue triangle) and mutant hnRNP G-Y211F (pink star).

These results show that the hnRNP G-Y211F mutant shuttles significantly less than
the wild type hnRNP G, indicating that tyrosine phosphorylation is important for the

movement of the protein in the cell.
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4.3.6 Interaction of hnRNP G with other proteins
4.3.6.1 hnRNP G binds to c-Src kinase

hnRNP G is phosphorylated by c-Src (Figure 4-14 and Figure 4-18). As this kinase is a
membrane bound kinase and hnRNP G was found to shuttle, a direct molecular interaction
between hnRNP G and c-Src was investigated. It was tested whether hnRNP G would
co-immunoprecipitate with c-Src in an overexpression experiment. EGFP-hnRNP G was co-
transfected with c-Src. After immunoprecipitation with anti-GFP, phosphorylated hnRNP G
was detected by Western Blot using anti-phospho-hnRNP G. Then, a reblot was done with

anti-src antibody to check for the protein. As shown in Figure 4-21, c-Src was detected in the

precipitate.
A IP with anti-GFP
w/o c-Src
EGFP-
hnRNP G
WB: anti-src
B crude lysates
w/o c-Src
EGFP- S——b» 50
hnRNP G

WB: anti-GFP

Figure 4-21: hnRNP G interacts with c-Src kinase. A) EGFP-hnRNP G was co-expressed with or without a
c-Src expression construct in HEK293 cells. Proteins were immunoprecipitated with anti-GFP.
Immunoprecipitates were analysed with antisera against phosphorylated hnRNP G (upper panel) and c-Src
(lower panel). B) Crude lysates of cells were analysed for EGFP-hnRNP G expression with anti-GFP antibody.
A pointed arrow indicates EGFP-hnRNP G, a round arrow c-Src. IP: Immunoprecipitation.

4.3.6.2 Phosphorylation dependent interaction of hnRNP G with proteins involved in
splicing

Next, we investigated whether phosphorylation of hnRNP G is necessary for
interaction with other splicing factors. EGFP-hnRNP G and EGFP-hnRNP G-Y211F were
transfected into HEK293 cells and immunoprecipitation performed with anti-GFP. The
precipitates were analysed by Western Blot with antibodies against specific splicing factors,
which detected the endogenous protein. As shown in Figure 4-22, interaction occurs with
endogenous Tra2-beta2, Sam68-like mammalian protein 1 (SLM-1), Splicing attachment

factor B (Saf-B), YT521-B and with hnRNP G itself. The phosphorylation deficient mutant
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EGFP-hnRNP G-Y211F showed the same interaction as the hnRNP G wild type. This

indicates that the interaction is not dependent on tyrosine phosphorylation of hnRNP G.
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Figure 4-22: Interaction of hnRNP G with several endogenous splicing factors. EGFP-hnRNP G (wt) or
EGFP-hnRNP G-Y211F (mt) were expressed in HEK293 cells and precipitated with anti-GFP antibody.
Co-immunoprecipitated (IP) endogenous Tra2-betal (A), SLM-1 (B), YT521-B (C), Saf-B (D) and hnRNP G
(E) in the precipitates and the lysates (load) were detected by Western Blot using their specific antibodies (lower
panels). The EGFP-fused wild type and mutant hnRNP G were detected by anti-GFP in the co-
immunoprecipitates and the lysates (upper panels).

4.3.7 Dephosphorylation of hnRNP G

Protein phosphorylation is a dynamic process, depending on the antagonistic interplay
between protein kinases and phosphatases. Often, it is important that effects of an activated
protein are temporary, so cells must be able to dephosphorylate proteins that have been
phosphorylated by a kinase. Tyrosine phosphorylation is removed by protein tyrosine
phosphatases (PTPs). PTPs can be divided into two major categories: the tyrosine-specific or
classical PTPs and the dual specificity phosphatases (DSPs), which can dephosphorylate

tyrosine, serine and threonine residues. The human genome has a total of 107 genes encoding
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PTPs, of which 38 genes encode classical PTPs (Alonso, Sasin et al., 2004; Andersen, Jansen
et al., 2004). Members of the PTPs can be divided structurally into non-transmembrane or
transmembrane receptor-like molecules, which can additionally be divided by the amino acid
sequence homology of their conserved PTP domains into 17 main subtypes (Andersen, Jansen
et al., 2004).

hnRNP G is phosphorylated by several kinases. In resting cells, phosphorylated
hnRNP G could be detected without transfection of a kinase. Therefore, it was examined

whether hnRNP G could be dephosphorylated by specific protein tyrosine phosphatases.

EGFP-hnRNP G was cotransfected together with expression constructs of PTPs. After
immunoprecipitation with anti-GFP, tyrosine phosphorylation of hnRNP G was detected by
Western Blot using the phosphotyrosine specific antibody PY20 or the phospho-specific
hnRNP G antiserum. As shown in Figure 4-23 (A), the phosphatases PTPIA-2beta
(R8 subtype) and MEG1 (NTS5 subtype) could slightly dephosphorylate hnRNP G, especially
when the phosphorylation was increased by cotransfecting c-Abl. The phosphatase PTP1B
(NT1 subtype) was able to dephosphorylate hnRNP G so that phosphorylation could be no
longer detected (Figure 4-23, B).

A B
IP with anti-GFP IP with anti-GFP
PTPIA-
wio 2beta MEGT
PTPIA- pTP1B
c-Abl - + - -k W 2beta
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endogenous  g| —— —— — - — - hnRNP G '
hnRNP G 30
ST T P EGFP — e
hnRNP G hRNpG | i G—
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hARNP G~ | S i oumet Gt i -, hnRNP G T E— —

WB: anti-GFP WB: anti-GFP

Figure 4-23: hnRNP G can be dephosphorylated by specific protein tyrosine phosphatases. A) Expression
constructs of phosphatases PTPIA2beta or MEG1 were cotransfected with EGFP-hnRNP G with or without
c-Abl. Phosphorylated hnRNP G was detected using anti-phospho-hnRNP G antiserum (upper panel). A reblot
with anti-GFP was performed to test for equal expression in the precipitates. B) EGFP-hnRNP G was
cotransfected with expression constructs of phosphatases PTPIA2beta or PTP1B. Phosphorylated hnRNP G was
detected using anti-PY20 (upper panel). Reblot with anti-GFP was done to check for equal expression in the
precipitates. Below (A and B): Crude lysates of cells were analysed for EGFP-hnRNP G expression with
anti-GFP antibody.
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The PTPs LAR (R2A subtype), STEP (R7 subtype), SHP1 (NT2 subtype), MEG2
(NT3 subtype) and PTPalpha (R4 subtype) did not have an effect on tyrosine phosphorylation
(data not shown).

These data show that tyrosine phosphorylation of hnRNP G can be decreased
specifically by PTP1B.

4.3.8 hnRNP G is part of the supraspliceosome

Next, we investigated in collaboration with Dr. Ruth Sperling’s lab in Jerusalem
whether hnRNP G is a part of the supraspliceosome The supraspliceosome is a large nuclear
RNP particle (overall mass about 21MDa), in which endogenous pre-mRNAs are packaged
with all five spliceosomal U snRNPs and a number of splicing factors (Miiller, Wolpensinger
et al., 1998; Raitskin, Angenitzki et al., 2002). In addition, editing enzymes and other RNA
processing factors are integral components of the supraspliceosome (Raitskin, Cho et al.,
2001). Thus supraspliceosomes might represent the nuclear processing machinery.

Nuclear supernatants enriched with supraspliceosomes were prepared from HEK293
and HeLa cells and were fractionated on a 10-45% glycerol gradient. Supraspliceosomes
sediment as 200S complexes in fractions 8-14 with a peak in fractions 10-11. The 200S peak
fractions were combined and fractionated in a second glycerol gradient. Aliquots from each
fraction were analysed by Western Blot using anti-hnRNP G antiserum. As shown in Figure
4-24 A, hnRNP G could be detected in the supraspliceosomal fractions. The localisation was
further tested by immuno-electron microscopy using anti-hnRNP G antibodies and
gold-tagged secondary IgG. As seen in Figure 4-24 B, hnRNP G coincides with

supraspliceosomal complexes in native gel electrophoresis.

A B
2008 70S Supraspliceosome
' V (with hnRNP G-EGFP)
hnRNP G —> RT .
| \
1 2 1 s o anti-hnRNP ¢ Phosphorimager
bottom top 473 nm laser beam
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Figure 4-24: hnRNP G is a supraspliceosomal protein. A) Nuclear supernatants enriched in
supraspliceosomes prepared from HeLa cells were fractionated in a 10-45% glycerol gradient and collected
(bottom to top) in 20 fractions. The 200S peak fractions were combined and fractionated in a second glycerol
gradient. Aliquots from each fraction were analysed by Western Blot using anti-hnRNP G. B) Localisation of
hnRNP G in supraspliceosome particle by Immuno-EM. Left side: native gel. Bar indicates 100 nm.
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Next, we wanted to test what role phosphorylation of hnRNP G plays in its
distribution in the supraspliceosome. EGFP-hnRNP G and EGFP-hnRNP G-Y211F were
transfected into HEK293 cells and fractionated on the 10-45% glycerol gradient. As shown in
Figure 4-25 A, hnRNP G in HEK 293 cells has an equal localisation in the supraspliceosome
as in HeLa cells. Also the distribution of EGFP-tagged hnRNP G was comparable to
endogenous protein. However, the phosphorylation deficient mutant EGFP-hnRNP G-Y211F
showed a broader distribution than the wild type, especially in the lower fraction numbers

(Figure 4-25 B), which contain the larger sized supraspliceosome subpopulations.
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Figure 4-25: The distribution of hnRNP G in the supraspliceosome changes with phosphorylation.
A)+B)+C) Nuclear supernatants from HEK293 cells transfected with EGFP-hnRNP G (A),
EGFP-hnRNP G-Y211F (B), EGFP-hnRNP G and c-Src or c-Abl (C), were fractionated in a 10-45% glycerol
gradient and collected (bottom to top) in 20 fractions. Aliquots from each fraction were analysed by Western
Blot using anti-hnRNP G. D) Nuclear supernatants from HeLa cells treated with phosphates inhibitor (beta-GP),
heat shock or both were fractionated in a 10-45% glycerol gradient. Aliquots from each fraction were analysed
by Western Blot using anti-hnRNP G.

Cotransfection of EGFP-tagged hnRNP G with expression constructs of c-Abl or c-Src
also resulted in hnRNP G with altered distribution in the supraspliceosome. This was more

pronounced, when c-Abl kinase was used. In this case, endogenous hnRNP G shifted from
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large-size to lighter supraspliceosomal subpopulations (Figure 4-25 C). Inhibiting endogenous
phosphatases with a general phosphate inhibitor like beta-glycerolphosphate is expected to
hyperphosphorylate hnRNP G and to have the same effect as coexpression of kinases. As can
be observed in Figure 4-25 D, this also causes a shift to lighter subpopulations of the
supraspliceosomal complexes. Stress situations like heat shock has the same effect on
hnRNP G as inhibiting dephosphorylation, however if heat shock treatment was applied
together with inhibition of phosphatases, hnRNP G is shifted back towards the nuclear pellet
fraction.

Next, we wanted to test whether hnRNP G can be found together with its interacting
proteins in the supraspliceosome. As an example we used Tra2-betal. After detecting
hnRNP G in the supraspliceosome, a reblot was performed with anti-tra2 antiserum. Figure
4-26 shows that hypophosphorylated Tra2-betal appears in different fractions in the
supraspliceosome than hnRNP G, but its hyperphosphorylated form shows an overlapping
distribution with hnRNP G.

A B
| S ——— eyt <« endogenous hnRNP G
- . <+— hyperphosphorylated tra2-beta1
- P -
endogenous tra2-beta1
1 5 10 15 20 1 5 10 15 20
bottom top bottom top
fraction No. fraction No.

Figure 4-26: hnRNP G and Tra2-betal show overlapping distribution in supraspliceosomes. Nuclear
supernatants of HeLa cells enriched in supraspliceosomes were fractionated in a 10-45% glycerol gradient and
collected (bottom to top) in 20 fractions. Aliquots from each fraction were analysed by Western Blot using
anti-phospho-hnRNP G (A) and anti-tra2 (B) antiserums.

In summary, these data show that hnRNP G is present in the supraspliceosome. Its
distribution can change according to its phosphorylation status or through stress situations like
heat shock and it has partial overlapping distribution with Tra2-betal, one of its binding

partners.

4.3.9 Changes of splice site selection on SMN2 minigene

hnRNP G binds to several proteins involved in splice site selection like Tra2-betal,
YT521-B, SLM-1, Saf-B and to itself. All these proteins contain RNA binding domains.
Tra2-betal, Saf-B and hnRNP G have RRMs (Soulard, Valle et al., 1993; Nayler, Cap et al.,
1998; Weighardt, Cobianchi ef al., 1999), YT521-B contains the putative acid binding domain
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YTH (Zhang, Rafalska et al., submitted; Stoilov, Rafalska et al., 2002) and SLM-1 contains a
KH (hnRNP K homology) domain (Di Fruscio, Chen et al., 1999). It was previously shown
that hnRNP G could promote inclusion of SMN2 exon 7 (Hofmann and Wirth, 2002).
Therefore, we compared hnRNP G proteins in in vivo splicing assays on SMN2 minigene and
checked whether they show changes in the splicing pattern of SMN2 minigene. The SMN2
minigene consists of alternative exon 7 flanked by constitutive exons. Exon 7 contains a
purine-rich exonic enhancer (Lorson, Hahnen et al., 1999; Stoss, Olbrich et al., 2001).
Increasing amounts (0-3 ug) of EGFP-hnRNP G or EGFP-hnRNP G-Y211F were
cotransfected with 1 pg SMN2 reporter minigene into HEK293 cells. EGFP-C2 empty vector
was cotransfected for equal amounts of DNA. After RNA isolation RT-PCR was performed
using specific primers. As shown in Figure 4-27, hnRNP G can regulate splice site selection
in a concentration-dependent manner. Increasing hnRNP G concentration promotes inclusion
of exon 7 as shown before (Hofmann and Wirth, 2002). The phospho-deficient Y211F mutant

was also able to promote exon 7 inclusion, but to a significantly less extent than the wild type.
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Figure 4-27: hnRNP G changes splice site selection of SMN2 minigene. An increasing amount of
EGFP-hnRNP G, EGFP-hnRNP G-Y211F (A) or EGFP-hnRNP G-ARNP1 (B) and SMN2 minigene were
cotransfected in HEK293 cells. The alternative splicing of SMN2 was determined by RT-PCR using specific
primers. A representative ethidium-bromide stained gel of each experiment is shown. The statistical evaluation
of four independent experiments is shown below the gels. C) Representative Western Blot showing the
expression of the transfected EGFP tagged proteins. Stars indicate p-values from student’s t-test comparing wt
and mutant hnRNP G: A) 1 ug = 0.00003; 2 ug = 0.0003; 3 ug=0.01. B) 1 ug = 0.008; 2 ug = 0.03.

In addition, the SMN2 minigene was cotransfected with EGFP-hnRNP G-ARNP1, an
hnRNP G mutant where the first part of the RRM with the first RNP is deleted. Since the
RRM is needed for RNA binding, we expected that the influence on splice site selection

should decrease. As shown in Figure 4-27 B, lower concentrations (1 and2pg) of
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EGFP-hnRNP G-ARNPI1 showed a reduced exon inclusion compared to wild type hnRNP G.
However, increasing the concentration to 3 pg had the same effect on exon inclusion as the
wild type. This indicates that hnRNP G acts on SMN2 minigene independently of RNA
binding.

Next, we tested whether additional phosphorylation of hnRNP G can change splice
site selection towards further inclusion of exon 7 of SMN2 minigene. Increasing amounts of
EGFP-hnRNP G were cotransfected with an expression construct of c-Abl and SMN2
minigene into HEK293 cells. As a control EGFP-hnRNP G-Y211F, which cannot be
phosphorylated, was cotransfected with c-Abl. As shown in Figure 4-28, the
concentration-dependent increase of exon 7 by hnRNP G is partially abolished by induced
c-Abl phosphorylation, as c-Abl blocks the increase in exon inclusion promoted by hnRNP G
similarly to the phosphorylation deficient mutant. c-Abl expression could not change splice
site selection when transfected alone with the minigene or cotransfected with increasing

amounts of the mutant.
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Figure 4-28: Phosphorylation of hnRNP G changes splice site selection of SMN2 minigene. A) An
increasing amount of EGFP-hnRNP G (left) or EGFP-hnRNP G-Y211F (right) was cotransfected with
expression constructs of c-Abl and SMN2 minigene in HEK293 cells. The alternative splicing of SMN2 was
determined by RT-PCR using specific primers. A representative ethidium bromide stained gel of each
experiment is shown. The statistical evaluation of at least three independent experiments is shown below the
gels. B) Representative Western Blot showing the expression of the transfected EGFP tagged proteins. Stars
indicate p-values from student’s t-test comparing data for hnRNP G with and without c-Abl: 1 pug=0.02;
2 ug=0.05.

These data show that hnRNP G influences splice site selection of SMN2 minigene.

Tyrosine phosphorylation of hnRNP G can change this influence towards the exon skipped
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isoform of SMN2. The deletion of the RRM still can promote exon 7 inclusion of SMN2
although RNA binding should theoretically be decreased. This indicates that it acts by
sequestration of other splicing factors, for example Tra2-betal, whose sequestration through

proteins with non-functional RRM was shown previously (Stoilov, Daoud et al., 2004).

4.3.10 hnRNP G acts on tau minigene (RNA-IPs)

hnRNP G contains an RRM that binds to RNA and was found as binding partner of
several splicing factors. Thus we were interested whether a direct interaction between
hnRNPG and RNA of tau minigene could be detected. EGFP-hnRNP G,
EGFP-hnRNP G-Y211F and EGFP-hnRNP G-ARNP1 were immunoprecipitated in the
presence of tau minigene and RNA was detected in the precipitates by RT-PCR (Buckanovich
and Darnell, 1997) using tau minigene specific primers. The amplification of tau isoforms
demonstrates that hnRNP G associates with this mRNA and thus can possibly regulate it
directly (Figure 4-29:). Moreover, it also shows that the hnRNP G mutants Y211F and also
the ARNP1 mutant can bind to this RNA. The protein immunoprecipitates were tested having

equal amounts of each protein.

WB: anti-GFP

Figure 4-29: Association of hnRNP G with tau pre-mRNA in vivo. Tau minigene was cotransfected with
EGFP-hnRNP G, EGFP-hnRNP G-Y211F or EGFP-hnRNP G-ARNP1. As control the minigene was
cotransfected with the parental vector EGFP-C2. Protein-RNA complexes were isolated by immunoprecipitation
with anti-GFP in the absence of RNases. Tau RNA was detected by RT-PCR using minigene specific primers. 0:
immunoprecipitate without reverse transcriptase, 00: RT-PCR control (no template).

These data show that hnRNP G, hypophosphorylated hnRNP G (Y211F) and also the

RRM deletion mutant associate with tau minigene and can possibly regulate it.

4.3.11 Phosphorylation dependent changes of splice site selection on tau
minigene

Since we found that hnRNP G can change splice site selection on SMN2 minigene and

that it is associated with tau pre-mRNA, we investigated if it also can change splice site
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selection of the tau minigene. Increasing amounts of EGFP-tagged expression constructs of
hnRNP G, hnRNP G-Y211F and hnRNP G-ARNP1 were cotransfected with tau minigene.
After RNA isolation RT-PCR was performed using tau specific primers. Figure 4-30 shows
that increasing hnRNP G is able to regulate splice site selection of tau minigene in a
concentration-dependent manner. Increasing hnRNP G concentration promotes tau exon 10
skipping. In contrast, weak exon 10 skipping can be observed for higher concentrations of the
hnRNP G-Y211F mutant, while for lower concentrations exon 10 inclusion is promoted

compared to the wild type.
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Figure 4-30: hnRNP G changes splice site selection on tau minigene. An increasing amount of
EGFP-hnRNP G, EGFP-hnRNP G-Y211F (A) or EGFP-hnRNP G-ARNP1 (B) was cotransfected with tau
minigene in HEK293 cells. Alternative splicing of tau minigene was determined by RT-PCR using specific
primers. A representative ethidium bromide stained gel of each experiment is shown. The statistical evaluation of
at least three independent experiments is shown below the gels. C) Representative Western Blot showing the
expression of the transfected EGFP-tagged proteins. Stars indicate p-values from student’s t-test comparing wt
and mutant hnRNP G: A) 1 pg=0.0002; 1.5 ug=0.004; 2 ug=0.0003. B) 1 ug=0.00002; 1.5 ug=0.04;
2 ug=0.03.

Next, we investigated if additional phosphorylation of hnRNP G can change splice site
selection of tau minigene. Increasing amounts of EGFP-hnRNP G were cotransfected with an
expression construct of c-Abl and tau minigene into HEK293 cells. As a control,
EGFP-hnRNP G-Y211F which cannot be phosphorylated was cotransfected with c-Abl. As
shown in Figure 4-31, we could not detect a statistical significant change in exon 10 skipping

when the mutant was additionally phosphorylated.
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Figure 4-31: Phosphorylation of hnRNP G does not effect splice site selection of tau minigene. A) An
increasing amount of EGFP-hnRNP G (left) or EGFP-hnRNP G-Y211F (right) was cotransfected with
expression constructs of c-Abl and tau minigene in HEK293 cells. The alternative splicing of tau minigene was
determined by RT-PCR using specific primers. A representative ethidium bromide stained gel of each
experiment is shown. The statistical evaluation of at least three independent experiments is shown below the
gels. B) Representative Western Blot showing the expression of the transfected EGFP tagged proteins. Star
indicates the p-value from student’s t-test comparing data for hnRNP G with and without c-Abl: 1 ug = 0.02.

4.3.12 siRNA knockdown of hnRNP G changes splice site selection

To analyse the effect of splice site selection when hnRNP G was knocked down, in
vivo splicing assays with tau minigene were performed. The amount of hnRNP G was reduced
by cotransfecting siRNA with the reporter minigene tau. As shown in Figure 4-32 A,
decreasing the hnRNP G concentration with siRNA leads to weak inclusion of tau exon 10,

whereas control siRNA had no influence on splice site selection.
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Figure 4-32: hnRNP G knockdown leads to exon 10 inclusion in tau minigene. A-C) The expression of
hnRNP G was reduced by cotransfecting siRNA against hnRNP G with tau minigene. 293: cells were treated
only with the transfection reagent; NC: non-specific siRNA; si: siRNA against hnRNP G. A) tau minigene; a
representative ethidium bromide stained gel is shown. The statistical evaluation of three independent
experiments is shown below the gel. Stars indicate p-values from student’s t-test, when non-specific siRNA
transfected and siRNA against hnRNP G transfected cells were compared (p = 0.003). B) RT-PCR using specific
primers for hnRNP G and GAPDH as a control. C) Western Blot analysis of protein expression using specific
antibodies.

The effect on splice site selection was proportional to the decrease of hnRNP G that
was detected by RT-PCR using specific primers (Figure 4-32 B) and Western Blot (Figure

4-32 C).
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4.3.13 Target sequences and target genes of hnRNP G
4.3.13.1 Finding target sequences by SELEX

To find a possible target sequence for hnRNP G, SELEX (systematic evolution of
ligands by exponential enrichment) was performed. Previously, SELEX was successfully used
to find binding sites for some SR proteins or RBMY, a protein related to hnRNP G (Cavaloc,
Bourgeois et al., 1999; Skrisovska, Bourgeois et al., 2007). A pool of DNA was in vitro
transcribed to generate an RNA pool. Recombinant HIS-tagged hnRNP G protein, generated
from Baculovirus, was incubated with this RNA pool. After binding, the protein was digested
with Proteinase K and the bound RNA was purified by phenol-chloroform precipitation and
amplified by RT-PCR. The resulting cDNA was gel-purified, in vitro transcribed and another
round of SELEX was performed. Five to six rounds of SELEX were performed before the
resulting cDNA was cloned into TOPO vector and sequenced (Agowa, Berlin). The possible
target sequences found for hnRNP G are listed in Table 4-4.

sequence flanked by SELEX primers
Nr - .
forward primer T7pro | target reverse primer RT
1 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU UCCAGAAUUAUCCGUGGGCC GGAAGCUUCUCGAGACGC
2 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU GACGUGAAUGCCAUAUGCAU GGAAGCUUCUCGAGACGC
3 | URAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU GCGCCGCUGGUGACCGUCCC GGAAGCUUCUCGAGACGC
4 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU UGAUGCGAACAUCCACGCGG GGAAGCUUCUCGAGACGC
5 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU GCGGGAUGUGCUCCCUGCCG GGAAGCUUCUCGAGACGC
6 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU CUUGCCACGCUGCUCCGAUG GGAAGCUUCUCGAGACGC
7 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU GAAUCGAUCUAGUACCACGU GGAAGCUUCUCGAGACGC
8 | URAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU AAGGCAUGAGUGAAGCUGCC GGAAGCUUCUCGAGACGC
9 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU GCGACGCUCAACGACGCCCG GGAAGCUUCUCGAGACGC
10 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU UAAACGGAUGUCCCAUCGGU GGAAGCUUCUCGAGACGC
11 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU AUGCCUUCCUCAACACACCC GGAAGCUUCUCGAGACGC
12 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU ACCUUGUCCGCGUAUGUGU  GGAAGCUUCUCGAGACGC
13 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU AAGCCUGCAGCGGACGCUGU GGAAGCUUCUCGAGACGC
14 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU GCGGGCCAGUCAGACGCGUA GGAAGCUUCUCGAGACGC
15 | UAAUACGACUCACUAUAGGGAUCCGAAUUCCCGACU GCCAUUUACCCCAACCUGCU GGAAGCUUCUCGAGACGC

Table 4-4: Possible target sequences for hnRNP G found by SELEX. The sequences are flanked by the
SELEX primers used for amplification of the DNA pool. Numbers marked in bold: sequences used for gel
retardation assay (Figure 4-33). Highlighted in grey are possible binding motifs, underlined is the stem loop
binding motif found for RBMY.

Analysing the obtained sequences, we could not find a possible consensus sequence.
Work published by Nasim, Chernova et al., 2003 suggested that a possible binding motif for
hnRNP G contains a CAA triplet. For the hnRNP G paralogue RBMY, a CA/UCAA loop was
identified recently as binding motif. This sequence could possibly also be recognised by
hnRNP G (Skrisovska, Bourgeois et al., 2007). Therefore, we checked for similar CAA

triplets in our sequences. Indeed CAA was found, however more often similar triplet
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nucleotides CCA or CCC were found (highlighted in light grey in Table 4-4). Interestingly,
sequences 9 and 11 contained the RBMY stem loop binding motif CUCAA (underlined in
Table 4-4)

To analyse if hnRNP G can actually bind to these sequences, RNA gel retardation
experiments were performed with available sequences. For PCR-amplification of the desired
sequences from TOPO vector, the SELEX primers T7pro and RT were used. The cDNA was
in vitro transcribed with T7pro, which contains the T7 promoter site and incubated with
recombinant HIS-tagged hnRNP G protein, purified from insect cells. Figure 4-33 shows that
hnRNP G could strongly bind to SELEX sequences 4, 6 and 9 and more weakly to SELEX
sequence 7, but not to sequences 8 and 13. This suggests that hnRNP G is able to bind to

CCA repeats, as both sequences 8 and 13 did not contain these triplets.
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Figure 4-33: Interaction of hnRNP G with SELEX sequences. Gel retardation assay: 1ug of nuclear extract
(NE), recombinant hnRNP G and hnRNP G-Y211F were incubated with a number of radioactive probes, whose
sequences were found by SELEX, and analysed by native gel electrophoresis. The pointed arrow indicates the
RNA:protein complexes, the round arrow the free probes.

hnRNP G-Y211F was used for comparison, to see possible differences between wild
type and mutant. A difference in binding could not be observed for most of the sequences,
only for sequence 6 it seems a bit weaker. No binding was observed for sequences 8 and 13.
Nuclear extract was used instead of recombinant protein as a control for binding activity of

the probes.
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4.3.13.2 hnRNP G overexpression changes splice site selection in mouse exons

To study changes in alternative exons, a DNA microarray analysis was performed in

cooperation with Hermona Soreq in Jerusalem. The microarray contained mainly splicing and

apoptosis related genes. EGFP-hnRNP G was overexpressed in Neuro2A cells. Total RNA

was isolated 18 hours after transfection and sent for hybridisation. RNA with overexpressed

hnRNP G was compared to RNA from cells with overexpressed empty EGFP-C2 vector as a

control. DNA chip analysis revealed several genes which are up or down regulated by

hnRNP G. Most prominent amongst them were several SR and SR-related proteins, snRNPs

and apoptosis genes, but also other hnRNPs or factors involved in mRNA processed.

The genes with the most significant alterations, for which the fold change was above

0.4 or below -0.4 with the oligo located in an alternative exon, are listed in Table 4-5.

Gene Refseq Gene’s full name Function group
hnRNPC NM_016884. | Heterogeneous nuclear ribonucleoprotein C
hnRNPK NM_025279 | Heterogeneous nuclear ribonucleoprotein K hnRNPs
Ptbp1 NM_008956 | Polypyrimidine tract binding protein 1 (PTB-1)
SF2/ASF NM_173374 | Splicing factor, arginine/serine rich 1 (Sfrs1)
SC35 NM_011358 | Splicing factor, arginine/serine rich 2 (Sfrs2) SR and
SRp75 NM_020587 | Splicing factor, arginine/serine rich 2 (Sfrs4) SR-related
Srrm1 NM_016799 | Serine/arginine repetitive matrix 1 (SRRM 1) proteins

U2 small nuclear ribonucleoprotein auxiliary

U2afl NM_024187 factor (U2AF) 1
SF3a2 NM_013651 | splicing factor 3a, subunit 2 (SF3a2)
Snrpa NM_015782 | small nuclear ribonucleoprotein polypeptide A
Snrpb2 NM_021335 | U2 small nuclear ribonucleoprotein B
Snrpd3 NM_026095 | small nuclear ribonucleoprotein D3
Snrpn NM_013670 | small nuclear ribonucleoprotein N snRNPs
Ulsnrp70 NM._ 009224 Xl small nuclear ribonucleoprotein polypeptide
Ppih NM_028677 | Peptidyl prolyl isomerase H
U5-15kD NM_025299 | Thioredoxin-like 4 (Txn14)
Ddx27 NM_153065 | DEAD (Asp-Glu-Ala-Asp) box polypeptide 27 helicases
Ddx5 (p68) | NM_007840 | DEAD (Asp-Glu-Ala-Asp) box polypeptide 5
Cpsf 4 NM_178576 | cleavage and polyadenylation specific factor 4 MRNA
Pabpcl NM_008774. | poly A binding protein, cytoplasmic 1 processing
Pabpnl NM_019402. | poly A binding protein, nuclear 1
NIPP1 NM_146154. E;Obf;‘t %hOSphatase I regulatory (inhibitor) | g icing factors
Clk4 NM_007714. | CDC like kinase 4 phosphorylation
Bax_alpha | NM_007527 | Bcl2-associated X protein
Bcl2_alpha | NM_009743 | Bel2-like 1 (Bel211)
Casp2 NM_007610 | Caspase 2 apoptosis
Casp7 NM_007611 | Caspase 7
Casp9 NM_015733. | Caspase 9

Table 4-5: Mouse genes found by array analysis which were up- or downregulated by overexpressed

hnRNP G. Marked in grey are the genes which were tested by RT-PCR.
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To confirm data from the microarray analysis, RT-PCR was performed for several
genes (marked in grey in Table 4-5) using specific primers in the flanking regions.
Overexpressed EGFP-hnRNP G was compared to overexpressed EGFP-hnRNP G-Y211F and
EGFP-C2 as a control. The chip results could be proved for all tested genes, except for
hnRNP K and Caspase 2, which only showed one band (Figure 4-34). The second isoform

could not be detected.

3 & <
N K X
__{],'\ ,{]r'\ ._kq:\
© @ IC) & o &
Q Q Q Q Q Q
> & & & & S S
& & & S & & S & &
sy o T 500 w-—— — 590 | we— G ——
600 e p— a— ASF/SF2 410 w— e e | PO 480 Caspase 9
1290 = 300 d— — — .
sSC35 Ppih no effect:
230 S S TS 120, — - — 610
550 Caspase 2
— — E— —
400~ - U5-15kD 520 Caspase 7
210~ | M. — IR e— 200
hnRNP K

6801 =D D -

Figure 4-34: hnRNP G overexpression changes splice site selection in mouse genes. RNA from Neuro2A
cells transfected with pEGFP-C2 as control (Ctrl), Neuro2A cells overexpressing EGFP-hnRNP G or
EGFP-hnRNP G-Y211F was amplified by RT-PCR using specific primers.

Interestingly, for most genes hnRNP G overexpression promoted exon skipping, only
for Ppih and Caspase 7 exon inclusion was promoted. This supports earlier findings that
hnRNPs bind to splice silencers and function as antagonists to SR proteins (Mayeda and
Krainer, 1992; Caceres, Stamm et al., 1994; Rothrock, House et al., 2005). The mutant
hnRNP G-Y211F has the same, but clearly weaker effect than hnRNP G, similar to the effect
seen on SMN?2 and tau minigene (sections 4.3.9 & 4.3.10).

4.3.13.3 hnRNP G overexpression changes splice site selection in human genes

To test whether overexpression of hnRNP G has a similar effect on splice site
selection of human genes like on mouse genes, we used oligonucleotide array analysis in
cooperation with ExonHit Therapeutics, Paris. Total RNA of HEK293 cells transfected with
EGFP-hnRNP G and EGFP-C2 as a control was used for hybridisation. RNA was isolated
18 hours after transfection. The alternative splicing events were detected by a combination of
exon junction and exon body probes, as previously described (Fehlbaum, Guihal et al., 2005).

For validation of the array data, RT-PCR was performed for chosen genes using
specific primers in the flanking regions. Overexpressed EGFP-hnRNP G was compared to
overexpressed EGFP-hnRNP G-Y211F and EGFP-C2 as a control. In Figure 4-35 some genes

are shown for which the array data could be confirmed. Although the effect is fairly weak for

100



RESULTS

some genes, it is clearly visible that hnRNP G overexpression changes the splicing pattern.
Interestingly, other than for the mouse exons, for the majority of theses genes exon inclusion

is promoted, only in four genes (CPSF6, SFRS6, SFRS3, SF3A2) exon skipping is favoured.
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Figure 4-35: hnRNP G overexpression changes splice site selection in human genes. RNA from HEK293
cells transfected with pEGFP-C2 as control (Ctrl), HEK293 cells overexpressing EGFP-hnRNP G or
EGFP-hnRNP G-Y211F was amplified by RT-PCR using specific primers.

For five genes (NOLS5A, SFRS3, SF3A2, TAFI5 and USP39) the effect of the
hnRNP G mutant shows a weaker effect than hnRNP G, similar to the changes observed in
the mouse exons (section 4.3.13.2) or SMN2 and tau minigene (sections 4.3.9 & 4.3.10).
However, for the other genes hnRNP G-Y211F has the same effect as the wild type. This
suggests that for regulation of some genes tyrosine phosphorylation of hnRNP G seems to be
important to change splice site selection. In these cases the mutant might not be able to
sequester other proteins to the splice sites, as a result changing the splicing pattern.

Comparing the mouse genes changed in the array analysis (Table 4-5) with the human

genes, it is interesting to notice that a number of them are equivalent genes.

For example, changes in mouse and human cells were found in the microarray data for
SRRM1, SF3A2 and CPSF4 and were validated in human cells. In the mouse microarray also
changes for the DEAD box polypeptides (DDX) 5 and 27 were found, whereas in human cells
changes were confirmed for DDX11. Amongst the genes for which changes were found in
both microarrays were also U2AF1 or other hnRNP proteins, e.g. hnRNP C for both
organisms, hnRNP K in mouse, hnRNP M in human. However, these results could not be

validated by RT-PCR.

Next, we wanted to test the influence of siRNA knocked down hnRNP G on splice site
selection. For this purpose, the human exonarray from Affymetrix was used. Total RNA of

HEK?293 cells transfected with siRNA for hnRNP G and a negative control siRNA was used
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for hybridisation. RNA was isolated 18 hours posttransfection. However, only two possible

events could be detected, which could not be validated by RT-PCR

4.3.13.4 siRNA knockdown of hnRNP G changes expression of other proteins

To test whether hnRNP G can change the expression of other proteins, hnRNP G was
knocked down by siRNA and protein lysates were analysed by two dimensional gel
electrophoresis (2-DIGE) (performed by Applied Biomics, California). Cell lysates in which a
non-specific siRNA (NC) was transfected were used as control. Changes in proteins between
NC and siRNA knockdown of hnRNP G of two experiments were compared. Figure 4-36
shows the knockdown of hnRNP G and the resulting 2D gels from the two experiments.
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Figure 4-36: 2D gel electrophoresis of HEK293 cell lysates with hnRNP G siRNA knockdown. A) and B)
show experiment 1, C) and D) experiment 2. Western Blots were probed with anti-hnRNP G to check the
knockdown of the protein and anti-GAPDH as a control (A and C). Proteins in lysates with mock siRNA (NC)
were stained in green, while proteins in lysates with knockdown siRNA were stained in red. The overlay shows
that some proteins were changed by knockdown of hnRNP G (B and D).

The overlays of both protein gels were compared and spots from proteins showing
changes in gels from both experiments were picked and analysed by mass spectrometry.

Figure 4-37 shows the overlays of both experiments with the analysed protein spots marked.
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Figure 4-37: Protein spots from 2-DIGE, which were analysed by mass spectrometry. Overlay of the gels
from both 2DIGE experiments. The numbered proteins marked with circles were cut. Green: NC, red: siRNA
knockdown of hnRNP G.

Table 4-6 shows the proteins found by mass spectrometry of spots from 2-DIGE,

which showed differences by siRNA knockdown of hnRNP G compared to control siRNA

Spot | Gene symbol Protein name Expression
1 | NEFM neurofilament medium polypeptide decreased
2 | SF3Al splicing factor SF3a 120K chain decreased
3 | AARS alanyl-tRNA synthetase variant decreased
4 | GLDC glycine dehydrogenase (decarboxylating) decreased
5 | UBEl ubiquitin-activating enzyme E1 increased
6 | HSP90B1 tumour rejection antigen (Gp96) 1 decreased
7 | MCM4 DNA replication licensing factor MCM4 (CDC21 homolog) decreased

(P1-CDC21)
8 VCP transitional endoplasmic reticulum ATPase (TER ATPase) decreased
9 | LEPREL2 leprecan-like 2 protein decreased
10 | EEF2 Elongation factor 2 (EF-2).- increased
11 | HSP90ABI1 heat shock protein 90kDa alpha decreased
12 | HSPATA dnaK-type molecular chaperone precursor, mitochondrial increased
13 | CTPS CTP synthase decreased
14 | XRCC6 ATP-dependent DNA helicase Il 70 kDa subunit increased
15 | STIP1 IEF SSP 3521 decreased
16 | PHGDH D-3-phosphoglycerate dehydrogenase decreased
17 | GRSF1 G-rich sequence factor 1 (GRSF-1) increased
18 | ACTL6A BAF53A protein increased
19 | RPLPO acidic ribosomal protein PO increased
20 | LDHB L-lactate dehydrogenase B chain decreased
21 | YWHAE tyr(‘)sin‘e 3—mongoxygenase/tryptophan 5-monooxygenase increased

activation protein
2 | GNBILI guanine pucleo?ide binding protein (G protein), beta decreased

polypeptide 2-like 1
23 | COQ5 Coenzyme Q5 homolog, methyltransferase (S. cerevisiae) decreased
24 | HSD17B10 3-hydroxyacyl- CoA dehydrogenase type 11 decreased

Table 4-6: Proteins changed by siRNA knockdown of hnRNP G. Proteins found by mass spectrometry of the
proteins which showed changes (up or down shown in last column) in 2-DIGE, when hnRNP G was knocked
down by siRNA compared to a control siRNA.
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Interestingly, one of the proteins showing changes in the expression between control
cells and cells with hnRNP G siRNA knockdown was SF3A1, which is the 120 kDa subunit
of SF3A. The 66 kDa subunit of SF3A, SF3A2, showed changes by RT-PCR when hnRNP G

was overexpressed (section 4.3.13.3, Figure 4-35).

4.3.13.5 Binding of hnRNP G to SF3A

The expression level of the 120 kDa subunit of SF3A (SF3A1) was found to decrease
when expression of hnRNP G was decreased by siRNA (section 4.3.13.4) and the splicing
pattern of the 66 kDa subunit of SF3A was changed when hnRNP G was overexpressed
(Figure 4-35). SF3A is a complex consisting of the three subunits SF3A1 (SF3al120), SF3A2
(SF3a66) and SF3A3 (SF3a60) and is an essential component of U2 snRNPs. The finding that
hnRNP G overexpression is regulating SF3A2 mRNA and changes the expression level of
SF3A1 suggests that SF3A is a possible target of hnRNP G.

To confirm the result from 2-DIGE, Western Blot analysis of lysates, in which
hnRNP G was knocked down by siRNA, was performed. As seen in Figure 4-38, only the
66 kDa isoform SF3A2 was slightly weaker expressed in the lysates with hnRNP G knocked
down compared to the untreated 293 cells and cells transfected with control siRNA. The
120 kDa subunit SF3A1, which was found in 2-DIGE, did not show any changes. The ratio
for the change of expression was -1.57 in gel 1 and -1.44 in gel 2. The ratio for the expression
level change from some of the other proteins was around +/-3. It is possible that the decrease

is too weak to be visible in Western Blot analysis.
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Figure 4-38: Expression level of the SF3A subunits in lysates with siRNA knocked down hnRNP G. 293
cells were transfected with siRNA for hnRNP G and a control siRNA. SF3A subunits were detected in isolated
lysates with their specific antibodies (left). The knock down of hnRNP G was detected by anti-hnRNP G (upper
right); anti-GAPDH was used as control to show equal amounts of proteins (lower right).
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To test whether hnRNP G is binding to any of the SF3A subunits,
immunoprecipitation was performed and it was looked for endogenous SF3A proteins.
EGFP -hnRNP G was overexpressed in HEK293 cells and immunoprecipitation was done
with anti-GFP. The precipitates were analysed by Western Blot with antibodies against the
three subunits of SF3A. Figure 4-39 shows that only SF3A3, the 60 kDa unit, could be pulled
down together with EGFP-hnRNP G. SF3A1 and SF3A2 which showed changes on protein
level and in splicing pattern, respectively, could not be detected in the precipitates. However,

all proteins were present in the lysates (load).
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Figure 4-39: Interaction of hnRNP G with the subunits of endogenous SF3A. EGFP-hnRNP G was
expressed in HEK293 cells and precipitated with anti-GFP. Co-immunoprecipitated (IP) subunits of endogenous
SF3A and lysates (load) were detected by Western Blot using their specific antibodies. Endogenous and
EGFP-tagged hnRNP G were detected by anti-hnRNP G.

As a result, hnRNP G does not bind to SF3A1, but the expression level of this subunit
decreases when hnRNP G is knocked down by siRNA. It also does not bind to SF3A2, for
which hnRNP G causes exon skipping when overexpressed. This is interesting, as the
subunits form the SF3A complex and all three should be detected, if one is detected. It seems
that hnRNP G does not bind to SF3A3 in the SF3A complex, only to the SF3A3 monomer,

but is able to regulate the other two subunits in some way.

4.3.13.6 Finding target genes with CLIP

In another attempt to find target genes for hnRNP G, UV-Crosslinking and
immunoprecipitation (CLIP) was performed according to the protocol published by the
Darnell lab (Ule, Jensen et al., 2003; Ule, Jensen et al., 2005). With this method, RNA targets
of hnRNP G could be found. A list of targets, which were found several times, is shown in

Table 4-7.
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Sequence 5°—3’

Gene

AAGTGGCCCACTAGGCACTCGCATTCCACGCCCGGCTCCACGLCC
AGAGAGCCGGGCTTCTTACCCATTTAAAGTTTG

NR_003287: Homo sapiens
28S ribosomal RNA
AY830084.1: Homo sapiens
survivin variant mRNA,
complete cds, alternatively
spliced

AAGTGGCCCACTAGGCACTCACATTCCACGCCCGGCTCCACGLCC
AGCGAGCCGGGCTTCTTACCCATTTAAAGTTTGAGAATAGGTTG
AGATCGTTTCGGCCCCAAGACCTCTAATCATTCGCTTTACCGGA
TAAAACTGCGTGGCG

NR_003287: Homo sapiens
28S ribosomal RNA
AY830084.1: Homo sapiens
survivin variant mRNA,
complete cds, alternatively
spliced

ACTAGCCCTGAAAATGGATGGCG

NR_003287: Homo sapiens

28S ribosomal RNA
CTCCCTGAGCAGCCTGTGTTCCAGATGCCGACTTCACAAACACC | NM_031454: Homo sapiens
TTCTACTTGCTGAGCTCCTTCCCAGTGGAG selenoprotein O (SELO)

AAATGACCCACTAAAAGCICTGC

NM_032449.1: Homo sapiens
coiled-coil and C2 domain
containing 1B (CC2D1B)

GGTACTGAGAAGGGCTCAGGGACATCG

NM_000420.2: Homo sapiens
Kell blood group, metallo-
endopeptidase (KEL)

GTGCGGCGCCGACGTCTCCACCA

NM_001004416.1/
NM_173568.2: Homo sapiens
uromodulin-like 1 (UMODL1),
transcript variant 1/2

GCGTGCTCCTTCTGCCACTCAGACAGGTCTCC

NM_015694.1: Homo sapiens
zinc finger protein 777
(ZNFT777)

Table 4-7: RNA targets of hnRNP G found by CLIP. The found RNA sequence is shown with the according
gene and its refseq number. Highlighted in grey are the possible binding motifs, found in the SELEX sequences.

In these targets also the possible CCA/CAA/CCC binding motifs which were

discovered in the SELEX sequences could be found (marked in grey in Table 4-7)

Interestingly, 28S ribosomal RNA was also one of the targets, but the part of its

sequence to which hnRNP G binding was detected is equal to survivin mRNA as well. The

binding to 28S ribosomal RNA could be a hint that hnRNP G plays a role in translation of

proteins.

The localisation of the CLIP sequences in the exons of the genes is shown in Figure

4-40.
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cteeetgageagectgtgttccagATGCCGACTTCACAAAC
ACCTTCTACTTGCTGAGCTCCTTCCCAGTGGAG

GTGCGECGCCGACGTCTCCACCA
UMODLA 6 L 7 18

GGTACTGAGAAGGGCTCAGGGACATCG

o)

GCGTGCTCCTTCTGCCACTCAGACAGGTCTCC

ZNF777 — 2 | 3 4

AAATGACCCACTAAAAGCTCTGC
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Figure 4-40: Localisation of CLIP sequences for hnRNP G in exons. Exons and flanking exons are shown as
grey boxes, introns as black lines.

We could not find isoforms of these genes in which the CLIP target containing exons
are alternatively spliced. The sequence found for protein uromodulin-like 1 (UMODL1) exists
in two different splice variants. Splice variant 2 contains a longer exon through intron
extension. However, the CLIP sequence is several hundred kb upstream of this intronic
sequence. For CC2D1B the CLIP target sequence is located in the 3’UTR. The CLIP target
sequence for SELO is partially in the intron (indicated in small letters) and the adjacent exon.
However, no isoform could be found in which this exon is skipped. SELO has one isoform in
which the previous exon is skipped and several isoforms are annotated which start or end in
the exon with the CLIP target sequence (e.g. BG769764 or BX363833).

For KEL and ZNF777 the CLIP target sequence is again in exons for which no spliced
isoforms could be detected: Also for these genes several isoforms which start or end in this

exon are annotated (e.g. KEL: AA11415 or BF995823; ZNF777: CX757003 BG956474).

The fact that shorter isoforms exist for all of these genes could be a hint that hnRNP G
binds to their mRNA and regulates their splicing pattern. To check whether the exons in these
genes are skipped, further experiments like RT-PCR with exon-specific primers would have

to be performed.
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S DISCUSSION

In the first part of this work, it was demonstrated that RBM4 (LARK) is a splicing
factor whose interaction with WT1 is important for splice site selection by sequestering other
proteins. One of the first models demonstrating regulation of alternative splicing by
sequestration is Tra2-betal (Stoilov, Daoud et al., 2004).

The second part of the work showed that reversible phosphorylation of Tra2-betal by
PP1 is important for the interaction with Tra2-betal binding proteins and also changes

splicing patterns of several Tra2-beta dependent exons.

The third part of the work concentrated on hnRNP G, a major interacting protein of
Tra2-betal. It was shown that hnRNP G is also reversibly phosphorylated, which significantly
influences its shuttling ability. Phosphorylation of hnRNP G is regulated by PTPI1B.
Furthermore, it was shown that hnRNP G is able to change splicing of several exons and can

bind to RNA containing CCA motifs.

5.1 Lark is involved in splice site selection

It was found that RBM4 (LARK) modulates alternative splice site selection of SMN2,
SRp20, Tra2-beta and CD44v5 minigenes (Figure 4-1 & Figure 4-2). Similar to earlier
findings (Lai, Kuo et al, 2003), the carboxyl terminal region of RBM4 (aa 176-364) is
necessary for the effect of RBM4 on splicing, as the C-terminus deleted mutant M1 could not
alter splice site selection of SMN2. The C-terminal region of RBM4 contains the protein
binding site to bind WTI, as it was shown that an RBM4 mutant only containing the
C-terminus was sufficient for interaction with WT1 (Markus, Heinrich et al., 2006). It is thus
possible that RBM4 modulates splicing by interacting with proteins involved in splice site
selection, such as WTI1. The ability of RBM4 to alter the splicing pattern of SMN2 and
SRp20 pre-mRNAs was suppressed by WT1(+KTS) (Figure 4-3). These results demonstrate
that the interaction between RBM4 and WT1 is functional in vivo and that WT1(+KTS) is
critical for RBM4 splicing. They also support the fact that changes in the ratio of splicing
regulators can affect alternative splicing of pre-mRNA in vivo (Hanamura, Caceres et al.,
1998). Furthermore, it is important to note that only WT1(+KTS), but not WT1(-KTS) was
able to inhibit the effect of RBM4 on splicing. This corresponds with other data that point to
the +KTS isoform as being an RNA processing factor. WT1(+KTS) may inhibit RBM4 by
binding to the C-terminal region of RBM4 and sequestering it. The exact mechanism of

inhibition still needs to be determined. Splicing in nuclei of living cells occurs while
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pre-mRNA is being packaged in supraspliceosomes (Miiller, Wolpensinger et al., 1998;
Sperling and Sperling, 1998). Supraspliceosomes have been shown to be active in splicing
and are composed of four functional spliceosomes interconnected by the pre-mRNA (Azubel,
Habib et al., 2006). This structure should enable efficient communication between the native
spliceosomes, which is important to allow the non-sequential removal of introns and for
splicing regulation and alternative splicing. RBM4 and WT1 were found to cosediment with
supraspliceosomes (Markus, Heinrich et al,, 2006). This supports the effect of RBM4 on
alternative splicing and also supports their interaction and possible cooperation in RNA
processing. In conclusion, the findings show that the WT1 isoform containing amino acids
KTS in exon 9 (WTI1+KTS) is a direct regulator of the splicing factor RBM4. This adds to the
importance of WTI in post-transcriptional processing. These results also invite further
research on the role of RBM4 in Wilms’ tumour, Denys-Drash and Frasier syndromes, as well
as leukaemia, breast and prostate cancers, as well as sex determination, in which mutated
WT1 plays a role. Finding direct targets of RBM4 could help in understanding their

mechanisms, since WT1 regulates RBM4.

5.2 Reversible phosphorylation of Tra2-betal changes binding to
other proteins involved in splice site selection

Previous studies on SR-protein kinases demonstrated the importance of SR-protein
phosphorylation for alternative splice site selection (Chalfant, Mischak et al., 1995; Duncan,
Stojdl et al, 1997; Du, McGuffin et al., 1998; Muraki, Ohkawara et al, 2004).
Phosphorylation of SR proteins is an important step for arrangement of protein:protein and
protein:RNA interactions during spliceosome assembly. Phosphorylation influences the
affinity between SR-proteins which can regulate the formation of protein-complexes on the
pre-mRNA that identify exons (Xiao and Manley, 1997). Furthermore, it was shown that
dephosphorylation of SF2/ASF and possibly other SR proteins is necessary for the splicing
reaction to occur after spliceosome assembly (Mermoud, Cohen et al., 1994; Cao, Jamison et
al., 1997; Murray, Kobayashi et al., 1999), showing that SR-protein function is regulated by
an interplay between kinases and phosphatases. However, the binding partners of the
phosphatases in the spliceosome were unknown.

This work demonstrated that protein phosphatase 1 (PP1) binds directly to the RVDF
docking motif in the RRM of the splicing factor Tra2-betal, which results in
dephosphorylation of Tra2-betal. Sequence alignment of all available species for Tra2-betal

revealed the presence of this PP1 binding motif with high evolutionary conservation. Detailed
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computational analysis showed that RRMs from nine other SR and SR-related proteins
contained the characteristic RVXF motif (Novoyatleva, Heinrich et al., in press).

In agreement with earlier studies investigating hyperphosphorylation of SF2/ASF after
kinase treatment, we found that the phosphorylation state of Tra2-betal controls its binding to
interacting proteins. Dephosphorylation of Tra2-betal promotes its RS domain mediated
homomultimerisation and binding to SF2/ASF (section 4.2.2). After destruction of the RVDF
docking motif, these interactions are abolished, indicating that PP1 dephosphorylates sites in
the RS-domains of Tra2-betal. This was also supported by performing an experiment with a
Tra2-betal-RSA mutant, in which the serine residues in the RS domain are mutated to alanine
and cannot be serine phosphorylated and with a Tra2-betal-RSE mutant, which mimics a
phosphorylated protein. The RSA mutant showed a stronger interaction with SF2/ASF, while
the RSE mutant can bind SF2/ASF in amounts similar to the wild type. hnRNP Al acts
antagonistically to SF2/ASF and was almost abolished for the Tra2-betal-RSA mutant, which
could bind strongest to SF2/ASF.

We next tested whether PP1 activity can influence splice site selection by performing
several in vivo splicing assays (section 4.2.3-4.2.5), since the formation of transient protein
complexes on exons is necessary for their proper recognition. PP1 activity was decreased
either by its specific inhibitors tautomycin or NIPP1, indirectly by forskolin or knocked down
by siRNA. NIPPI is a nuclear protein that specifically inhibits PP1. Tautomycin is a cell
permeable phosphatase inhibitor that blocks PP1. Forskolin increases the cAMP level and
activates PKA which phosphorylates DARPP32 on threonine 34 and enables it to bind to and
inhibit PP1 (Kwon, Huang et al., 1997).

In most cases analysed, we found that a decrease of PP1 activity had a similar effect
on alternative exon usage as did an increase of the Tra2-betal concentration. However, there
are several cases of alternative exons that responded much stronger to NIPP1 or PP1 siRNA
knockdown than to Tra2-betal. This most likely indicates that other splicing factors that are
dephosphorylated by PP1, such as SF2/ASF or SRp30c, are part of the protein complexes
regulating these exons. The catalytic subunit of PP1 associates with numerous different
proteins that can function as subcellular targeting proteins, substrate-specifiers or inhibitors.
Cellular signal transduction pathways, for example cAMP-dependent activation of protein
kinase A, regulate the binding of PP1 to these proteins. This explains why the subcellular
localisation of the regulatory subunits depends on the cell type and is highly dynamic in a

given cell (Ceulemans and Bollen, 2004). The association of PP1 with regulatory proteins will
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affect its ability to dephosphorylate splicing factors with the PP1 docking motif. This could
explain why alternative splice site usage in various cell types is often very different, although
the concentration of regulatory factors is quite similar. Our data suggest that the
phosphorylation state of splicing factors is as important as their relative concentration and that
PP1 activity is a key component in this regulation.

hnRNP G, a binding partner of Tra2-betal, is another protein which is involved in
splicing and shows phosphorylation. The results of the studies with hnRNP G will be

discussed in the following chapters.

5.3 hnRNP G is in a phosphorylated state in resting cells and is able
to shuttle between nucleus and cytoplasm

Protein phosphorylation is important for regulation of signaling cascades in the cell.
Proteins can be activated or deactivated by phosphorylation and dephosphorylation. Also the
components of the pre-mRNA splicing machinery undergo phosphorylation and
dephosphorylation during the splicing process.

hnRNP G was found to affect splicing (sections 4.3.9 & 4.3.10) and to bind to several
splicing factors (Figure 4-22). Furthermore its sequence shows many tyrosine residues, which
are possible phosphorylation sites. In unstimulated cells, the activity of endogenous kinases
can only be detected using phosphorylation-specific antibodies against specific target sites. To
investigate the result of kinase activation, the activity of kinases was increased by transfection
of cDNAs expressing kinases. hnRNP G was found to be phosphorylated, even when no
kinase was added, using the phospho-specific antibody PY20. This is in contrast with other
splicing factors, which did not show a background level of phosphorylation in absence of
recombinant kinases. This is for example visible in tyrosine phosphorylation studies of
SLM-1 (Stoss, Novoyatleva et al.,, 2004) or YT521-B (Rafalska, Zhang et al., 2004). This
suggests that hnRNP G seems highly phosphorylated in resting cells. In addition, it could be
demonstrated that the level of phosphorylation can be increased through overexpression of
several kinases e.g. SRC family kinases or c-Abl. Mass spectrometry of hnRNP G
coexpressed with c-Abl showed that one predominant phosphorylation site is located on the
tyrosine residue 211. A specific tyrosine phospho-antibody against this site could also
recognise hnRNP G phosphorylated by endogenous kinases, but not a phosphorylation
deficient mutant hnRNP G-Y211F, which emphasises the finding of Y211 as tyrosine

phosphorylation site.
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The most striking difference between the phosphorylated protein and its
non-phosphorylated mutant was observed in protein shuttling between nucleus and cytosol.
The mutant was shuttling much slower than the wild type. So, it seems that tyrosine
phosphorylation on residue 211 is very important for the ability to shuttle. Numerous SR and
SR-related proteins or hnRNPs were shown to shuttle. Some of the shuttling proteins are
thought to escort mature mRNAs into the cytoplasm in the form of mRNPs. A subset of
hnRNP proteins was found to shuttle while associated with both pre-mRNA and mature

mRNA (Pinol-Roma and Dreyfuss, 1992).

Through shuttling, the protein is also able to contact the membrane bound SRC family
kinases c-Src and p59™™ by which it is phosphorylated (Figure 4-14 & Figure 4-18).
hnRNP G was not only shown to be phosphorylated by c-Src, but also to bind to it in
immunoprecipitation (Figure 4-21). It is therefore possible that SRC family kinases can
phosphorylate hnRNP G directly while hnRNP G is shuttling. hnRNP G also has a
proline rich region in its structure, which is a binding motif for the SH3 homology domain
contained in many kinases. c-Src could bind to the proline rich region of hnRNP G and then

phosphorylate it.

In this work, we also could demonstrate that PTP1B is able to dephosphorylate
hnRNP G (Figure 4-23) while some other phosphatases did not have an effect. c-Src is
activated by dephosphorylation at its tyrosine residue 527 by several tyrosine phosphatases,
amongst them PTP1B, SHP1 or PTPalpha (Roskoski, 2005). PTP1B was even characterised
to be the main phosphatase for c-Src activation in breast cancer cells (Bjorge, Pang et al.,
2000). Overexpression of PTP1B leads to dephosphorylation of hnRNP G, but at the same
time should activate endogenous c-Src by dephosphorylation, which is one of the kinases
demonstrated to phosphorylate hnRNP G. In conclusion, inhibition of PTP1B should lead to
phosphorylated hnRNP G again. First tests with specific PTP1B inhibitor showed that
hnRNP G could be detected with the phospho-specific antibody (Figure 5-1).
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Figure 5-1: Inhibition of PTP1B reverses phosphorylation of hnRNP G. EGFP-hnRNP G was cotransfected
with an expression construct of PTP1B in HEK293 cells. Cells were treated with 20 or 50 uM PTP1B inhibitor.

In conclusion, these data show that hnRNP G undergoes reversible tyrosine
phosphorylation, which is important for splice site selection (Chalfant, Mischak et al., 1995;
Duncan, Stojdl et al., 1997; Du, McGuffin et al., 1998; Muraki, Ohkawara et al., 2004). The
phosphorylation of hnRNP G is regulated by PTP1B and facilitates the protein’s shuttling
between nucleus and cytoplasm. Shuttling of hnRNP G indicates that it seems to have
non-nuclear functions, e.g. transport of mature mRNA to the cytoplasm, regulation of mRNA
stability or translation. Since in CLIP analysis hnRNP G was found to bind to 28S ribosomal
RNA, it might be possible that the protein plays a role in translation. Another indication for a
translational function could be our finding from microarray data that several exons in the 5’ or
3’ untranslated region showed up or down regulation.

Another support for this theory could be data from sucrose gradients, in which

hnRNP G was found in the polysomal region (Figure 5-2).
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Figure 5-2: hnRNP G localisation in sucrose gradient. Protein lysates were fractionated in a 60-100% sucrose
gradient and fractions collected. Western Blot analysis with anti-hnRNP G was performed on the fractions.

It was found previously that for example binding of hnRNP K can silence
15-lipoxygenase translation by binding to a CU-rich sequence motif in the 3’UTR (Ostareck,
Ostareck-Lederer et al., 1997). Other hnRNPs like hnRNP I (Hellen, Witherell ef al., 1993),
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hnRNP L (Hahm, Kim er al., 1998) or hnRNP D (Kiledjian, Demaria et al.,, 1997) were
shown to have functions in translation. Yet, the role of hnRNP G in translational processes

remains to be analysed further.

5.4 hnRNP G changes splice site selection phosphorylation
dependently

hnRNP G has several features common to splicing factors like the RNA recognition
motif (RRM), a serine/arginine (SR) rich region and several tyrosine residues. Additionally, it
contains an RGG motif which can also bind to RNA (Kiledjian and Dreyfuss, 1992).
Furthermore, hnRNP G was shown to interact with several splicing factors (Figure 4-22)
(Venables, Vernet et al., 1999; Elliott, Bourgeois et al., 2000; Venables, Elliott et al., 2000)
and demonstrated that it resides in supraspliceosomes (section 4.3.8), large particles, in which
pre-mRNA splicing takes place (Miiller, Wolpensinger et al., 1998; Sperling and Sperling,
1998). The distribution of hnRNP G in these particles changes according to phosphorylation
or to the protein. In the supraspliceosome, it can also have overlapping distribution with other
splicing factors, e.g. Tra2-betal, which is one of its main interactors.

hnRNP G can in vivo change the splice site selection of SMN2 minigene from 20% to
80% exon 7 inclusion and of tau minigene from 75% to 20% exon 10 inclusion. Changes in
splicing are clearly reduced for both minigenes by the phosphorylation deficient mutant
compared to the wild type. This mutant could only change exon 7 inclusion for SMN2 up to

65% and exon 10 inclusion for tau minigene down to 40%.

The mutant with deleted RRM still promotes exon 7 inclusion in SMN2 minigene,
although RNA binding should be affected. However, for tau minigene it could not promote

exon 10 skipping as efficiently as the wild type, similar to the Y211F mutant.

It seems that the phosphorylation deficient mutant can sequester other proteins to the
splice sites less sufficiently than wild type hnRNP G. This is interesting, as comparing wild
type and Y211F mutant in co-immunoprecipitation studies, both could bind equally well with
other splicing factors (Figure 4-22). However, the effect of hnRNP G on tau minigene was
reduced when using the RRM deletion mutant, so binding to RNA will be affected. The
changes of splicing for SMN2 do not occur via direct RNA-binding of the RRM, as the RRM
deletion mutant can still change splice site selection of SMN2 minigene similar to the wild
type. The RRM deletion mutant should still be able to recruit other splicing factors, e.g.

Tra2-betal, which binds to an ESE in SMN2 and promotes exon 7 inclusion (Hofmann,
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Lorson et al., 2000). This sequestration of other splicing factors however, is not sufficient for
splicing of tau exon 10.

A possibility for the association with tau pre-mRNA is that the RNA is not bound by
the RRM, but by the RGG rich region, which can also interact with RNA (Kiledjian and
Dreyfuss, 1992). The RRM of some hnRNPs was even found to be involved in protein:protein
interactions (Hay, Kemp et al., 2001). Maybe hnRNP G also can interact with certain proteins
via its RRM domain. As this interaction is abolished, the RRM deletion mutant might not be
able to change splice site selection of tau minigene in the same way as the wild type.
However, this would have to be investigated further, for example by binding studies with the
RRM deletion mutant or by performing splicing assays with other mutants of hnRNP G. For
this experiments, mutants could be used with the full RRM missing or mutants where the

RGG motif is mutated.

When hnRNP G was knocked down by siRNA in a cotransfection with tau minigene
in vivo, a weak, but significant increase in exon 10 inclusion could be observed (Figure 4-32).
This shows that the presence of hnRNP G is needed to exclude this exon, which is important
for a normal function of Tau. Increased exon 10 inclusion leads to accumulation of abnormal
filaments of Tau protein and can cause tauopathies, a group of diverse dementias and
movement disorders, amongst which are frontotemporal dementia with Parkinsonism linked

to chromosome 17 (FTDP-17) or Alzheimer’s disease.

hnRNP G was also shown to regulate exons of several endogenous genes involved in
splicing in mouse and human cells. For several of these exons it was shown that the
phosphorylation deficient mutant is unable to change the splicing pattern to the same level as
the wild type hnRNP G. This is another evidence for the phosphorylation dependent activity
of hnRNP G in splice site selection (Figure 4-34 & Figure 4-35).

Furthermore, the genes found by CLIP analysis all have splice variants, which is
another indication that hnRNP G functions as a splicing factor. It might bind directly to the

obtained sequences to regulate splicing of these genes.

5.5 hnRNP G binds to CCA-rich motifs

To find possible target sequences of hnRNP G, SELEX was performed. The obtained
sequences contained CAA or CCA/CCC triplets. It was shown that hnRNP G is able to bind
to these CCA rich sequences by gel shift assay, as it could not bind to sequences not
containing such motifs (Figure 4-33). The genes found by CLIP (section 4.3.13.6) also
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contain CAA, CCA and CCC triplets (Table 4-7). We generated a weight matrix for our
assumed binding site, showing the CCA triplet in the middle, flanked by degenerate

sequences (Figure 5-3).

A
1 uUCCAGAAUUAUCCGUGGGCC
2 GACGUGAAUGCCAUAUGCAU
3 GCGCCGCUGGUGACUOGUCCCgg
4 UGAUGCGAACAUCCACGCGG
5 GCGGGAUGUGCUCCCUGCCG
6 CUUGCCACGCUGCUCCGAUG
7 GAAUCGAUCUAGUACCACGU
10 UAAACGGAUGUCCCAUCGGU
11 AUGCCUUCCUCAACAH
11 ¢eont CACCCgg
14 GCGGGCCAGUCAGACGCGUA
15 uGCCAUUU
15 econt AQCCCAACCUGCU
28S a ACUAGCCCUGAAAAUGGAUGGCG
CC2D1B AAAUGACCCACUAAAAGCUCUGC
UMODL1 GUGCGGCGCCGACGUCUCCACCA
ZNFT77 GCGUGCUCCUUCUGCCACUCAGACAGGUCUCC
SELO CUCCCUGAGCAGCCUGUG
SELO contl UUCCAGAUGCCGACUU
SELO cont2 CACAAACACCUUCUACUUG
SELE: @cont3 CUGAGCUCCUUCCCAGUGGAG
288 b AAGUGGCCCACUAGGCACUCA
288 b eontl CAUUCCACGCCCGG
289 b gont3 CUCCACGCCAGCGAGCCGG
285 b cont4 GCUUCUUACCCAUUUAAAGUUUGAGAAUAGGUUGAGAUCG
289 b conth UUUCGGUCCCAAGACCUCUAAUCAUUCGCUUUACCGGAUAAAA
B

G=CCASS

Figure 5-3: RNA motif to which hnRNP G binds determined by SELEX and CLIP data. A) Representative
SELEX and CLIP sequences. The common sequence motif is highlighted in bold. B) Weight matrix, generated
by WebLogo program (http://weblogo.berkeley.edu/logo.cgi) describes the sequence element present in all
sequences.

It can be seen that the triplet containing CCA, CCC or CAA is pronounced in the
binding sites. Therefore, we analysed the target genes, which were found by microarray
analysis and confirmed by RT-PCR (Figure 4-34 & Figure 4-35) for CCA-rich motifs. Table
5-1 (p. 119-120) and Table 5-2 (p. 120-121) show the mouse genes and the human genes,
respectively, with their corresponding exons together with their potential function. The CCA
rich motifs are marked in grey. All genes which showed differences in the splicing pattern
contain several CAA, CCA or CCC motifs except TAF 15 which has none. This suggests that
hnRNP G regulates splice site selection by binding to CCA-rich sequences in specific exons.

It does not seem to require double strand RNA sequences as its paralogue RBMY, which
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binds to a stem loop structure (Skrisovska, Bourgeois et al., 2007). In this novel mode of
binding, the RRM [-sheet surface of human RBMY binds to the RNA loop (CUCAA) in a
sequence specific manner and the $2-f3 loop of the RBMY inserts into the major groove of
the RNA stem. This second step takes place only for RBMY due to a structural difference to
hnRNP G, hnRNP G-T or mouse RBMY, whose RRM is very well conserved. The latter three
all have an additional amino acid, which is missing in the RRM of RBMY. RBMY also
contains another non-conserved mutated amino acid in the f2-f3 loop. Both mutations are
necessary to bind the stem-loop structure (Skrisovska, Bourgeois et al., 2007) (Figure 5-4).
Therefore, it is unlikely that hnRNP G needs a stem loop structure to bind, but likely that the
RRM can also bind to CAA sequences like RBMY.

A
! ! 5t RY 44
Human RBMY MVEADHPGKLF IGGLNRETNEKMLKAVFGKHGPISEVLLIKDR - TSKE
Human hnRNP G MVEADRPGKLF IGGLNTETNEKALEAVFGKYGRIVEVLLMKDRETNK
Human hnRNP G-T MVEADRPGKLF IGGLNLETDEKALEAEFGKYGRIVEVLLMKDRETNKSIRGE
Mouse RBMY MAETNOPGKIFIGGLNI KTROKTLOEIFGRFGPVARVILMRDRETKKSRG
9w g ¢
Human RBMY DAKNAAKDMNGKSLHGKAIKVEQAKKPS - FQSGGRRRPPA
Human hnRNP G DAKDAARDMNGKSLDGKAIKVEQATKPS- FESG-RRGPPP
Human hnRNP G-T DAKAAARDMNGKSLDGKAIXVAQATKPA-FESS-RRGPPP
Mouse RBMY DAKNAVKEMNGVILDGK RIXVKQOARRPSSLESGSKKRPPS
B C
(79 sequences)
99%
M% U
28% A c 959
- A
0 C A 09
1
=G
19 2
equences U - A
3
Gy,
4
Y =R

.‘,\
Figure 5-4: Binding of RBMY to RNA stem-loop sequence. A) Sequence alignment of RRMs of human
RBMY (hRBMY), and related orthologues or paralogues. The RNP2 and RNP1 motifs are indicated by light
green and dark green boxes, respectively. Amino acids of hRBMY found in contact with the RNA loop and stem
are indicated in blue and red, respectively. The arrows show the non-conserved mutated amino acids of f2-f3
loop. B) Consensus sequence of the stem-loop structure with the highly conserved CWCAA loop. The red box
shows the core consensus sequence of the stem. C) Stereoviews of the contact between the RRM 2-B3 loop and
the RNA stem. D) Schematic diagram of interactions. The amino acid residues in contact with the RNA side
chain and main chain are shown in green and blue, respectively. The nucleotides shown in red are sequence
specifically recognised by human RMBY RRM. Y: C or U; W: U or A; R: G or C. Picture from Skrisovska,
Bourgeois et al., 2007.

As hnRNP G was shown to change splice site selection of SMN2 exon 7 and tau
exon 10, the sequences of these exons were also searched for CCA rich sequences.

Interestingly, in tau exon 10 were found several CAA/CCA triplets, while the proximate
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5’ and 3’ introns have a few CCA and CCC triplets. In SMN2 exon 7 several CCA/CCC
triplets were found, while the surrounding introns have a number of CAA triplets.
These findings strengthen the assumption that hnRNP G can bind to exons containing

CCA rich sequences and regulate their splicing pattern.

118



DiscussIoN

-a8ed 1xou ponunuo) ‘5 NYUY £q Pae[n3ax souds ABIIBOIIIW ISNOW JO SUOXD UI SJIIOW Y-V :-S d[qe],

1S uone[A0ISLIAW-N

NAIAOOOIWAAATATOMAD T AADATN I
EOILDA0EANIVINAANAYATEIMWNIDAL

IVVYLIL
DLLILIVOVODDILOOOVIOLIYDILVYOLLIYODOVYVYIVOLODOY
YOOVVVYIOVLVYODOVIVOODILIODOOILVYDVYYVYYOVILIOVOY
DDIOOVOOILOLINYOODOVILILOVYDVYOVODDIOVOVVYIOODL
ODIDOVOVODLILOLODOVODILVYVVYVYOILYODDILODLIOVVYD

H 9seIowost
1£101d [Apndad snnosnuw snjy

LL98T0 AN yrdg

9IS UONB[AOISLIAW-N

YY0dIVALAdADVOVAISYSNIOAYD

DVYODIODODVYIIODDINVIIDLLIOONYIODIO00LLODDDD
DVYDDVYOOLVIDIODLOLIDOVIOLOIVYIYODDDID90DLOD

[ urajoad Surpuiq joen
surpruiAd£jod snnosnw snjp

966800 AN 1dqid

aus uonejAioydsoyd D) aseuny urajoig
WI0JOSI 191I0YS

*»ANTHATADATAMAATATSNOISATT
0dSdd4L0dDHdIDTSAdMIIIMTdddd

YYYLLILIDLOOYIODLVYIVODILLLOILODL
OVDIVIOLILOIVYDLODILIOLVYOVODDOLOVIVDVVYODILVYY
LIIDOLOOVYOLODOOVDIVYODDILIODLOYYIIDDLODILODOLD
QOLOILLODOILILIOLLIYOVYOOLLOOVYDODOVYOYIIDIDOILOIOL
OVDLILVDDDIOVVYVVIVVYOVYOVDIDDLIOLOLDDODIDOVIIDDD

(PIux1)
1 YI[-UIXOPAJOIY) sSn[ndsnu SN\

667ST0 NN aisi-sn

AN

*IDVYSWA

OVIOOVNVYOLILILOLIIOL
OOYVYOLODVYLOVVYYDOLOVIOVILLLIOOVYVYODILILIOVYD
DIDINOOVVVYDIVYVYIVDIODOILVYOVIOVYVYIOVILOODVON
QOVIOLLLOLILOVYLIOOVVYIOLOLILOOVYVYODILDDONYIODODIVYY
IV¥DLOVVYVYVYYYYIILIDODDDLLIVODDLOVYVYVYYDDLLLD
OOV IOOLODILIOOLYIOVYDIDILVYIVIVOVOLVYVYONYOODDL
LIYLIDOIIOIOOILIIILLIILIIILLILILIIILIILIIIILL
IDLLIDLLIDLIIILIIOOOOOLLLLLLLIDDLOODLIOOD
IO0OVVILIIOLLLLIILIOOVIOOO000D 1000V I2000
YOYVYYDODILLIOLLIILIOYYOOVIVYDLOILILIYVYIOVOVIOL
OVYVVYOVLIDIVOVYNYOLLIIYOLLIOOVYYYIOODLOYYILD
OLVOVYVYOVYVYLIYDIODVIOVVYIOOOOODOVYYDDVVYVILLL
IDLLLLIVIDDIODLILIDLIVYVYLIDLOVYYIILIDILDILDLOVY
LYDOVYVYYDDOOLODDDIOVIODIIIYOLIVIDOVOVIIOVYYY
OYVYNYOOODVVYOOLLLILOVYOIYVYIOVYOVYLINYODLLY
YOOVVVIDOLOIVODILYVYIDIOVLIOLIOVODDIOVYOLOD
IDLIDLIOLONYIDLOVIOLIVOVYVYVYVYDVYDVIVOLOOLVYL
OVDOOLVOVVYYLIDIVYYLLIOILDILLOOVIOOVODILIVIOL
DD0DDOILOIDILIIONIIVYDOONIODLODLYDILIODOLLIVYODLD
YYILILLIVOVODLLVYIOYDODDLIVIVYOVYYYOLYILILLDL
DDILOLODDDILOOVVYVYILLIOOODDLLLIVODILOLOONYYIOL
YILLILIDIOOLILOILIVYIOVDIVYVYYDIVYVYLIVIDOVOVD
LIIOLOOIVOLLIOLOOOIVYVYIOVYIVYOVIIOOVYVYVYIDIOL
IVYDOVYOVDVIDLOILODOOVYOVVYDILODILYDIOVODDLILIOD
YOLOVIIOVVYDILOIOOLOVIOVIOVOVYLLOLODIOOLOY
OVVYVYIVOOVIIOLLODOOVOLLLILILIOOVYIOVDOIVYIOOODD
ILDOODLOVYIOOODIVIOVOVOLOIVYVYODDIOLOLOIVYLD

7SHS) 7 YOLI-ouLIaS/QuIuIgie
‘10108] Jurords snnosnw SnjA
8SETT0 NN TN

auts uonejAroydsoyd D oseury urejoig
ULIOJOSI J3}I0YS

»IdSISESH
ddSAIdSDISTIdSASISISNSISESHES
dSESISESIDASASIIDAAMATITIAYIHED

YYLVYOVIODLDOLOODDLOLYDVYIOVIVYIIOOODDLD
LIYLODONIOVOLYDOVOVYODVVYOVODYVYIODOILOVIIOY
DDDLOVODVIDVYONVYIOVVYOVIDVLODDDVYDOVYODVIOOL
DOYIDIODOVYIIIOLYDIILOLVYOVYDOLYILILOVYIDLOVYD
¥OD09DDIVOLILOVYVYILODDDDIYOVIIOODLOVVYYDVYOD

[ YOLI-oULIaS/QuIuIIe
‘1030R] urords snynosnu SnjA
YLEELT AN dSV/2dS

uonounj [enudo g

uRjoIg

dudanbas uoxy

ETTETS)

119



DiscussIoN

-o3ed 1xau ponunuo)) ) INYUY Aq P3je[N3a1 S9Uds ALIIR0OIIIW UBWINY JO SUOXI UI SJIIOW YOI-Y)))) :T-S dqeL

IMATY 30909 TSN L11099I9IOVYOIIODLIIOIOODOVILOD SHX YDA ‘DYS
" .H\M M N| STOTSHIVAIMVANVIOST | 1100 vowiv1onoL 0010110 HEO¥I0I0Y LOLIOYO } PoIe i .Z%m . %E
QS UONBJAOISUAW-N | OJLOSSYIALINADTOAVYY | 0IvD9IIVOIOIOVYIIOVYIIIIOIOIIIooIvo1oovyy | LEOCO0 JAN  200°C00°L06 UAq
99IIIVYVOVOIVYVYY
¥OR000I 1091010199 IVIVYOVOVOOIIVOOVYIIDIIOL
DO¥DOIDOVOIIIDDIVIOOIIIIVOIDIDIOVODIVOVID
9009IVYYIIDIDOVOVIOOIOIIVOOIOIDDIOOIIIIND o
99VIIIOO9IIVIVODOOVIDIVYYOIOOOWIIOVIOIIVI (Se1s1A2190 *§ “Sojowoy aseor|ay
DOVYYOVIIVIDOYOVIOIIIIOOOVYIOIODVOVOVYOYD M-TTHD) 11 opndadLjod xoq (stH/dsY
I19I019910919999VII0IYOIIIDIVONTIOVYIVIIYO
-e[v-n[n-ds suardes owo
LOVYYYIDIOOVYYOVYOYOODIOOVOVOVYIOLIVODIOIY ~|< 19-dsv) E\ Q.<mQ : H
NN ¥DIL1Ad | ¥9I9II0990II09VIOVYDIOVYYIVOD90¥Yovo1Iove | £590€0 AN SYee 11Xdd
¥55100000
099I¥IOYDIDDDOVIVOIVINOOYODIOOYDIDDDIVIND
DddDAADIAXRAAAED | DIVOVONTEIITOOVIILODVOIIOVIVOVOIYIVIOIDLIYD
XJAIdddONSAS IINDSNI | 9919¥0VYIO¥Y00¥0I100LIIIOLIIODONIDIVYDIOLIYD
JddAIVANAHAYIAdYDdg | D°0109¥08900¥90009199¥93100¥907O91001I01Y
DDDDLODLODLODYLOYOVLLODOOYO0DDDLLOVIDLODD
dDdTHAAdVTLTAdDTdDd | 55y55195100¥09111090999¥00100¥IDLOIYIIVOD
d¥ddddndddddndiddddd | ovovvovodIo0¥I¥I9999I001099990990VI099¥D
9dddOADdAIIIIDIdTdD | DIIO¥O0IO0¥III00099I00IOOLIONIIIOODLINIIL
S[yoId uorgar YoL-ouroIg 13d09 1409 dATAdIATNq | 2PO¥O999IIIIOO¥OVOOI0DIIIIIOIIOWIO¥IONID (swreu 9qoid) B]9 ‘9 I0310v] O1j10ads
9ouanbas juswyoene [0 LO999DLVOVOOVIOLVYLOOLIODOOLOOVLOLOOLOOLD | yonejAuapeAjod pue o8eAro[d suardes ouwo
! \na 3%: D | DUNAOVTdddTADDdAdd | 55151 1ooworon 100100809100 195H00¥IBL0 L0k HEIAUOPEA[OC P o ! . H
9IS UOHB[AOISUAW-N | 5ddDIIDIIDTITIAILOD | 50090¥00L00LOOVLIID0OYD0Lo0¥oovooLovovowos | LOOLOO AN I'T'8¥1 o4SdD
IS SYVYOI1910990
DY TYTSOTOHADSASHAA | D10TD90991110I¥DD0I00DIOVOLIOVOOYILOVODIL FASdD) BA@I0S ‘¢ 10108 o1j10ads
O¥DID09VILIIIDDIOVODD9IDI90O¥00IIINIDI0999
uonejAuapeAjod pue a8eaeoo suardes ouro
45095ddAddddLTIOSAT | g55515v910010¥9OYOLLIO9LI0PIILIDOYDDODIL HEIAISPBAIOG PUE 908AT] : H
as uone[Aioydsoyd D aseury| UOI] | gT19dATTddETISHSSAY | v99I0110100I00¥OvO 100 IO IO¥0I3LLoIovowow | £69900 AN I'v9¢1 PASdD
uondunj [enudlog uR)oI] dudnbas uoxy basjoy (I Uoxd UdN)

*surojoid oy ur uoxa

siy} Jo uonouny 9[qissod e pue umoys st 9ouanbos urejoid Jurpioooe YL, ") INYUY Aq PIIe[N3AI SOUIS ABLIBOIIIW ISNOUWL JO SUOXI UI SJIIOW YILI-Y))) :(‘JU0d) -S JqeL

a1s uone[Aroydsoyd [] aseury urase))
‘a)1s uone[Aroydsoyd O aseury urejoig

g117s0717a4

DOVYIIDOLIOOIODDLOVIDIODOVYIOVYDLIOLD

6 9sedseo snnosnur snj

SYVMOATIOATIATI AMSOSIIAIMSAID

DDILODDOIOVIOVODILILIVYIODDIVODLIOOVOVODILVYIOY
IODLODILOODDLOVVVVYONYOVODOVODILODLOLODILIILIOD

aus uoneAioydsoyd [] oseurny urase)
‘au1s uonejAtoydsoyd O aseuny uro0Ig
QIS UONIB[ASOIA[S-N

MITTAOWMYOSOANH
ALAZADTINOADNATYOVANALONIAAND

DIDIVYONYODILYOVYYYIDIOLIOLIOODLOVDINYIVYODLDD
OVYLOVVYDILLLODDIOOVYVYYVYODLLODILONYYOLIDIOOO

€€LST0 AN 6dseD

YYVYVYOVYILD
L, 9sedsed snnosnuw snjy
119,00 NN LdseD

DDDDVDOOILVOVNYVYIOVYODIVDODILVYODIODILDIOVYDOILVIDD

uonounj [enudo g

uRjoIg

dudanbas uoxy

ETTETS)

120



DiscussIoN

‘surajold ay) ur uoxo

s1y) Jo uonouny a[qissod & pue umoys sI douenbes urejoxd Surpioooe oYy, ‘) NYUY Aq PIje[MSaT sauds ABIIBOIIW UBWINY JO SUOXI UI SJIOW YILI-y)) :(Ju0d) 7-§ dqel.

a1s uone[A1oydsoyd [] aseury urase))
auts uonejAroydsoyd D oseury urejoig

OIXAVHSTLIN
OdTIAIAOTAOTEAMNOLD

OVDOLlL
YOVYLIODOVOVYIOLOIOVYOVYILYDLVYOVYIOODLILODIYOVYOL
OVDLODOVIIDILOOVOVVYIVILIVYDIVIODIVNYIODVIOVODD

6¢ 9seajoid oyroads unimbiqn susrdes owoy
065900 AN I'Lvel 6¢dSN

9IS UOIB[AOISLIAW-N

HATHEINAEH

ITHHIIAHETIHHNVYHALHANY
AANSLHHINYAITHANYAAH L
AHNYYHALDOANYY Y HILDARN
YADAALIANYVYOAATHY LY

DVYDDOVYDIOILVDOVDOVYODIVIIODVYDD
YOOLVDVYDOVYODIVILODVYDDOVYDIILVYDVODVYODIVIDOOVD
DVYDIIOVOVIILODLVYIIODDOVYODLODVYDIIVOVDOVODILVYLD
DDIOOVYOIILYDVYDOVYIDILVYIOODILIDDYDOVYIIIVOVYIOVDD
I¥YIO9D0DDVYDOVOVIVDODDILODILYIODDIDDIODDVOVOY
DDDDIDOIVIIOODLODDDDILOVVYOVIVOVYODILODLYILODDD
DDDDOILOVVYIVIVOVYIIDIDOVYIOVILIODDIOOLODIOVIDVYDY

B(]9 ‘T0j0R]
pajendosse-(dg.L) urejoxd Surpuiq xoq VLV.L
1 9serowA[od YN STV L suardes owoy

ayts uoneAroydsoyd [ 9seUD] UISSED) | AAVYELEANYADAZLEANY | 0vOvH9I091vIO09L00999Io7ovovorno1oorvios | STTOET AN €T LYC CTAVL
[ X1eu
dIAN ‘uopod doig 5 aannadal suruiie/suies susrdes oWOH
9JIs uonepnuy *MIAISOMIMOWON | vI99110¥010¥9890I¥0091vo00vvvoosrvovoory | 6£8500 AN I'¢011 TINJAS
DYOIIIOIOIIOIE (9SMHS) 9 YOoLI-ouLIds/QuIuI3Ie
¥OOYOIOIOVOOOIIIVOVYIIIIOIVOVIVIVIOOIVIIY ‘J0)0e§ SurdNds suordes OWOH
IIIVY999I0IIIVIIOIIVIVIIIIOOLOVYYIOVYVILL _ o :
NN I TYNINANYAOIAADA | 09IVVYIOVOIVIVOIVYYOVIVONYOIIvvIoIL11oIvIo | SLC900 NN I'v'CCl 9S¥UAS
€ [OLI-OULIOS/oUIUI IR
5 ‘10108 Jurords suardes owoy
HINTAHHSSAHHHS | v09101vv¥0101890%00v01011010101v018d0voroy | L10€00 AN I'¢'6¢ £SUAS
e(399
“zyrungns ‘e¢ 1030v] Surornds suardes owo
Cors1Ik ¥dAdDdd ¥09199019190099990¥039 LOIODDIDOVONTOD ¢ unans ee 10198) UII : H
QS UONBJAOISUAW-N | TYVYAOILOMYYOMYMIOSYHA | 5voo9viv00990999999190999110v999v01vovars | S9TL00 JAN 1'C0S1 v edsS
DVIDIVOIIYD (eadar q/a Yim
AN ‘uopod doig #dTSTNS | 2991¥O10001FEIOYOI010101EO0101O1YOIOVOLEE BN9S) V¢ urjoxd rejosponu suardes oWoH
1S UONR[ASOOK[S-N 9919¥9I0090I¥YIIOIDIVRYILIVYOO9IIOVOIVOIOY 7/ : o :
g ADLNAVADIDVNIAAYNTA | 5571 15999%09999109918300119110v001vvo100vs | ¢6£900 AN 1'¢LTT VSTION
uorduUNJ [enuajo g U)oL aduanbas uoxyy basjoy (I uoxd UdN)

121



DiISCUSSION

In conclusion, we suggest a working model for hnRNP G function in the cell (Figure
5-5). In the nucleus, hnRNP G can bind to exons containing CCA motifs and regulate splice
site selection. For some exons this was shown to be phosphorylation dependent (e.g. SF3A2,
NOLSA or SFRS3). Phosphorylation of hnRNP G controls shuttling of the protein. hnRNP G
is tyrosine phosphorylated in the nucleus by nuclear tyrosine kinases, like c-Abl, Sik or RAK.
Phosphorylation enables the protein to shuttle to the cytoplasm, probably transporting mRNA
outside the nucleus. There it can be dephosphorylated by the protein tyrosine phosphatase
PTP1B and interact with the membrane-bound tyrosine kinase c-Src. Shuttling back to the
nucleus requires phosphorylation in the cytoplasm, which can be done by c-Src or other
kinases. The role hnRNP G plays in the cytoplasm remains still to be investigated. A possible
function can be a part in translation which is emphasized by preliminary experiments like

CLIP analysis and running sucrose gradients.

cytoplasm (_\

— — —
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- i ¥
e tyrosine kinases
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nucleus

Figure 5-5: Working model for hnRNP G. hnRNP G (violet oval) binds to exons (grey boxes) which contain
CCA-rich motifs and is able to regulate their splicing pattern. hnRNP G is phosphorylated in the nucleus by
nuclear tyrosine kinases (dark green) and in the cytosol by c-Src (light green). Phosphorylation facilitates nuclear
cytosolic shuttling, possibly to transport mRNA (thick grey lines). In the cytosol, it can be dephosphorylated by
PTP1B (blue).

122



REFERENCES

6 REFERENCES

Allemand E., Hastings M.L., Murray M.V., Myers M.P. and Krainer A.R. (2007). "Alternative splicing
regulation by interaction of phosphatase PP2Cgamma with nucleic acid-binding protein YB-1." Nat Struct
Mol Biol 14(7): 630-8.

Alonso A., Sasin J., Bottini N., Friedberg I. et. al, (2004). "Protein tyrosine phosphatases in the human
genome." Cell 117(6): 699-711.

Altschul S., Gish W., Miller W., Myers E. and Lipman D. (1990). "Basic local alignment search tool." J Mol
Biol. 215(3): 403-10.

Altschul S., Madden T., Schaffer A., Zhang J. et. al, (1997). "Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs." Nucl Acids Res 25(17): 3389-402.

Amrein H., Hedley M.L. and Maniatis T. (1994). "The role of specific protein-RNA and protein-protein
interactions in positive and negative control of pre-mRNA splicing by Transformer 2." Cell 76(4): 735-46.

Andersen J.N., Jansen P.G., Echwald S.M., Mortensen O.H. et. al., (2004). "A genomic perspective on protein
tyrosine phosphatases: gene structure, pseudogenes, and genetic disease linkage." Faseb J 18(1): 8-30.

Ando S., Sarlis N.J., Krishnan J., Feng X. et. al., (2001). "Aberrant Alternative Splicing of Thyroid Hormone
Receptor in a TSH-Secreting Pituitary Tumour Is A Mechanism for Hormone Resistance." Mol Endocrinol
15(9): 1529-38.

Andreadis A., Brown W.M. and Kosik K.S. (1992). "Structure and novel exons of the human tau gene."
Biochemistry 31(43): 10626-33.

Azubel M., Habib N., Sperling R. and Sperling J. (2006). "Native spliceosomes assemble with pre-mRNA to
form supraspliceosomes." J Mol Biol 356(4): 955-66.

Babcock D., Gasner C., Francke U. and Maslen C. (1998). "A single mutation that results in an Asp to His
substitution and partial exon skipping in a family with congenital contractural arachnodactyly." Hum Genet
103(1): 22-8.

Bedford M.T., Frankel A., Yaffe M.B., Clarke S. et. al., (2000). "Arginine Methylation Inhibits the Binding of
Proline-rich Ligands to Src Homology 3, but Not WW, Domains." J Biol Chem 275(21): 16030-6.

Beil B., Screaton G. and Stamm S. (1997). "Molecular cloning of htra2-beta-1 and htra2-beta-2, two human
homologues of tra-2 generated by alternative splicing." DNA Cell Biol. 16(6): 679-90.

Benne R. (1996). "RNA editing: how a message is changed." Current Opinion in Genetics & Development 6(2):
221-31.

Ben-Neriah Y., Daley G., Mes-Masson A., Witte O. and Baltimore D. (1986). "The chronic myelogenous
leukaemia-specific P210 protein is the product of the bcr/abl hybrid gene." Science 233(4760): 212-4.

Beullens M. and Bollen M. (2002). "The Protein Phosphatase-1 Regulator NIPP1 Is Also a Splicing Factor
Involved in a Late Step of Spliceosome Assembly." J Biol Chem 277(22): 19855-60.

Birnboim H.C. and Doly J. (1979). "A rapid alkaline extraction procedure for screening recombinant plasmid
DNA." Nucl Acids Res 7(6): 1513-23.

Bjorge J.D., Pang A. and Fujita D.J. (2000). "Identification of protein-tyrosine phosphatase 1B as the major
tyrosine phosphatase activity capable of dephosphorylating and activating c-Src in several human breast
cancer cell lines." J Biol Chem 275(52): 41439-46.

123



REFERENCES

Black D.J., Chan R., Min H., Wang J. and Bell L. (1998). The electrophoretic mobility shift assay for RNA
binding proteins. RNA-protein interactions: a practical approach. C.W.J. Smith, (Ed.). Oxford, United
Kingdom, Oxford University Press. 192: 109-36.

Black D.L. (2003). "Mechanisms of alternative pre-messenger RNA splicing." Annu Rev Biochem 72: 291-336.

Blaustein M., Pelisch F., Tanos T., Munoz M.J. et. al., (2005). "Concerted regulation of nuclear and cytoplasmic
activities of SR proteins by AKT." Nat Struct Mol Biol 12(12): 1037-44.

Blencowe B., Nickerson J., Issner R., Penman S. and Sharp P. (1994). "Association of nuclear matrix antigens
with exon-containing splicing complexes." J Cell Biol 127(3): 593-607.

Blencowe B.J. (2000). "Exonic splicing enhancers: mechanism of action, diversity and role in human genetic
diseases." Trends Biochem Sci 25(3): 106-10.

Blum H., Wolf M., Enssle K., Rollinghoff M. and Gessner A. (1996). "Two distinct stimulus-dependent
pathways lead to production of soluble murine interleukin-4 receptor.” J Immunol 157(5): 1846-53.

Bollen M. (2001). "Combinatorial control of protein phosphatase-1." Trends Biochem Sci 26(7): 426-31.

Boukis L.A., Liu N., Furuyama S. and Bruzik J.P. (2004). "Ser/Arg-rich protein-mediated communication
between Ul and U2 small nuclear ribonucleoprotein particles." J Biol Chem 279(28): 29647-53.

Bradford M. (1976). "A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding." Anal Biochem 72: 248-54.

Brenner T., Hamra-Amitay Y., Evron T., Boneva N. et. al., (2003). "The role of readthrough acetylcholinesterase
in the pathophysiology of myasthenia gravis." Faseb J 17(2): 214-22.

Brichta L., Hofmann Y., Hahnen E., Siebzehnriibl F.A. et. al., (2003). "Valproic acid increases the SMN2
protein level: a well-known drug as a potential therapy for spinal muscular atrophy." Hum Mol Genet 12(19):
2481-9.

Brosi R., Hauri H.P. and Krimer A. (1993). "Separation of splicing factor SF3 into two components and
purification of SF3a activity." J Biol Chem 268(23): 17640-6.

Buckanovich R.J. and Darnell R.B. (1997). "The neuronal RNA binding protein Nova-1 recognizes specific
RNA targets in vitro and in vivo." Mol Cell Biol 17(6): 3194-201.

Bullock W., Fernandez J. and Short J. (1987). "X11-Blue: A High Efficiency Plasmid Transforming recA
Escherichia coli Strain With Beta-Galactosidase Selection." BioTechniques 5(4): 376-9.

Burge C., Tuschl T. and Sharp P. (1999). Splicing of precursors to mRNAs by the spliceosomes. The RNA
World. R. Gesteland, T. Cech and J. Atkins, (Eds). Cold Spring Harbor, NY, Cold Spring Harbor Laboratory
Press: 525-60.

Burset M., Seledtsov I.A. and Solovyev V.V. (2000). "Analysis of canonical and non-canonical splice sites in
mammalian genomes." Nucl Acids Res 28(21): 4364-75.

Burset M., Seledtsov I.A. and Solovyev V.V. (2001). "SpliceDB: database of canonical and non-canonical
mammalian splice sites." Nucl Acids Res 29(1): 255-9.

Caceres J., Stamm S., Helfman D. and Krainer A. (1994). "Regulation of alternative splicing in vivo by
overexpression of antagonistic splicing factors." Science 265(5179): 1706-9.

Caceres J.F., Misteli T., Screaton G.R., Spector D.L. and Krainer A.R. (1997). "Role of the Modular Domains of
SR Proteins in Subnuclear Localization and Alternative Splicing Specificity." J Cell Biol 138(2): 225-38.

Caceres J.F., Screaton G.R. and Krainer A.R. (1998). "A specific subset of SR proteins shuttles continuously
between the nucleus and the cytoplasm." Genes Dev 12(1): 55-66.

124



REFERENCES

Cao W., Jamison S.F. and Garcia-Blanco M.A. (1997). "Both phosphorylation and dephosphorylation of
ASF/SF2 are required for pre-mRNA splicing in vitro." RNA 3(12): 1456-67.

Caricasole A., Duarte A., Larsson S.H., Hastie N.D. er. al., (1996). "RNA binding by the Wilms’ tumour
suppressor zinc finger proteins.” PNAS 93(15): 7562-6.

Carpenter B., MacKay C., Alnabulsi A., MacKay M. et. al., (2006). "The roles of heterogeneous nuclear
ribonucleoproteins in tumour development and progression." Biochim Biophys Acta 1765(2): 85-100.

Cartegni L. and Krainer A.R. (2002). "Disruption of an SF2/ASF-dependent exonic splicing enhancer in SMN2
causes spinal muscular atrophy in the absence of SMN1." Nat Genet 30(4): 377-84.

Cartegni L., Wang J., Zhu Z., Zhang M.Q. and Krainer A.R. (2003). "ESEfinder: a web resource to identify
exonic splicing enhancers." Nucl Acids Res 31(13): 3568-71.

Cavaloc Y., Bourgeois C.F., Kister L. and Stevenin J. (1999). "The splicing factors 9G8 and SRp20 transactivate
splicing through different and specific enhancers." RNA 5(3): 468-83.

Ceulemans H. and Bollen M. (2004). "Functional diversity of protein phosphatase-1, a cellular economizer and
reset button." Physiol Rev 84(1): 1-39.

Chalfant C.E., Mischak H., Watson J.E., Winkler B.C. et. al., (1995). "Regulation of alternative splicing of
protein kinase C beta by insulin." J Biol Chem 270(22): 13326-32.

Chan W.Y., Soloviev M.M., Ciruela F. and Mcllhinney R.A.J. (2001). "Molecular Determinants of Metabotropic
Glutamate Receptor 1B Trafficking." Molecular and Cellular Neuroscience 17(3): 577-88.

Chang J.G., Hsieh-Li H.M., Jong Y.J., Wang N.M. et. al., (2001). "Treatment of spinal muscular atrophy by
sodium butyrate." Proc Natl Acad Sci U S A 98(17): 9808-13.

Chao H.K., Hsiao K.J. and Su T.S. (2001). "A silent mutation induces exon skipping in the phenylalanine
hydroxylase gene in phenylketonuria." Hum Genet 108(1): 14-9.

Chen C. and Okayama H. (1987). "High-efficiency transformation of mammalian cells by plasmid DNA." Mol
Cell Biol 7(8): 2745-52.

Chen T., Cote J., Carvajal H.V. and Richard S. (2001). "Identification of Sam68 Arginine Glycine-rich
Sequences Capable of Conferring Nonspecific RNA Binding to the GSG Domain." J Biol Chem 276(33):
30803-11.

Chenna R., Sugawara H., Koike T., Lopez R. et. al, (2003). "Multiple sequence alignment with the Clustal
series of programs." Nucl Acids Res 31(13): 3497-500.

Ciccarone V.C., Polayes D.A. and Luckow V.A. (1997). Generation of Recombinant Baculovirus DNA in E. coli
Using a Baculovirus Shuttle Vector. Molecular Diagnosis of Infectious Diseases. U. Reischl, (Ed.). Totowa,
Humana Press. 13: 213-36.

Clark L.N., Poorkaj P., Wszolek Z., Geschwind D.H. et. al., (1998). "Pathogenic implications of mutations in the
tau gene in pallido-ponto-nigral degeneration and related neurodegenerative disorders linked to chromosome
17." Proc Natl Acad Sci U S A 95(22): 13103-7.

Cogan J., Prince M., Lekhakula S., Bundey S. et. al., (1997). "A novel mechanism of aberrant pre-mRNA
splicing in humans." Hum Mol Genet 6(6): 909-12.

Colwill K., Pawson T., Andrews B., Prasad J. et. al, (1996). "The CIlk/Sty protein kinase phosphorylates SR
splicing factors and regulates their intranuclear distribution." EMBO J 15(2): 265-75.

Consortium L.LH.G.S. (2004). "Finishing the euchromatic sequence of the human genome." Nature 431(7011):
931-45.

125



REFERENCES

Cote J., Boisvert F.-M., Boulanger M.-C., Bedford M.T. and Richard S. (2003). "Sam68 RNA Binding Protein Is
an In Vivo Substrate for Protein Arginine N-Methyltransferase 1." Mol Biol Cell 14(1): 274-87.

Coulter L., Landree M. and Cooper T. (1997). "Identification of a new class of exonic splicing enhancers by in
vivo selection [published erratum appears in Mol Cell Biol 1997 Jun;17(6):3468]." Mol Cell Biol 17(4): 2143-
50.

Craven R.J., Cance W.G. and Liu E.T. (1995). "The Nuclear Tyrosine Kinase Rak Associates with the
Retinoblastoma Protein pRb." Cancer Res 55(18): 3969-72.

Daley G., Van Etten R. and Baltimore D. (1990). "Induction of chronic myelogenous leukaemia in mice by the
P210bcr/abl gene of the Philadelphia chromosome." Science 247(4944): 824-30.

Daoud R., Da Penha Berzaghi M., Siedler F., Hubener M. and Stamm S. (1999). "Activity-dependent regulation
of alternative splicing patterns in the rat brain." Eur J Neurosci 11(3): 788-802.

Daoud R., Mies G., Smialowska A., Olah L. et. al., (2002). "Ischemia Induces a Translocation of the Splicing
Factor tra2-beta 1 and Changes Alternative Splicing Patterns in the Brain." J Neurosci 22(14): 5889-99.

Das S., Levinson B., Whitney S., Vulpe C. et. al., (1994). "Diverse mutations in patients with Menkes disease
often lead to exon skipping." Am J Hum Genet 55(5): 883-9.

Dauwalder B., Amaya-Manzanares F. and Mattox W. (1996). "A human homologue of the Drosophila sex
determination factor transformer-2 has conserved splicing regulatory functions." Proc Natl Acad Sci U S A
93(17): 9004-9.

Davies R.C., Calvio C., Bratt E., Larsson S.H. et. al., (1998). "WT1 interacts with the splicing factor U2AF65 in
an isoform-dependent manner and can be incorporated into spliceosomes." Genes Dev 12(20): 3217-25.

Debnath J., Chamorro M., Czar M.J., Schaeffer E.M. et. al., (1999). "rlk/TXK Encodes Two Forms of a Novel
Cysteine String Tyrosine Kinase Activated by Src Family Kinases." Mol Cell Biol 19(2): 1498-507.

Deckert J., Hartmuth K., Boehringer D., Behzadnia N. et. al, (2006). "Protein Composition and Electron
Microscopy Structure of Affinity-Purified Human Spliceosomal B Complexes Isolated under Physiological
Conditions." Mol Cell Biol 26(14): 5528-43.

Delbridge M.L., Ma K., Subbarao M.N., Cooke H.J. et. al, (1998). "Evolution of mammalian HNRPG and its
relationship with the putative azoospermia factor RBM." Mamm Genome 9(2): 168-70.

Derry J.J., Richard S., Valderrama Carvajal H., Ye X. et. al., (2000). "Sik (BRK) Phosphorylates Sam68 in the
Nucleus and Negatively Regulates Its RNA Binding Ability." Mol Cell Biol 20(16): 6114-26.

Di Fruscio M., Chen T. and Richard S. (1999). "Characterization of Sam68-like mammalian proteins SLM-1 and
SLM-2: SLM-1 is a Src substrate during mitosis." Proc Natl Acad Sci U S A 96(6): 2710-5.

Dominski Z. and Kole R. (1994). "Identification of exon sequences involved in splice site selection." J Biol
Chem 269(38): 23590-6.

Dreumont N., Poudrier J.A., Bergeron A., Levy H.L. et. al,, (2001). "A missense mutation (Q279R) in the
fumarylacetoacetate hydrolase gene, responsible for hereditary tyrosinemia, acts as a splicing mutation." BMC
Genet 2: 9.

Dreyfuss G. (1986). "Structure and function of nuclear and cytoplasmic ribonucleoprotein particles." Annu Rev
Cell Biol 2: 459-98.

Dreyfuss G., Swanson M.S. and Pinol-Roma S. (1988). "Heterogeneous nuclear ribonucleoprotein particles and
the pathway of mRNA formation." Trends Biochem Sci 13(3): 86-91.

Dreyfuss G., Matunis M.J., Pinol-Roma S. and Burd C.G. (1993). "hnRNP proteins and the biogenesis of
mRNA." Annu Rev Biochem 62: 289-321.

126



REFERENCES

Dreyfuss G., Kim V.N. and Kataoka N. (2002). "Messenger-RNA-Binding Proteins And The Messages They
Carry." Nat Rev Mol Cell Biol 3(3): 195-205.

D'Souza 1., Poorkaj P., Hong M., Nochlin D. et. al., (1999). "Missense and silent tau gene mutations cause
frontotemporal dementia with parkinsonism-chromosome 17 type, by affecting multiple alternative RNA
splicing regulatory elements." Proc Natl Acad Sci U S A 96(10): 5598-603.

D'Souza I. and Schellenberg G.D. (2000). "Determinants of 4-repeat tau expression. Coordination between
enhancing and inhibitory splicing sequences for exon 10 inclusion." J Biol Chem 275(23): 17700-9.

Du C., McGuffin M.E., Dauwalder B., Rabinow L. and Mattox W. (1998). "Protein phosphorylation plays an
essential role in the regulation of alternative splicing and sex determination in Drosophila." Mol Cell 2(6):
741-50.

Duncan P.I., Stojdl D.F., Marius R.M. and Bell J.C. (1997). "In vivo regulation of alternative pre-mRNA
splicing by the Clk1 protein kinase." Mol Cell Biol 17(10): 5996-6001.

Egloff M.P., Johnson D.F., Moorhead G., Cohen P.T. et. al., (1997). "Structural basis for the recognition of
regulatory subunits by the catalytic subunit of protein phosphatase 1." Embo J 16(8): 1876-87.

Eissa N.T., Strauss A.J., Haggerty C.M., Choo E.K. et. al., (1996). "Alternative Splicing of Human Inducible
Nitric-Oxide Synthase mRNA. TISSUE-SPECIFIC REGULATION AND INDUCTION BY CYTOKINES." J
Biol Chem 271(43): 27184-7.

Elliott D.J., Oghene K., Makarov G., Makarova O. et. al, (1998). "Dynamic changes in the subnuclear
organisation of pre-mRNA splicing proteins and RBM during human germ cell development.”" J Cell Sci 111 (
Pt 9): 1255-65.

Elliott D.J., Bourgeois C.F., Klink A., Stevenin J. and Cooke H.J. (2000). "A mammalian germ cell-specific
RNA-binding protein interacts with ubiquitously expressed proteins involved in splice site selection." Proc
Natl Acad Sci U S A 97(11): 5717-22.

Elliott D.J., Venables J.P., Newton C.S., Lawson D. et. al, (2000). "An evolutionarily conserved germ cell-
specific hnRNP is encoded by a retrotransposed gene." Hum Mol Genet 9(14): 2117-24.

Elliott D.J. (2004). "The role of potential splicing factors including RBMY, RBMX, hnRNP G-T and STAR
proteins in spermatogenesis." Int J Androl 27(6): 328-34.

Eperon 1.C., Makarova O.V., Mayeda A., Munroe S.H. et. al., (2000). "Selection of alternative 5' splice sites:
role of Ul snRNP and models for the antagonistic effects of SF2/ASF and hnRNP Al." Mol Cell Biol 20(22):
8303-18.

Fahsold R., Hoffmeyer S., Mischung C., Gille C. et. al., (2000). "Minor lesion mutational spectrum of the entire
NF1 gene does not explain its high mutability but points to a functional domain upstream of the GAP-related
domain." Am J Hum Genet 66(3): 790-818.

Fairbrother W.G., Yeo G.W., Yeh R., Goldstein P. et. al., (2004). "RESCUE-ESE identifies candidate exonic
splicing enhancers in vertebrate exons." Nucl Acids Res 32(suppl_2): W187-90.

Faustino N.A. and Cooper T.A. (2003). "Pre-mRNA splicing and human disease." Genes Dev 17(4): 419-37.

Fehlbaum P., Guihal C., Bracco L. and Cochet O. (2005). "A microarray configuration to quantify expression
levels and relative abundance of splice variants." Nucl Acids Res 33(5): e47-.

Felgner P.L., Gadek T.R., Holm M., Roman R. et. al., (1987). "Lipofection: A Highly Efficient, Lipid-Mediated
DNA-Transfection Procedure." Proc Natl Acad Sci U S A 84(21): 7413-7.

Friedman K.J., Kole J., Cohn J.A., Knowles M.R. et. al, (1999). "Correction of aberrant splicing of the cystic
fibrosis transmembrane conductance regulator (CFTR) gene by antisense oligonucleotides." J Biol Chem
274(51): 36193-9.

127



REFERENCES

Fu X.D. (1995). "The superfamily of arginine/serine-rich splicing factors." RNA 1(7): 663-80.

Gallego M.E., Gattoni R., Stevenin J., Marie J. and Expert-Bezancon A. (1997). "The SR splicing factors
ASF/SF2 and SC35 have antagonistic effects on intronic enhancer-dependent splicing of the beta-tropomyosin
alternative exon 6A." Embo J 16(7): 1772-84.

Gao Q.-S., Memmott J., Lafyatis R., Stamm S. ez. al., (2000). "Complex Regulation of Tau Exon 10, Whose
Missplicing Causes Frontotemporal Dementia." Journal of Neurochemistry 74(2): 490-500.

Garrison S., Hojgaard A., Patillo D., Weis J.J. and Weis J.H. (2001). "Functional Characterization of Pactolus, a
beta -Integrin-like Protein Preferentially Expressed by Neutrophils." J Biol Chem 276(38): 35500-11.

Goedert M., Crowther R.A. and Spillantini M.G. (1998). "Tau Mutations Cause Frontotemporal Dementias."
Neuron 21(5): 955-8.

Goren A., Ram O., Amit M., Keren H. et. al., (2006). "Comparative Analysis Identifies Exonic Splicing
Regulatory Sequences--The Complex Definition of Enhancers and Silencers." Mol Cell 22(6): 769-81.

Graveley B.R. (2000). "Sorting out the complexity of SR protein functions." RNA 6(9): 1197-211.

Graveley B.R. (2001). "Alternative splicing: increasing diversity in the proteomic world." Trends in Genetics
17(2): 100-7.

Graves J.A., Gecz J. and Hameister H. (2002). "Evolution of the human X--a smart and sexy chromosome that
controls speciation and development." Cytogenet Genome Res 99(1-4): 141-5.

Green R.E., Lewis B.P., Hillman R.T., Blanchette M. et. al., (2003). "Widespread predicted nonsense-mediated
mRNA decay of alternatively-spliced transcripts of human normal and disease genes." Bioinformatics
19(suppl_1): i1118-21.

Grover A., Houlden H., Baker M., Adamson J. et. al, (1999). "5' splice site mutations in tau associated with the
inherited dementia FTDP-17 affect a stem-loop structure that regulates alternative splicing of exon 10." J Biol
Chem 274(21): 15134-43.

Gui J.-F., Lane W.S. and Fu X.-D. (1994). "A serine kinase regulates intracellular localization of splicing factors
in the cell cycle." Nature 369(6482): 678-82.

Guo J.-K., Menke A.L., Gubler M.-C., Clarke A.R. et. al, (2002). "WTT1 is a key regulator of podocyte function:
reduced expression levels cause crescentic glomerulonephritis and mesangial sclerosis.” Hum Mol Genet
11(6): 651-9.

Haegebarth A., Heap D., Bie W., Derry J.J. et. al, (2004). "The Nuclear Tyrosine Kinase BRK/Sik
Phosphorylates and Inhibits the RNA-binding Activities of the Sam68-like Mammalian Proteins SLM-1 and
SLM-2." ] Biol Chem 279(52): 54398-404.

Hahm B., Kim Y.K., Kim J.H., Kim T.Y. and Jang S.K. (1998). "Heterogeneous nuclear ribonucleoprotein L.
interacts with the 3' border of the internal ribosomal entry site of hepatitis C virus." J Virol 72(11): 8782-8.

Hall S.L. and Padgett R.A. (1994). "Conserved Sequences in a Class of Rare Eukaryotic Nuclear Introns with
Non-consensus Splice Sites." ] Mol Biol 239(3): 357-65.

Hammes A., Guo J.-K., Lutsch G., Leheste J.-R. et. al., (2001). "Two Splice Variants of the Wilms' Tumour 1
Gene Have Distinct Functions during Sex Determination and Nephron Formation." Cell 106(3): 319-29.

Hanamura A., Caceres J.F., Mayeda A., Franza B.R., Jr. and Krainer A.R. (1998). "Regulated tissue-specific
expression of antagonistic pre-mRNA splicing factors." RNA 4(4): 430-44.

Hao Q., Ferris D., White G., Heisterkamp N. and Groffen J. (1991). "Nuclear and cytoplasmic location of the
FER tyrosine kinase." Mol Cell Biol 11(2): 1180-3.

128



REFERENCES

Hartmann A.M., Nayler O., Schwaiger F.W., Obermeier A. and Stamm S. (1999). "The Interaction and
Colocalisation of Sam68 with the Splicing-associated Factor YT521-B in Nuclear Dots Is Regulated by the
Src Family Kinase p59fyn." Mol Biol Cell 10(11): 3909-26.

Hartmann A.M., Rujescu D., Giannakouros T., Nikolakaki E. ez. al., (2001). "Regulation of Alternative Splicing
of Human Tau Exon 10 by Phosphorylation of Splicing Factors." Molecular and Cellular Neuroscience 18(1):
80-90.

Hastie N.D. (2001). "Life, Sex, and WT1 Isoforms-- Three Amino Acids Can Make All the Difference." Cell
106(4): 391-4.

Hastings M.L. and Krainer A.R. (2001). "Pre-mRNA splicing in the new millennium." Current Opinion in Cell
Biology 13(3): 302-9.

Hay D.C., Kemp G.D., Dargemont C. and Hay R.T. (2001). "Interaction between hnRNPA1 and IkappaBalpha is
required for maximal activation of NF-kappaB-dependent transcription." Mol Cell Biol 21(10): 3482-90.

Heinrich B., Zhang Z., Novoyatleva T. and Stamm S. (2005). "Aberrant Pre-mRNA Splicing as a Cause of
Human Disease." Journal of Clinical Ligand Assay 28(2): 68-74.

Heinrichs V., Ryner L.C. and Baker B.S. (1998). "Regulation of Sex-Specific Selection of fruitless 5' Splice
Sites by transformer and transformer-2." Mol Cell Biol 18(1): 450-8.

Hellen C.U., Witherell G.W., Schmid M., Shin S.H. et. al, (1993). "A cytoplasmic 57-kDa protein that is
required for translation of picornavirus RNA by internal ribosomal entry is identical to the nuclear pyrimidine
tract-binding protein." Proc Natl Acad Sci U S A 90(16): 7642-6.

Hellwinkel O.J., Holterhus P.M., Struve D., Marschke C. et. al., (2001). "A unique exonic splicing mutation in
the human androgen receptor gene indicates a physiologic relevance of regular androgen receptor transcript
variants." J Clin Endocrinol Metab 86(6): 2569-75.

Hertel K.J., Lynch K.W. and Maniatis T. (1997). "Common themes in the function of transcription and splicing
enhancers." Current Opinion in Cell Biology 9(3): 350-7.

Hofmann Y., Lorson C.L., Stamm S., Androphy E.J. and Wirth B. (2000). "Htra2-beta 1 stimulates an exonic
splicing enhancer and can restore full-length SMN expression to survival motor neuron 2 (SMN2)." Proc Natl
Acad Sci U S A 97(17): 9618-23.

Hofmann Y. and Wirth B. (2002). "hnRNP-G promotes exon 7 inclusion of survival motor neuron (SMN) via
direct interaction with Htra2-betal." Hum Mol Genet 11(17): 2037-49.

Hong M., Zhukareva V., Vogelsberg-Ragaglia V., Wszolek Z. et. al, (1998). "Mutation-specific functional
impairments in distinct tau isoforms of hereditary FTDP-17." Science 282(5395): 1914-7.

Huang Y., Yario T.A. and Steitz J.A. (2004). "A molecular link between SR protein dephosphorylation and
mRNA export." Proc Natl Acad Sci U S A 101(26): 9666-70.

Huntsman M.M., Tran B.V., Potkin S.G., Bunney W.E., Jr. and Jones E.G. (1998). "Altered ratios of
alternatively spliced long and short gamma2 subunit mRNAs of the gamma-amino butyrate type A receptor in
prefrontal cortex of schizophrenics." Proc Natl Acad Sci U S A 95(25): 15066-71.

Hutton M., Lendon C.L., Rizzu P., Baker M. et. al, (1998). "Association of missense and 5'-splice-site
mutations in tau with the inherited dementia FTDP-17." Nature 393(6686): 702-5.

Iwanaga K., Sueoka N., Sato A., Hayashi S. and Sueoka E. (2005). "Heterogeneous nuclear ribonucleoprotein
B1 protein impairs DNA repair mediated through the inhibition of DNA-dependent protein kinase activity."
Biochem Biophys Res Commun 333(3): 888-95.

Jackson F.R., Banfi S., Guffanti A. and Rossi E. (1997). "A Novel Zinc Finger-Containing RNA-Binding Protein
Conserved from Fruitflies to Humans,." Genomics 41(3): 444-52.

129



REFERENCES

Jensen K.B., Dredge B.K., Stefani G., Zhong R. et. al., (2000). "Nova-1 Regulates Neuron-Specific Alternative
Splicing and Is Essential for Neuronal Viability." Neuron 25(2): 359-71.

Jensen L.E. and Whitehead A.S. (2001). "IRAK1b, a Novel Alternative Splice Variant of Interleukin-1 Receptor-
associated Kinase (IRAK), Mediates Interleukin-1 Signaling and Has Prolonged Stability." J Biol Chem
276(31): 29037-44.

Jiang Z., Cote J., Kwon J.M., Goate A.M. and Wu J.Y. (2000). "Aberrant Splicing of tau Pre-mRNA Caused by
Intronic Mutations Associated with the Inherited Dementia Frontotemporal Dementia with Parkinsonism
Linked to Chromosome 17." Mol Cell Biol 20(11): 4036-48.

Johnson J.M., Castle J., Garrett-Engele P., Kan Z. et. al., (2003). "Genome-Wide Survey of Human Alternative
Pre-mRNA Splicing with Exon Junction Microarrays." Science 302(5653): 2141-4.

Jumaa H. and Nielsen P. (1997). "The splicing factor SRp20 modifies splicing of its own mRNA and ASF/SF2
antagonizes this regulation." EMBO J 16(16): 5077-85.

Kalbfuss B., Mabon S.A. and Misteli T. (2001). "Correction of alternative splicing of tau in frontotemporal
dementia and parkinsonism linked to chromosome 17." J Biol Chem 276(46): 42986-93.

Kan Z., Rouchka E.C., Gish W.R. and States D.J. (2001). "Gene Structure Prediction and Alternative Splicing
Analysis Using Genomically Aligned ESTs." Genome Res 11(5): 889-900.

Kanopka A., Miihlemann O. and Akusjiarvi G. (1996). "Inhibition by SR proteins of splicing of a regulated
adenovirus pre-mRNA." Nature 381(6582): 535-8.

Kashima T. and Manley J.L. (2003). "A negative element in SMN2 exon 7 inhibits splicing in spinal muscular
atrophy." Nat Genet 34(4): 460-3.

Kataoka N., Bachorik J.L. and Dreyfuss G. (1999). "Transportin-SR, a Nuclear Import Receptor for SR
Proteins." J Cell Biol 145(6): 1145-52.

Kent W.J. (2002). "BLAT---The BLAST-Like Alignment Tool." Genome Res 12(4): 656-64.

Kestler D., Agarwal S., Cobb J., Goldstein K. and Hall R. (1995). "Detection and analysis of an alternatively
spliced isoform of interleukin-6 mRNA in peripheral blood mononuclear cells." Blood 86(12): 4559-67.

Kiledjian M. and Dreyfuss G. (1992). "Primary structure and binding activity of the hnRNP U protein: binding
RNA through RGG box." Embo J 11(7): 2655-64.

Kiledjian M., DeMaria C.T., Brewer G. and Novick K. (1997). "Identification of AUF1 (heterogeneous nuclear
ribonucleoprotein D) as a component of the alpha-globin mRNA stability complex.” Mol Cell Biol 17(8):
4870-6.

Kim J.H., Paek K.Y., Choi K., Kim T.-D. et. al., (2003). "Heterogeneous Nuclear Ribonucleoprotein C
Modulates Translation of c-myc mRNA in a Cell Cycle Phase-Dependent Manner." Mol Cell Biol 23(2): 708-
20.

Kohsaka T., Tagawa M., Takekoshi Y., Yanagisawa H. et. al, (1999). "Exon 9 mutations in the WT1 gene,
without influencing KTS splice isoforms, are also responsible for Frasier syndrome." Human Mutation 14(6):

466-70.

Konig H., Ponta H. and Herrlich P. (1998). "Coupling of signal transduction to alternative pre-mRNA splicing
by a composite splice regulator.” EMBO J 17(10): 2904-13.

Kornblihtt A.R., De La Mata M., Fededa J.P., Munoz M.J. and Nogues G. (2004). "Multiple links between
transcription and splicing." RNA 10(10): 1489-98.

Kowalska A., Hasegawa M., Miyamoto K., Akiguchi L. et. al., (2002). "A novel mutation at position +11 in the
intron following exon 10 of the tau gene in FTDP-17." J Appl Genet 43(4): 535 - 43.

130



REFERENCES

Kozmik Z., Kurzbauer R., Dorfler P. and Busslinger M. (1993). "Alternative splicing of Pax-8 gene transcripts is
developmentally regulated and generates isoforms with different transactivation properties." Mol Cell Biol
13(10): 6024-35.

Kriamer A., Legrain P., Mulhauser F., Groning K. et. al, (1994). "Splicing factor SF3a60 is the mammalian
homologue of PRP9 of S.cerevisiae: the conserved zinc finger-like motif is functionally exchangeable in
vivo." Nucl Acids Res 22(24): 5223-8.

Kriamer A., Mulhauser F., Wersig C., Groning K. and Bilbe G. (1995). "Mammalian splicing factor SF3a120
represents a new member of the SURP family of proteins and is homologous to the essential splicing factor
PRP21p of Saccharomyces cerevisiae." RNA 1(3): 260-72.

Krimer A. (1996). "The Structure and Function of Proteins Involved in Mammalian Pre-mRNA Splicing."
Annual Review of Biochemistry 65(1): 367-409.

Krawczak M., Reiss J. and Cooper D.N. (1992). "The mutational spectrum of single base-pair substitutions in
mRNA splice junctions of human genes: causes and consequences.” Hum Genet 90(1-2): 41-54.

Krummheuer J., Lenz C., Kammler S., Scheid A. and Schaal H. (2001). "Influence of the Small Leader Exons 2
and 3 on Human Immunodeficiency Virus Type 1 Gene Expression." Virology 286(2): 276-89.

Kunkel T., Roberts J. and Zakour R. (1987). "Rapid and efficient site-specific mutagenesis without phenotypic
selection.” Methods Enzymol 154: 367-82.

Kwon Y.-G., Huang H.-B., Desdouits F., Girault J.-A. et. al., (1997). "Characterization of the interaction
between DARPP-32 and protein phosphatase 1 (PP-1): DARPP-32 peptides antagonize the interaction of PP-1
with binding proteins." Proc Natl Acad Sci U S A 94(8): 3536-41.

Kzhyshkowska J., Schutt H., Liss M., Kremmer E. ez. al, (2001). "Heterogeneous nuclear ribonucleoprotein
E1B-APS is methylated in its Arg-Gly-Gly (RGG) box and interacts with human arginine methyltransferase
HRMTIL1." Biochem J 358(Pt 2): 305-14.

Ladomery M., Sommerville J., Woolner S., Slight J. and Hastie N. (2003). "Expression in Xenopus oocytes
shows that WT1 binds transcripts in vivo, with a central role for zinc finger one." J Cell Sci 116(8): 1539-49.

Laemmli U. (1970). "Cleavage of structural proteins during the assembly of the head of bacteriophage T4."
Nature 227(5259): 680-5.

Lai M.-C., Lin R.-I., Huang S.-Y., Tsai C.-W. and Tarn W.-Y. (2000). "A Human Importin-beta Family Protein,
Transportin-SR2, Interacts with the Phosphorylated RS Domain of SR Proteins."” J Biol Chem 275(11): 7950-
7.

Lai M.-C., Kuo H.-W., Chang W.-C. and Tarn W.-Y. (2003). "A novel splicing regulator shares a nuclear import
pathway with SR proteins." EMBO J 22(6): 1359-69.

Lai M.-C. and Tarn W.-Y. (2004). "Hypophosphorylated ASF/SF2 Binds TAP and Is Present in Messenger
Ribonucleoproteins.” J Biol Chem 279(30): 31745-9.

Lander E., Linton L., Birren B., Nusbaum C. et. al., (2001). "Initial sequencing and analysis of the human
genome." Nature 409(6822): 860-921.

Larsson S.H., Charlieu J.P., Miyagawa K., Engelkamp D. et. al.,, (1995). "Subnuclear localization of WT1 in
splicing or transcription factor domains is regulated by alternative splicing." Cell 81(3): 391-401.

Le Corre S., Harper C.G., Lopez P., Ward P. and Catts S. (2000). "Increased levels of expression of an
NMDARI splice variant in the superior temporal gyrus in schizophrenia." Neuroreport 11(5): 983-6.

Lee S., Neumann M., Stearman R., Stauber R. et. al, (1999). "Transcription-Dependent Nuclear-Cytoplasmic
Trafficking Is Required for the Function of the von Hippel-Lindau Tumour Suppressor Protein." Mol Cell Biol
19(2): 1486-97.

131



REFERENCES

Leffers H., Dejgaard K. and Celis J.E. (1995). "Characterisation of two major cellular poly(rC)-binding human
proteins, each containing three K-homologous (KH) domains." Eur J Biochem 230(2): 447-53.

Lewis B.P., Green R.E. and Brenner S.E. (2003). "Evidence for the widespread coupling of alternative splicing
and nonsense-mediated mRNA decay in humans." Proc Natl Acad Sci U S A 100(1): 189-92.

LiJ., Hawkins I.C., Harvey C.D., Jennings J.L. et. al., (2003). "Regulation of alternative splicing by SRrp86 and
its interacting proteins." Mol Cell Biol 23(21): 7437-47.

Licatalosi D.D. and Darnell R.B. (2006). "Splicing Regulation in Neurologic Disease." Neuron 52(1): 93-101.

Lim S.R. and Hertel K.J. (2001). "Modulation of survival motor neuron pre-mRNA splicing by inhibition of
alternative 3' splice site pairing." J Biol Chem 276(48): 45476-83.

Lin J.-C. and Tarn W.-Y. (2005). "Exon Selection in {alpha}-Tropomyosin mRNA Is Regulated by the
Antagonistic Action of RBM4 and PTB." Mol Cell Biol 25(22): 10111-21.

Lin S., Xiao R., Sun P., Xu X. and Fu X.-D. (2005). "Dephosphorylation-Dependent Sorting of SR Splicing
Factors during mRNP Maturation." Mol Cell 20(3): 413-25.

Lingenfelter P.A., Delbridge M.L., Thomas S., Hoekstra H.E. et. al., (2001). "Expression and conservation of
processed copies of the RBMX gene." Mamm Genome 12(7): 538-45.

Little M. and Wells C. (1997). "A clinical overview of WT1 gene mutations." Human Mutation 9(3): 209-25.

Liu Q. and Dreyfuss G. (1995). "In vivo and in vitro arginine methylation of RNA-binding proteins." Mol Cell
Biol 15(5): 2800-8.

Liu W., Qian C. and Francke U. (1997). "Silent mutation induces exon skipping of fibrillin-1 gene in Marfan
syndrome." Nat Genet 16(4): 328-9.

Lodish H., Berk A., Matsudaira P., Kaiser C.A. et. al., (2003). Molecular Cell Biology, Palgrave Macmillan.

Lopez A.J. (1995). "Developmental Role of Transcription Factor Isoforms Generated by Alternative Splicing."
Developmental Biology 172(2): 396-411.

Lorson C.L., Hahnen E., Androphy E.J. and Wirth B. (1999). "A single nucleotide in the SMN gene regulates
splicing and is responsible for spinal muscular atrophy." Proc Natl Acad Sci U S A 96(11): 6307-11.

Lorson C.L. and Androphy E.J. (2000). "An exonic enhancer is required for inclusion of an essential exon in the
SMA-determining gene SMN." Hum Mol Genet 9(2): 259-65.

Luckow V.A., Lee S.C,, Barry G.F. and Olins P.O. (1993). "Efficient generation of infectious recombinant
baculoviruses by site-specific transposon-mediated insertion of foreign genes into a baculovirus genome
propagated in Escherichia coli." J Virol 67(8): 4566-79.

Lynch K.W. and Weiss A. (2001). "A CD45 polymorphism associated with multiple sclerosis disrupts an exonic
splicing silencer." J Biol Chem 276(26): 24341-7.

Ma K., Inglis J.D., Sharkey A., Bickmore W.A. et. al, (1993). "A Y chromosome gene family with RNA-
binding protein homology: candidates for the azoospermia factor AZF controlling human spermatogenesis."
Cell 75(7): 1287-95.

Manley J.L. and Tacke R. (1996). "SR proteins and splicing control." Genes Dev 10(13): 1569-79.

Mann C.J., Honeyman K., Cheng A.J., Ly T. et. al., (2001). "Antisense-induced exon skipping and synthesis of
dystrophin in the mdx mouse." Proc Natl Acad Sci U S A 98(1): 42-7.

Magquat L.E. (2005). "Nonsense-mediated mRNA decay in mammals." J Cell Sci 118(9): 1773-6.

132



REFERENCES

Markovtsov V., Nikolic J.M., Goldman J.A., Turck C.W. et. al., (2000). "Cooperative Assembly of an hnRNP
Complex Induced by a Tissue-Specific Homolog of Polypyrimidine Tract Binding Protein." Mol Cell Biol
20(20): 7463-79.

Markus M.A., Heinrich B., Raitskin O., Adams D.J. et. al., (2006). "WT1 interacts with the splicing protein
RBM4 and regulates its ability to modulate alternative splicing in vivo." Experimental Cell Research 312(17):
3379-88.

Markus M.A. and Morris B.J. (2006). "Lark Is the Splicing Factor RBM4 and Exhibits Unique Subnuclear
Localization Properties.” DNA and Cell Biology 25(8): 457-64.

Martin M.M., Willardson B.M., Burton G.F., White C.R. et. al., (2001). "Human Angiotensin II Type 1 Receptor
Isoforms Encoded by Messenger RNA Splice Variants Are Functionally Distinct." Mol Endocrinol 15(2): 281-
93.

Martinez-Arribas F., Agudo D., Pollan M., Gomez-Esquer F. et. al, (2006). "Positive correlation between the
expression of X-chromosome RBM genes (RBMX, RBM3, RBM10) and the proapoptotic Bax gene in human
breast cancer." J Cell Biochem 97(6): 1275-82.

Matsuo N., Ogawa S., Imai Y., Takagi T. et. al., (1995). "Cloning of a novel RNA binding polypeptide (RA301)
induced by hypoxia/reoxygenation." J Biol Chem 270(47): 28216-22.

Matter N., Herrlich P. and Konig H. (2002). "Signal-dependent regulation of splicing via phosphorylation of
Sam68." Nature 420(6916): 691-5.

Mayeda A. and Krainer A.R. (1992). "Regulation of alternative pre-mRNA splicing by hnRNP Al and splicing
factor SF2." Cell 68(2): 365-75.

McCarrey J.R. and Thomas K. (1987). "Human testis-specific PGK gene lacks introns and possesses
characteristics of a processed gene." Nature 326(6112): 501-5.

McKay N.G., Hunter D.J., Haites N.E. and Power D.A. (1994). "Regulation of Alternative Splicing of the
Fibronectin IIICS Domain by Cytokines." Biochemical and Biophysical Research Communications 199(2):
1005-11.

Meiselbach H., Sticht H. and Enz R. (2006). "Structural analysis of the protein phosphatase 1 docking motif:
molecular description of binding specificities identifies interacting proteins.” Chem Biol 13(1): 49-59.

Mermoud J.E., Cohen P. and Lamond A.L. (1992). "Ser/Thr-specific protein phosphatases are required for both
catalytic steps of pre-mRNA splicing." Nucl Acids Res 20(20): 5263-9.

Mermoud J.E., Cohen P.T. and Lamond A.L. (1994). "Regulation of mammalian spliceosome assembly by a
protein phosphorylation mechanism." Embo J 13(23): 5679-88.

Miki T., Bottaro D., Fleming T., Smith C. et. al, (1992). "Determination of Ligand-Binding Specificity by
Alternative Splicing: Two Distinct Growth Factor Receptors Encoded by a Single Gene." Proc Natl Acad Sci
U S A 89(1): 246-50.

Misteli T. and Spector D. (1996). "Serine/threonine phosphatase 1 modulates the subnuclear distribution of pre-
mRNA splicing factors." Mol Biol Cell 7(10): 1559-72.

Misteli T., Caceres J.F., Clement J.Q., Krainer A.R. et. al., (1998). "Serine Phosphorylation of SR Proteins Is
Required for Their Recruitment to Sites of Transcription In Vivo." J Cell Biol 143(2): 297-307.

Miyajima H., Miyaso H., Okumura M., Kurisu J. and Imaizumi K. (2002). "Identification of a cis-acting element
for the regulation of SMN exon 7 splicing." J Biol Chem 277(26): 23271-7.

Miyaso H., Okumura M., Kondo S., Higashide S. et. al., (2003). "An intronic splicing enhancer element in
survival motor neuron (SMN) pre-mRNA." J Biol Chem 278(18): 15825-31.

133



REFERENCES

Monshausen M., Putz U., Rehbein M., Schweizer M. et. al., (2001). "Two rat brain Staufen isoforms
differentially bind RNA." Journal of Neurochemistry 76(1): 155-65.

Montera M., Piaggio F., Marchese C., Gismondi V. et. al., (2001). "A silent mutation in exon 14 of the APC
gene is associated with exon skipping in a FAP family." ] Med Genet 38(12): 863-7.

Moore M., Query C. and Sharp P. (1993). Splicing of precursors to mRNA by the spliceosome. The RNA World.
R. Gesteland and J. Atkins, (Eds). Cold Spring Harbor, NY, Cold Spring Harbor Laboratory Press. 13: 303-57.

Miiller S., Wolpensinger B., Angenitzki M., Engel A. et. al, (1998). "A supraspliceosome model for large
nuclear ribonucleoprotein particles based on mass determinations by scanning transmission electron
microscopy." J Mol Biol 283(2): 383-94.

Muraki M., Ohkawara B., Hosoya T., Onogi H. et. al., (2004). "Manipulation of alternative splicing by a newly
developed inhibitor of Clks." J Biol Chem 279(23): 24246-54.

Murray M.V, Kobayashi R. and Krainer A.R. (1999). "The type 2C Ser/Thr phosphatase PP2Cgamma is a pre-
mRNA splicing factor." Genes Dev 13(1): 87-97.

Nasim M.T., Chernova T.K., Chowdhury H.M., Yue B.G. and Eperon I.C. (2003). "HnRNP G and Tra2beta:
opposite effects on splicing matched by antagonism in RNA binding." Hum Mol Genet 12(11): 1337-48.

Nayler O., Stamm S. and Ullrich A. (1997). "Characterization and comparison of four serine- and arginine-rich
(SR) protein kinases." Biochem J 326(Pt 3): 693-700.

Nayler O., Cap C. and Stamm S. (1998). "Human Transformer-2-beta Gene (SFRS10): Complete Nucleotide
Sequence, Chromosomal Localization, and Generation of a Tissue-Specific Isoform." Genomics 53(2): 191-
202.

Nayler O., Hartmann A.M. and Stamm S. (2000). "The ER Repeat Protein YT521-B Localizes to a Novel
Subnuclear Compartment." J Cell Biol 150(5): 949-62.

Nestler E.J., Kelz M.B. and Chen J. (1999). "Delta-FosB: a molecular mediator of long-term neural and
behavioural plasticity." Brain Research 835(1): 10-7.

Neugebauer K.M. (2002). "On the importance of being co-transcriptional." J Cell Sci 115(20): 3865-71.

Neumann M., Afonina E., Ceccherini-Silberstein F., Schlicht S. et. al, (2001). "Nucleocytoplasmic transport in
human astrocytes: decreased nuclear uptake of the HIV Rev shuttle protein." J Cell Sci 114(9): 1717-29.

Newby L.M. and Jackson F.R. (1993). "A New Biological Rhythm Mutant of Drosophila melanogaster That
Identifies a Gene With an Essential Embryonic Function." Genetics 135(4): 1077-90.

Nikolakaki E., Kohen R., Hartmann A.M., Stamm S. et. al., (2001). "Cloning and Characterization of an
Alternatively Spliced Form of SR Protein Kinase 1 That Interacts Specifically with Scaffold Attachment
Factor-B." J Biol Chem 276(43): 40175-82.

Nishizawa Y., Usukura J., Singh D., Chylack L. and Shinohara T. (2001). "Spatial and temporal dynamics of two
alternatively spliced regulatory factors, lens epithelium-derived growth factor (ledgf/p75) and p52, in the
nucleus." Cell and Tissue Research 305(1): 107-14.

Nissim-Rafinia M. and Kerem B. (2002). "Splicing regulation as a potential genetic modifier." Trends Genet
18(3): 123-7.

Novoyatleva T., Heinrich B., Tang Y., Benderska N. et. al, "Protein phosphatase 1 binds to the RNA
recognition motif of several splicing factors and regulates alternative pre-mRNA processing." (in press).

Novoyatleva T., Tang Y., Rafalska I. and Stamm S. (2006). "Pre-mRNA missplicing as a cause of human
disease." Prog Mol Subcell Biol. 44: 27-46.

134



REFERENCES

Okazaki Y., Furuno M., Kasukawa T., Adachi J. et. al., (2002). "Analysis of the mouse transcriptome based on
functional annotation of 60,770 full-length cDNAs." Nature 420(6915): 563-73.

Ormondroyd E., de la Luna S. and La Thangue N. (1995). "A new member of the DP family, DP-3, with distinct
protein products suggests a regulatory role for alternative splicing in the cell cycle transcription factor
DRTFI1/E2F." Oncogene 11(8): 1437-46.

Ostareck D.H., Ostareck-Lederer A., Wilm M., Thiele B.J. et. al, (1997). "mRNA silencing in erythroid
differentiation: hnRNP K and hnRNP E1 regulate 15-lipoxygenase translation from the 3' end." Cell 89(4):
597-606.

Ozsahin H., Arredondo-Vega F.X., Santisteban 1., Fuhrer H. et. al, (1997). "Adenosine deaminase deficiency in
adults." Blood 89(8): 2849-55.

Pan Q., Saltzman A.L., Kim Y.K., Misquitta C. et. al, (2006). "Quantitative microarray profiling provides
evidence against widespread coupling of alternative splicing with nonsense-mediated mRNA decay to control
gene expression.” Genes Dev 20(2): 153-8.

Patel N.A., Apostolatos H.S., Mebert K., Chalfant C.E. et. al, (2004). "Insulin Regulates Protein Kinase
C{beta}Il Alternative Splicing in Multiple Target Tissues: Development of a Hormonally Responsive
Heterologous Minigene." Mol Endocrinol 18(4): 899-911.

Pelletier J., Bruening W., Kashtan C.E., Mauer S.M. et. al, (1991). "Germline mutations in the Wilms' tumour
suppressor gene are associated with abnormal urogenital development in denys-drash syndrome." Cell 67(2):
437-47.

Pendergast A.M. (1996). "Nuclear tyrosine kinases: from Abl to WEEL." Current Opinion in Cell Biology 8(2):
174-81.

Pinol-Roma S. and Dreyfuss G. (1992). "Shuttling of pre-mRNA binding proteins between nucleus and
cytoplasm.” Nature 355(6362): 730-2.

Pinol-Roma S. and Dreyfuss G. (1993). "hnRNP proteins:Localization and transport between the nucleus and the
cytoplasm.” Trends in Cell Biology 3(5): 151-5.

Ploos van Amstel J.K., Bergman A.J., van Beurden E.A., Roijers I.F. et. al., (1996). "Hereditary tyrosinemia
type 1: novel missense, nonsense and splice consensus mutations in the human fumarylacetoacetate hydrolase
gene; variability of the genotype-phenotype relationship.” Hum Genet 97(1): 51-9.

Po S.S., Wu R.C,, Juang G.J., Kong W. and Tomaselli G.F. (2001). "Mechanism of alpha -adrenergic regulation
of expressed hKv4.3 currents." Am J Physiol Heart Circ Physiol 281(6): H2518-27.

Poorkaj P., Bird T.D., Wijsman E., Nemens E. et. al,, (1998). "Tau is a candidate gene for chromosome 17
frontotemporal dementia." Ann Neurol 43(6): 815-25.

Prasad J., Colwill K., Pawson T. and Manley J.L. (1999). "The Protein Kinase Clk/Sty Directly Modulates SR
Protein Activity: Both Hyper- and Hypophosphorylation Inhibit Splicing." Mol Cell Biol 19(10): 6991-7000.

Rafalska 1., Zhang Z., Benderska N., Wolff H. et. al., (2004). "The intranuclear localization and function of
YT521-B is regulated by tyrosine phosphorylation.” Hum Mol Genet 13(15): 1535-49.

Raitskin O., Cho D.S., Sperling J., Nishikura K. and Sperling R. (2001). "RNA editing activity is associated with
splicing factors in InRNP particles: The nuclear pre-mRNA processing machinery." Proc Natl Acad SciU S A
98(12): 6571-6.

Raitskin O., Angenitzki M., Sperling J. and Sperling R. (2002). "Large nuclear RNP particles--the nuclear pre-
mRNA processing machine." J Struct Biol 140(1-3): 123-30.

135



REFERENCES

Rizzu P., Van Swieten J.C., Joosse M., Hasegawa M. et. al, (1999). "High prevalence of mutations in the
microtubule-associated protein tau in a population study of frontotemporal dementia in the Netherlands." Am J
Hum Genet 64(2): 414-21.

Robberson B.L., Cote G.J. and Berget S.M. (1990). "Exon definition may facilitate splice site selection in RNAs
with multiple exons." Mol Cell Biol 10(1): 84-94.

Robinson D.R., Wu Y.-M. and Lin S.-F. (2000). "The protein tyrosine kinase family of the human genome."
Oncogene 19(49): 5548-57.

Roscigno R.F. and Garcia-Blanco M.A. (1995). "SR proteins escort the U4/U6.US5 tri-snRNP to the
spliceosome." RNA 1(7): 692-706.

Roskoski R., Jr. (2005). "Src kinase regulation by phosphorylation and dephosphorylation." Biochem Biophys
Res Commun 331(1): 1-14.

Rothrock C.R., House A.E. and Lynch K.W. (2005). "HnRNP L represses exon splicing via a regulated exonic
splicing silencer." Embo J 24(15): 2792-802.

Sanford J.R., Longman D. and Caceres J.F. (2003). "Multiple roles of the SR protein family in splicing
regulation." Prog Mol Subcell Biol 31: 33-58.

Sanford J.R., Ellis J. and Caceres J.F. (2005a). "Multiple roles of arginine/serine-rich splicing factors in RNA
processing." Biochem Soc Trans 33(Pt 3): 443-6.

Sanford J.R., Ellis J.D., Cazalla D. and Caceres J.F. (2005b). "Reversible phosphorylation differentially affects
nuclear and cytoplasmic functions of splicing factor 2/alternative splicing factor." Proc Natl Acad Sci U S A
102(42): 15042-7.

Sazani P. and Kole R. (2003). "Therapeutic potential of antisense oligonucleotides as modulators of alternative
splicing." J Clin Invest 112(4): 481-6.

Scharnhorst V., van der Eb A.J. and Jochemsen A.G. (2001). "WT1 proteins: functions in growth and
differentiation.” Gene 273(2): 141-61.

Schaub M.C., Lopez S.R. and Caputi M. (2007). "Members of the heterogeneous nuclear ribonucleoprotein H
family activate splicing of an HIV-1 splicing substrate by promoting formation of ATP-dependent
spliceosomal complexes." J Biol Chem 282(18): 13617-26.

Screaton G., Bell M., Jackson D., Cornelis F. et. al., (1992). "Genomic Structure of DNA Encoding the
Lymphocyte Homing Receptor CD44 Reveals at Least 12 Alternatively Spliced Exons." Proc Natl Acad Sci U
S A 89(24): 12160-4.

Segade F., Hurle B., Claudio E., Ramos S. and Lazo P.S. (1996). "Molecular cloning of a mouse homologue for
the Drosophila splicing regulator Tra2." FEBS Lett 387(2-3): 152-6.

Shatkin A.J. and Manley J.L. (2000). "The ends of the affair: Capping and polyadenylation." Nat Struct Mol Bio
7(10): 838-42.

Shen H., Kan J.L. and Green M.R. (2004). "Arginine-serine-rich domains bound at splicing enhancers contact
the branchpoint to promote prespliceosome assembly." Mol Cell 13(3): 367-76.

Shen H. and Green M.R. (2006). "RS domains contact splicing signals and promote splicing by a common
mechanism in yeast through humans." Genes Dev 20(13): 1755-65.

Shi Y., Reddy B. and Manley J.L. (2006). "PP1/PP2A Phosphatases Are Required for the Second Step of Pre-
mRNA Splicing and Target Specific snRNP Proteins." Mol Cell 23(6): 819-29.

Shin C., Feng Y. and Manley J.L. (2004). "Dephosphorylated SRp38 acts as a splicing repressor in response to
heat shock." Nature 427(6974): 553-8.

136



REFERENCES

Shin K.H., Kang M.K., Kim R.H., Christensen R. and Park N.H. (2006). "Heterogeneous nuclear
ribonucleoprotein G shows tumour suppressive effect against oral squamous cell carcinoma cells." Clin
Cancer Res 12(10): 3222-8.

Shin K.H., Kim R.H., Kang M.K., Kim S.G. et. al, (2007). "p53 promotes the fidelity of DNA end-joining
activity by, in part, enhancing the expression of heterogeneous nuclear ribonucleoprotein G." DNA Repair
(Amst) 6(6): 830-40.

Singh N.N., Androphy E.J. and Singh R.N. (2004a). "In vivo selection reveals combinatorial controls that define
a critical exon in the spinal muscular atrophy genes." RNA 10(8): 1291-305.

Singh N.N., Androphy E.J. and Singh R.N. (2004b). "An extended inhibitory context causes skipping of exon 7
of SMN2 in spinal muscular atrophy." Biochem Biophys Res Commun 315(2): 381-8.

Siomi H., Matunis M.J., Michael W.M. and Dreyfuss G. (1993). "The pre-mRNA binding K protein contains a
novel evolutionarily conserved motif." Nucl Acids Res 21(5): 1193-8.

Sitz J.H., Tigges M., Baumgartel K., Khaspekov L.G. and Lutz B. (2004). "DyrklA Potentiates Steroid
Hormone-Induced Transcription via the Chromatin Remodeling Factor Arip4." Mol Cell Biol 24(13): 5821-
34.

Skrisovska L., Bourgeois C.F., Stefl R., Grellscheid S.N. et. al, (2007). "The testis-specific human protein
RBMY recognizes RNA through a novel mode of interaction." EMBO Rep 8(4): 372-9.

Smith C.W.J. and Valcarcel J. (2000). "Alternative pre-mRNA splicing: the logic of combinatorial control."
Trends in Biochemical Sciences 25(8): 381-8.

Smith P.J., Zhang C., Wang J., Chew S.L. et. al, (2006). "An increased specificity score matrix for the
prediction of SF2/ASF-specific exonic splicing enhancers
10.1093/hmg/dd1171." Hum Mol Genet 15(16): 2490-508.

Soulard M., Valle V.D., Siomi M.C., Pin"ol-Roma S. et. al, (1993). "hnRNP G: sequence and characterization
of a glycosylated RNA-binding protein." Nucl Acids Res 21(18): 4210-7.

Spann P., Feinerman M., Sperling J. and Sperling R. (1989). "Isolation and visualization of large compact
ribonucleoprotein particles of specific nuclear RNAs." Proc Natl Acad Sci U S A 86(2): 466-70.

Sperling R. and Sperling J. (1998). The InRNP Particle - A naturally assembled complex of pre-mRNA and

splicing factors. RNP Particles, Splicing and Autoimmune Diseases. J. Schenkel, (Ed.). Berlin, Springer: pp.
29-47.

Spillantini M.G. and Goedert M. (1998). "Tau protein pathology in neurodegenerative diseases." Trends in
Neurosciences 21(10): 428-33.

Spillantini M.G., Murrell J.R., Goedert M., Farlow M.R. et. al, (1998). "Mutation in the tau gene in familial
multiple system tauopathy with presenile dementia." Proc Natl Acad Sci U S A 95(13): 7737-41.

Spillantini M.G., Yoshida H., Rizzini C., Lantos P.L. et. al., (2000). "A novel tau mutation (N296N) in familial
dementia with swollen achromatic neurons and corticobasal inclusion bodies." Ann Neurol 48(6): 939-43.

Staknis D. and Reed R. (1994). "Direct interactions between pre-mRNA and six U2 small nuclear
ribonucleoproteins during spliceosome assembly." Mol Cell Biol 14(5): 2994-3005.

Stamm S., Zhu J., Nakai K., Stoilov P. et. al., (2000). "An Alternative-Exon Database and Its Statistical
Analysis." DNA and Cell Biology 19(12): 739-56.

Stamm S., Ben-Ari S., Rafalska I., Tang Y. et. al., (2005). "Function of alternative splicing." Gene 344: 1-20.

Stamm S., Riethoven J.-J., Le Texier V., Gopalakrishnan C. et. al., (2006). "ASD: a bioinformatics resource on
alternative splicing." Nucl Acids Res 34(suppl_1): D46-55.

137



REFERENCES

Stella A., Wagner A., Shito K., Lipkin S.M. et. al., (2001). "A nonsense mutation in MLH1 causes exon skipping
in three unrelated HNPCC families." Cancer Res 61(19): 7020-4.

Stenson P.D., Ball E.V., Mort M., Phillips A.D. et. al., (2003). "Human Gene Mutation Database (HGMD): 2003
update." Hum Mutat 21(6): 577-81.

Stoilov P., Meshorer E., Gencheva M., Glick D. et. al., (2002). "Defects in Pre-mRNA Processing as Causes of
and Predisposition to Diseases." DNA and Cell Biology 21(11): 803-18.

Stoilov P., Rafalska I. and Stamm S. (2002). "YTH: a new domain in nuclear proteins.” Trends in Biochemical
Sciences 27(10): 495-7.

Stoilov P., Daoud R., Nayler O. and Stamm S. (2004). "Human tra2-betal autoregulates its protein concentration
by influencing alternative splicing of its pre-mRNA." Hum Mol Genet 13(5): 509-24.

Stoss O., Stoilov P., Hartmann A.M., Nayler O. and Stamm S. (1999). "The in vivo minigene approach to
analyze tissue-specific splicing." Brain Research Protocols 4(3): 383-94.

Stoss O., Olbrich M., Hartmann A.M., Konig H. et. al., (2001). "The STAR/GSG family protein rSLM-2
regulates the selection of alternative splice sites." J Biol Chem 276(12): 8665-73.

Stoss O., Novoyatleva T., Gencheva M., Olbrich M. et. al., (2004). "p59fyn-mediated phosphorylation regulates
the activity of the tissue-specific splicing factor rSLM-1." Molecular and Cellular Neuroscience 27(1): 8-21.

Sumner C.J., Huynh T.N., Markowitz J.A., Perhac J.S. ez. al., (2003). "Valproic acid increases SMN levels in
spinal muscular atrophy patient cells." Ann Neurol 54(5): 647-54.

Sureau A. and Perbal B. (1994). "Several mRNAs with Variable 3' Untranslated Regions and Different Stability
Encode the Human PR264/SC35 Splicing Factor." Proc Natl Acad Sci U S A 91(3): 932-6.

Suwanmanee T., Sierakowska H., Lacerra G., Svasti S. et. al., (2002). "Restoration of human beta-globin gene
expression in murine and human IVS2-654 thalassemic erythroid cells by free uptake of antisense
oligonucleotides." Mol Pharmacol 62(3): 545-53.

Tacke R., Tohyama M., Ogawa S. and Manley J.L. (1998). "Human Tra2 Proteins Are Sequence-Specific
Activators of Pre-mRNA Splicing." Cell 93(1): 139-48.

Tacke R. and Manley J.L. (1999). "Determinants of SR protein specificity.” Current Opinion in Cell Biology
11(3): 358-62.

Tang Y., Novoyatleva T., Benderska N., Kishore S. et. al., (2004). Analysis of alternative splicing in vivo using
minigenes. Handbook of RNA Biochemistry. E. Westhof, A. Bindereif, A. Schon and R.K. Hartmann, (Eds),
Wiley-VCH. 1.

Tarn W.-Y. and Steitz J.A. (1996). "Highly diverged U4 and U6 small nuclear RNAs required for splicing rare
AT-AC introns." Science 273(5283): 1824-32.

Tarn W.-Y. and Steitz J.A. (1997). "Pre-mRNA splicing: the discovery of a new spliceosome doubles the
challenge." Trends in Biochemical Sciences 22(4): 132-7.

Teraoka S.N., Telatar M., Becker-Catania S., Liang T. et. al, (1999). "Splicing defects in the ataxia-
telangiectasia gene, ATM: underlying mutations and consequences.” Am J Hum Genet 64(6): 1617-31.

Thanaraj T.A., Stamm S., Clark F., Riethoven J.-J. et. al., (2004). "ASD: the Alternative Splicing Database."
Nucl Acids Res 32(Database issue): D64-9.

Thompson J.D., Higgins D.G. and Gibson T.J. (1994). "CLUSTAL W: improving the sensitivity of progressive

multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix
choice." Nucl Acids Res 22(22): 4673-80.

138



REFERENCES

Thomson A.M., Rogers J.T., Walker C.E., Staton J.M. and Leedman P.J. (1999). "Optimized RNA Gel-Shift and
UV Cross-Linking Assays for Characterization of Cytoplasmic RNA-Protein Interactions." BioTechniques
27(5): 1032-9, 42.

Tian M. and Maniatis T. (1994). "A splicing enhancer exhibits both constitutive and regulated activities." Genes
Dev 8(14): 1703-12.

Tone M., Tone Y., Fairchild P.J., Wykes M. and Waldmann H. (2001). "Regulation of CD40 function by its
isoforms generated through alternative splicing." Proc Natl Acad Sci U S A 98(4): 1751-6.

Torres R.J., Mateos F.A., Molano J., Gathoff B.S. et. al., (2000). "Molecular basis of hypoxanthine-guanine
phosphoribosyltransferase deficiency in thirteen Spanish families.” Hum Mutat 15(4): 383.

Tsend-Ayush E., O'Sullivan L.A., Griitzner F.S., Onnebo S.M. et. al., (2005). "RBMX gene is essential for brain
development in zebrafish." Dev Dyn 234(3): 682-8.

Ule J., Jensen K.B., Ruggiu M., Mele A. et. al., (2003). "CLIP identifies Nova-regulated RNA networks in the
brain." Science 302(5648): 1212-5.

Ule J., Jensen K., Mele A. and Darnell R.B. (2005). "CLIP: a method for identifying protein-RNA interaction
sites in living cells." Methods 37(4): 376-86.

Valente S.T. and Goff S.P. (2006). "Inhibition of HIV-1 gene expression by a fragment of hnRNP U." Mol Cell
23(4): 597-605.

van der Houven van Oordt W., Diaz-Meco M.T., Lozano J., Krainer A.R. et. al., (2000). "The MKK3/6-p38-
signaling Cascade Alters the Subcellular Distribution of hnRNP Al and Modulates Alternative Splicing
Regulation." J Cell Biol 149(2): 307-16.

Van Eynde A., Wera S., Beullens M., Torrekens S. et. al, (1995). "Molecular cloning of NIPP-1, a nuclear
inhibitor of protein phosphatase-1, reveals homology with polypeptides involved in RNA processing." J Biol
Chem 270(47): 28068-74.

Varani L., Hasegawa M., Spillantini M.G., Smith M.J. et. al, (1999). "Structure of tau exon 10 splicing
regulatory element RNA and destabilization by mutations of frontotemporal dementia and parkinsonism linked
to chromosome 17." Proc Natl Acad Sci U S A 96(14): 8229-34.

Vawter M.P., Frye M.A., Hemperly J.J., VanderPutten D.M. et. al., (2000). "Elevated concentration of N-CAM
VASE isoforms in schizophrenia." J Psychiatr Res 34(1): 25-34.

Venables J.P., Vernet C., Chew S.L., Elliott D.J. et. al, (1999). "T-STAR/ETOILE: a novel relative of SAM68
that interacts with an RNA-binding protein implicated in spermatogenesis.”" Hum Mol Genet 8(6): 959-69.

Venables J.P., Elliott D.J., Makarova O.V., Makarov EM. et. al, (2000). "RBMY, a probable human
spermatogenesis factor, and other hnRNP G proteins interact with Tra2beta and affect splicing." Hum Mol
Genet 9(5): 685-94.

Venter J.C., Adams M.D., Myers EW., Li P.W. et. al, (2001). "The Sequence of the Human Genome." Science
291(5507): 1304 - 51.

Wagner B.J., DeMaria C.T., Sun Y., Wilson G.M. and Brewer G. (1998). "Structure and genomic organization
of the human AUF1 gene: alternative pre-mRNA splicing generates four protein isoforms." Genomics 48(2):

195-202.

Wagner E.J. and Garcia-Blanco M.A. (2001). "Polypyrimidine tract binding protein antagonizes exon
definition." Mol Cell Biol 21(10): 3281-8.

Wakamatsu N., Kobayashi H., Miyatake T. and Tsuji S. (1992). "A novel exon mutation in the human beta-
hexosaminidase beta subunit gene affects 3' splice site selection." J Biol Chem 267(4): 2406-13.

139



REFERENCES

Wakula P., Beullens M., Ceulemans H., Stalmans W. and Bollen M. (2003). "Degeneracy and Function of the
Ubiquitous RVXF Motif That Mediates Binding to Protein Phosphatase-1." J Biol Chem 278(21): 18817-23.

Wang H.-Y., Lin W., Dyck J.A., Yeakley J.M. et. al., (1998). "SRPK2: A Differentially Expressed SR Protein-
specific Kinase Involved in Mediating the Interaction and Localization of Pre-mRNA Splicing Factors in
Mammalian Cells." J Cell Biol 140(4): 737-50.

Wang J., Gao Q.S., Wang Y., Lafyatis R. et. al., (2004). "Tau exon 10, whose missplicing causes frontotemporal
dementia, is regulated by an intricate interplay of cis elements and trans factors." J Neurochem 88(5): 1078-90.

Wang L., Oh D.Y., Bogerd J., Choi H.S. et. al, (2001). "Inhibitory Activity of Alternative Splice Variants of the
Bullfrog GnRH Receptor-3 on Wild-Type Receptor Signaling." Endocrinology 142(9): 4015-25.

Warmuth M., Bergmann M., Priess A., Hauslmann K. et. al., (1997). "The Src Family Kinase Hck Interacts with
Bcer-Abl by a Kinase-independent Mechanism and Phosphorylates the Grb2-binding Site of Ber." J Biol Chem
272(52): 33260-70.

Watermann D.O., Tang Y., Zur Hausen A., Jager M. et. al., (2006). "Splicing factor Tra2-betal is specifically
induced in breast cancer and regulates alternative splicing of the CD44 gene." Cancer Res 66(9): 4774-80.

Wedekind J.E., Dance G.S.C., Sowden M.P. and Smith H.C. (2003). "Messenger RNA editing in mammals: new
members of the APOBEC family seeking roles in the family business." Trends in Genetics 19(4): 207-16.

Weg-Remers S., Ponta H., Herrlich P. and Konig H. (2001). "Regulation of alternative pre-mRNA splicing by
the ERK MAP-kinase pathway." EMBO J 20: 4194-203.

Weighardt F., Cobianchi F., Cartegni L., Chiodi I. et. al, (1999). "A novel hnRNP protein (HAP/SAF-B) enters
a subset of hnRNP complexes and relocates in nuclear granules in response to heat shock." J Cell Sci 112(10):

1465-76.

Wilhelmsen K.C. (1999). "The tangled biology of tau." Proc Natl Acad Sci U S A 96(13): 7120-1.

Will C.L. and Lithrmann R. (2001). "Spliceosomal UsnRNP biogenesis, structure and function." Current Opinion
in Cell Biology 13(3): 290-301.

Wilschanski M., Yahav Y., Yaacov Y., Blau H. er. al, (2003). "Gentamicin-induced correction of CFTR
function in patients with cystic fibrosis and CFTR stop mutations." N Engl J Med 349(15): 1433-41.

Wong B.R., Besser D., Kim N., Arron J.R. et. al., (1999). "TRANCE, a TNF Family Member, Activates
Akt/PKB through a Signaling Complex Involving TRAF6 and c-Src." Molecular Cell 4(6): 1041-9.

Woolaway K., Asai K., Emili A. and Cochrane A. (2007). "hnRNP E1 and E2 have distinct roles in modulating
HIV-1 gene expression." Retrovirology 4: 28.

Wu J.Y. and Maniatis T. (1993). "Specific interactions between proteins implicated in splice site selection and
regulated alternative splicing." Cell 75(6): 1061-70.

Wu S., Romfo C.M., Nilsen T.W. and Green M.R. (1999). "Functional recognition of the 3' splice site AG by the
splicing factor U2AF35." Nature 402(6763): 832-5.

Xiao S.H. and Manley J.L. (1997). "Phosphorylation of the ASF/SF2 RS domain affects both protein-protein and
protein-RNA interactions and is necessary for splicing." Genes Dev 11(3): 334-44.

Xiao S.-H. and Manley J.L. (1998). "Phosphorylation-dephosphorylation differentially affects activities of
splicing factor ASF/SF2." EMBO J 17(21): 6359-67.

Xie J. and Black D.L. (2001). "A CaMK IV responsive RNA element mediates depolarization-induced
alternative splicing of ion channels." Nature 410(6831): 936-9.

140



REFERENCES

Xu Q., Modrek B. and Lee C. (2002). "Genome-wide detection of tissue-specific alternative splicing in the
human transcriptome.”" Nucl Acids Res 30(17): 3754-66.

Yang L., Han Y., Saurez Saiz F. and Minden M.D. (2007). "A tumour suppressor and oncogene: the WT1 story."
Leukemia 21(5): 868-76.

Yang W., Lo C.G., Dispenza T. and Cerione R.A. (2001). "The Cdc42 Target ACK2 Directly Interacts with
Clathrin and Influences Clathrin Assembly." J Biol Chem 276(20): 17468-73.

Yang Y., Swaminathan S., Martin B.K. and Sharan S.K. (2003). "Aberrant splicing induced by missense
mutations in BRCA1: clues from a humanized mouse model." Hum Mol Genet 12(17): 2121-31.

Young P.J., DiDonato C.J., Hu D., Kothary R. et. al., (2002). "SRp30c-dependent stimulation of survival motor
neuron (SMN) exon 7 inclusion is facilitated by a direct interaction with hTra2{beta}1." Hum Mol Genet
11(5): 577-87.

Zavolan M., Kondo S., Schonbach C., Adachi J. et. al., (2003). "Impact of Alternative Initiation, Splicing, and
Termination on the Diversity of the mRNA Transcripts Encoded by the Mouse Transcriptome." Genome Res
13(6b): 1290-300.

Zhang J., Berenstein E., Evans R. and Siraganian R. (1996). "Transfection of Syk protein tyrosine kinase
reconstitutes high affinity IgE receptor-mediated degranulation in a Syk-negative variant of rat basophilic
leukaemia RBL-2H3 cells." J Exp Med 184(1): 71-9.

Zhang M.L., Lorson C.L., Androphy E.J. and Zhou J. (2001). "An in vivo reporter system for measuring
increased inclusion of exon 7 in SMN2 mRNA: potential therapy of SMA." Gene Ther 8(20): 1532-8.

Zhang X.H.-F., Kangsamaksin T., Chao M.S.P., Banerjee J.K. and Chasin L.A. (2005). "Exon Inclusion Is
Dependent on Predictable Exonic Splicing Enhancers." Mol Cell Biol 25(16): 7323-32.

Zhang Z., Rafalska I., Hiller M., de la Grange P. et. al., "The YTH domain is a novel RNA binding domain."
(submitted).

Zheng Z.-M. (2004). "Regulation of Alternative RNA Splicing by Exon Definition and Exon Sequences in Viral
and Mammalian Gene Expression." Journal of Biomedical Science 11(3): 278-94.

Zhu J. and Krainer A.R. (2000). "Pre-mRNA splicing in the absence of an SR protein RS domain." Genes Dev
14(24): 3166-78.

Zhu J., Mayeda A. and Krainer A.R. (2001). "Exon identity established through differential antagonism between
exonic splicing silencer-bound hnRNP A1l and enhancer-bound SR proteins." Mol Cell 8(6): 1351-61.

Zhuang Y. and Weiner A.M. (1986). "A compensatory base change in Ul snRNA suppresses a 5' splice site
mutation." Cell 46(6): 827-35.

Zuccato E., Buratti E., Stuani C., Baralle F.E. and Pagani F. (2004). "An Intronic Polypyrimidine-rich Element

Downstream of the Donor Site Modulates Cystic Fibrosis Transmembrane Conductance Regulator Exon 9
Alternative Splicing." J Biol Chem 279(17): 16980-8.

141



CURRICULUM VITAE

Name:

Bettina Heinrich

Date of Birth: 24.02.1975
Place of Birth: Fiirth, Germany

Education:
03/2004 — 10/2007  Friedrich-Alexander University Erlangen-Niirnberg, Germany

Graduate student in Prof. Dr. Stefan Stamm’s lab

11/1994 — 02/2001  Friedrich-Alexander University Erlangen-Niirnberg, Germany

Master of Biology (Diploma),

Diploma thesis: ,,Konstruktion eines Selektionssystems in Saccharomyces cerevisiae
zur Isolierung von Tet Repressoren mit verinderten Eigenschaften”

Adpvisors: Dr. Christian Berens, Prof. Dr. Wolfgang Hillen

09/1985 - 07/1994  Heinrich-Schliemann-Gymnasium Fiirth, Germany

Abitur, July 1994

09/1981 —07/1985  Grundschule Soldnerstrale, Fiirth, Germany

Research Experience
03/2004 — 10/2007  Friedrich-Alexander University Erlangen-Niirnberg, Germany

Research for PhD thesis

10/2004 — 11/2004  The Hebrew University of Jerusalem, Israel

Visiting scientist in Prof. Dr. Ruth Sperling’s lab

12/2001 — 02/2004  Friedrich-Alexander University Erlangen-Niirnberg, Germany

Technician in Prof. Dr. Stefan Stamm’s lab

05/2000 — 02/2001  Friedrich-Alexander University Erlangen-Niirnberg, Germany

Research for diploma thesis

03/1998 —09/1999  Friedrich-Alexander University Erlangen-Niirnberg, Germany

Several practical courses as undergraduate student

Scholarships
10/2004-11/2004 Minerva short-term research grant

Publications

Novoyatleva T., Heinrich B., Tang Y., Benderska N., Butchbach M., Lorson C.L., Lorson M.A.,
Ben-Dov C., Fehlbaum P., Bracco L., Burghes A.H.M., Bollen M. and Stamm S. "Protein
phosphatase 1 binds to the RNA recognition motif of several splicing factors and regulates
alternative pre-mRNA processing." (in press).

Markus M. A., Heinrich B., Raitskin O., Adams D.J., Mangs H., Goy C., Ladomery M., Sperling
R., Stamm S. and Morris B.J. (2006). “WT1 interacts with the splicing protein RBM4 and regulates
its ability to modulate alternative splicing in vivo.” Experimental Cell Research 312(17): 3379-88
Heinrich B., Zhang Z., Novoyatleva T. and Stamm S. (2005). ,,Aberrant Pre-mRNA Splicing as a
Cause of Human Disease.” Journal of Clinical Ligand Assay 28(2): 68-74

Zhang 7., Rafalska 1., Hiller M., de la Grange P., Pudimat R., Heinrich B. and Stamm S. “The
YTH domain is a novel RNA binding domain” (submitted)

Heinrich B., Raitskin O., Sperling R., Stamm S. (2005)“Regulation of alternative splicing by
hnRNP G“2™ Symposium on Alternate Transcript Diversity II - Biology, and Therapeutics EMBL
Heidelberg, Germany - 21st-23rd March 2006 (conference materials)

Rafalska, L., Stoilov, P., Heinrich, B., Stamm, S. YTH: a new RNA binding domain? RNA 2003 gh
Annual Meeting of the RNA Society, July 1-6, 2003, p. 617 (conference materials)



