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THE MYTH OF SISYPHUS

“The gods had condemned Sisyphus to ceaselessly rolling a rock to the top of a
mountain, whence the stone would fall back of its own weight. They had thought with
some reason that there is no more dreadful punishment than futile and hopeless labor.

(...) If this myth is tragic, that is because its hero is conscious. Where would his
torture be, indeed, if at every step the hope of succeeding upheld him? The workman
of today works everyday in his life at the same tasks, and his fate is no less absurd.
But it is tragic only at the rare moments when it becomes conscious. Sisyphus,
proletarian of the gods, powerless and rebellious, knows the whole extent of his
wretched condition: it is what he thinks of during his descent. The lucidity that was to
constitute his torture at the same time crowns his victory. There is no fate that cannot
be surmounted by scorn.

If the descent is thus sometimes performed in sorrow, it can also take place in

joy. This word is not too much. Again | fancy Sisyphus returning toward his rock, and
the sorrow was in the beginning. When the images of earth cling too tightly to memory,
when the call of happiness becomes too insistent, it happens that melancholy arises in
man's heart: this is the rock's victory, this is the rock itself. The boundless grief is too
heavy to bear.

(...) All Sisyphus' silent joy is contained therein. His fate belongs to him. His rock

is a thing. Likewise, the absurd man, when he contemplates his torment, silences all
the idols. (...)There is no sun without shadow, and it is essential to know the night. The
absurd man says yes and his efforts will henceforth be unceasing. If there is a personal
fate, there is no higher destiny, or at least there is, but one which he concludes is
inevitable and despicable. For the rest, he knows himself to be the master of his days.
At that subtle moment when man glances backward over his life, Sisyphus returning
toward his rock, in that slight pivoting he contemplates that series of unrelated actions
which become his fate, created by him, combined under his memory's eye and soon
sealed by his death. Thus, convinced of the wholly human origin of all that is human, a
blind man eager to see who knows that the night has no end, he is still on the go. The
rock is still rolling.

| leave Sisyphus at the foot of the mountain! One always finds one's burden
again. (...) The struggle itself toward the heights is enough to fill a man's heart. One
must imagine Sisyphus happy.

---Albert Camus, 1942






ABSTRACT

ABSTRACT

Alternative splicing provides the cell the ability to generate, from a single gene,
multiple protein isoforms, sometimes with different or even antagonistic functions. This
process is tightly regulated and alterations in the accurate balance of alternatively
spliced mRNAs are a common cause of disease.

The main objective of this thesis has been to understand the molecular
mechanisms underlying disease-causing defective splicing. Skipping of Fas death
receptor exon 6 leads to decreased Fas-ligand induced apoptosis. We have studied
how this event is promoted by a mutation at the 3’ splice site and by the proto-
oncogene SF2, leading to Autoimmune Lymphoproliferative Syndrome and possibly
contributing to tumor progression, respectively. Moreover, we have determined the
mechanism by which an antitumor drug, Spliceostatin A, alters 3’ splice site recognition
and affects alternative splicing.

This thesis underscores the importance of pre-mRNA splicing in disease and how
the study of disease-causing aberrant splicing can be used as a tool to understand

splicing mechanisms and vice versa.
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RESUM

RESUM

El processament alternatiu del pre-ARNm proporciona a la cél-lula I'habilitat de
generar, a partir d'un Unic gen, proteines amb funcions diferents i, fins i tot,
antagoniques. Agquest procés esta altament regulat i desequilibris en I'abundancia de
les diferent isoformes sén causes comunes de malaltia.

L'objectiu principal d’aquesta tesi ha estat entendre el mecanisme molecular a
través del qual problemes en el processament del pre-ARNm causen malalties.
L’exclusio de I'exd 6 del receptor de mort cel-lular Fas condueix a una disminucié de
I'apoptosi en resposta al lligand de Fas. Hem estudiat com una mutacié al lloc de
processament 3’ d’aquest exo i el proto-oncogén SF2 promouen aquest patrd, causant
el sindrome autoimmune lifoproliferatiu i possiblement contribuint a la progressio
tumorogenica, respectivament. A més, hem estudiat el mecanisme pel qual la droga
antitumoral Spliceostatin A altera el reconeixement del lloc de processament 3’ i causa
canvis en el processament alternatiu de diversos gens.

Aquesta tesi posa en evidéncia la importancia del processament del pre-ARNm
en malalties i com l'estudi de mutacions que alteren aquest procés i sén causa de
malaties pot ser utilitzat con una eina per entendre el mecanisme d'aquest

processament i viceversa.
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PREFACE

The central dogma of molecular biology, which postulated that DNA was transcribed into
RNA and RNA, in turn, translated into protein in a unidirectional flow of information, was
announced for the first time more than 50 years ago by Francis Crick (Crick, 1958). He
himself re-stated it in 1970 by saying that “the central dogma of molecular biology deals with
the detailed residue-by-residue transfer of sequential information. It states that information
cannot be transferred back from protein to either protein or nucleic acid.” (Crick, 1970). But
the central dogma, although for many years a keystone in molecular biology, has turned out to
be an oversimplified view of what Nature is able to do.

The existence of RNA-dependent RNA- and DNA-polymerases, microRNAs and small
interfering RNAs or the ability of proteins to alter DNA composition and function (e. g. DNA
methyltransferases) are some of the many exceptions that can be found to the central dogma.
Possibly, though, the most underestimated biopolymer (DNA, RNA and protein) in this theory
was the RNA. Unimaginably in the 1950's, a hypothetical primordial RNA world, where RNA
provided both the genetic information and the function, was suggested by Walter Gilbert in
1986 after the discovery of catalytically competent RNAs, or ribozymes, by Sidney Altman
(Guerrier-Takada et al., 1983) and Thomas R. Cech (Kruger et al., 1982). In fact, non-protein
coding RNAs play essential roles in many processes in the cell: RNA molecules are core
components of ribosomes (rRNAs) and spliceosomes (snRNAs), small nucleolar RNAs
(snoRNAs) direct pseudouridylation and ribose methylation of other RNAs; microRNAs
(miRNAs) and small interference RNAs (siRNAs) repress translation or mRNA degradation by
specifically binding to mRNAs; small double stranded (shRNAs) can induce DNA and histone
methylation and promote transcription silencing; and long non-coding RNAs (ncRNASs) can
function as a scaffold for the assembly of different cellular structures (reviewed in Mendes
Soares and Valcarcel, 2006).

But the central dogma was not only ignorant of the presence of regulatory and
catalytically active RNAs but also of the fact that protein coding RNAs have been processed
and highly modified from the originally transcribed premature messenger RNA (pre-mRNA).

Pre-mRNAs are co- and post-transcriptionally processed before being exported to the
cytoplasm and translated into proteins. Shortly after the initiation of transcription, a guanosine
residue is linked through a 5'-5'-triphosphate bond to the first transcribed nucleotide by the
Capping Enzyme Complex. Then, a methyltransferase present in the complex methylates the
nitrogen 7 of the guanine, generating a 7-methylguanosine cap (reviewed in Shuman, 2001).
The 3" end of the pre-mRNA is bound by the polyadenylation machinery, which will cleave the
pre-mRNA and add a polyA tail. Although these modifications do not change the coding
sequences, they affect many aspects of the RNA metabolism by enhancing mRNA export,
preventing mRNA degradation by exonucleases and promoting translation, thus acting as
critical check point in preventing aberrant gene expression (reviewed in Moore and Proudfoot,

2009).
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A third nuclear modification of the pre-mRNA consists in the removal of non-coding,
intervening sequences (introns) in order to join together the coding sequences (exons) by a
process called splicing. Splicing was firstly observed in the adenovirus hexon gene. During
cell infection, several labs identified RNA molecules, originally named mosaics, which
contained noncontiguous sites of the viral genome (Berget et al., 1977; Chow et al., 1977).
Later on, splicing of many other viral and eukaryotic genes was reported (Darnell, 1978;
Knapp et al., 1978) suggesting that this process was an essential step of the maturation of
MRNAs. Unlike pre-mRNA capping and polyadenylation, splicing can affect the coding
capacity of the mRNA. It also influences many, if not all, steps of mMRNA metabolism.

A typical human gene contains between 8 and 9 introns, whose average size is more
than 3.4 Kb (Deutsch and Long, 1999), while exon size is on average about 140 nucleotides
(Fedorova and Fedorov, 2003). Strikingly, which sequences are included or excluded from the
final transcript can be regulated depending on the developmental stage, the cell type or the
extracellular signals by the process of alternative splicing, potentially expanding the proteome

diversity.
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A: adenosine

AS: alternative splicing

ATP: adenosine triphosphate

bp: base pairs

BP: branch point

bprs: branch point recognition site

C: cytidine

cDNA: mRNA complementary DNA
CMV: cytomegalovirus

C-terminal: carboxi-terminal

CTD: carboxi-terminal domain

CTP: cytosine triphosphate

DMEM: Dulbecco’s modified Eagle’s medium
DNA: deoxyribonucleic acid

DTT: dithiothreitol

EDTA: ethylenediamine tetraacetic acid
EMSA: electrophoretic mobility shift assay
ESE: exonic splicing enhancer

ESS: exonic splicing silencer

G: guanosine

GTP: guanosine triphosphate

hnRNP: heterogeneous ribonucleoprotein
IP: immunoprecipitation

ISE: intronic splicing enhancer

ISS: intronic splicing silencer

Kb: kilo base pairs

KDa: kilodalton

MRNA: messenger RNA

NE: nuclear extract

nt: nucleotide

N-terminal: amino-terminal

PAGE: polyacrylamide gel electrophoresis
PBS: phophate buffered saline

PCR: polymerase chain reaction

Pol II: RNA polymerase Il

pre-mRNA: premature mRNA

PTB: polypyrimidine-tract binding protein
pY tract: polypyrimidine tract
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RNA: ribonucleic acid

RT-PCR: reverse transcription-polymerase chain reaction
siRNA: small interfering RNA

SDS: sodium dodecyl sulfate

SF1: splicing factor 1

SF2/ASF: splicing factor 2/alternative splicing factor
snRNP: small nuclear ribonucleoprotein particle
SR: serine/arginine-rich

SRPK: SR protein kinase

ss: splice site

SSA: Spliceostatin A

T: thymidine

T7: T7 bacteriophage

TBE: Tris/Borate/EDTA

tRNA: transfer RNA

U: uridine

U snRNA: uridine-rich small nuclear RNA

UTP: uridine triphosphate

WB: western blot

WT: wild type
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GENERAL INTRODUCTION

The splicing reaction

Defining exon-intron boundaries

Sequences that delimit introns and exons and how these coding sequences are spliced
together have been extensively studied, however they are still not well understood.

In higher eukaryotes, introns are delimited by short consensus sequences required for
both intron recognition and splicing catalysis (Fig. 1). Despite of its importance, these
sequences are extremely variable, making their recognition by the splicing machinery difficult.
In contrast, yeast introns are delimited by similar but much more conserved sequences
(reviewed in Green, 1986).

The 5’ splice site marks the 5’ end of the intron and is characterized by an invariable GU
dinucleotide flanked by a less conserved consensus sequence: MAG/GURAGU (M=AorC,/
= exon-intron junction, R = A or G) (Horowitz and Krainer, 1994). At the other end of the
intron, three are important sequences for splicing: the branch point is followed by a
polypyrimidine (pY) tract located upstream of the AG dinucleotide that marks the 3’ end of the
intron. The former is characterized by the presence of a conserved adenosine surrounded by
a highly degenerated sequence YNYURAY (Y = U or C and R = G or A) (Zhang, 1998). The
pY tract is of variable length and the pyrimidine content is often correlated with the efficiency
of 3'ss recognition during the initial steps of the spliceosome assembly pathway (see below)
(Ruskin and Green, 1985). Finally, the AG dinucleotide or acceptor site is usually surrounded
by a pyrimidine upstream and a G as a first nucleotide of the exon. The acceptor site is
usually located 40-18 nucleotides downstream of the branch point (Ruskin et al., 1984; Reed
and Maniatis, 1985), although some exceptions can be found where the branch point is
located hundreds of nucleotides upstream of the AG dinucleotides (Helfman and Ricci, 1989;
Smith and Nadal-Ginard, 1989). The sequences between the branch point and the actual

acceptor site are characterized by the absence of AG dinucleotides (Gooding et al., 2006).

0\&‘ 'é\(@ xa’\,\"z’
S S L
& N
Exon1 A/CAG|GURAGU=—————————YNYURAY=YYYYYYYYY=YAG|G  Exon 2
5'splice site 3'splice site

Fig. 1. Introns are flanked by conserved sequences at their 5° and 3’ ends. The 5 end is
characterized by a GU dinucleotide surrounded by a relatively conserved consensus sequence. The 3’
end contains three important sequences: the branch point, the polypyrimidine tract and the AG
acceptor site. Exons are represented by boxes and introns by black lines. Y, pyrimidine; R, purine; N,

any nucleotide.
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Splicing biochemistry

The excision of the introns from the pre-mRNAs occurs through two transesterification
reactions carried out by the spliceosome (Fig. 2). In the first step, the 2’ hydroxyl group of the
conserved adenosine at the branch point carries out a nucleophilic attack of the 3'-5’
phosphodiester bond between the 5’ splice site and the exon. This reaction results in a 2'-5’
phosphodiester bond between the branching adenosine and the 5’ terminal phosphate of the
intron, giving rise to a lariat-shaped intermediate, which contains the intron and the
downstream exon, and the free upstream exon (Ruskin and Green, 1985; Konarska et al.,
1985). During the second transesterification reaction, the 3’ hydroxyl group of the free exon
attacks the phosphodiester bond at the 3’ splice site of the lariat intermediate, joining together

the two exons and releasing the lariat intron (Konarska et al., 1985; Moore and Sharp, 1993).

o —P=0

|
0" —P=0

. | |

1st transesterification

-O=3’oxygenofemn'b ]
| 0= 2 axygen of branch point A

|\ =3 oxygen of intron | 5 0 A

| 2 \
O=P—-.:'/ P Lariat

intermediate

5

— O

|
o =P=0

3 5

2nd transesterification

Excised lariat intron Spliced exons

Fig. 2. Splicing takes place in two transesterifica  tion reactions. The first catalytic reaction consists
of a nucleophilic attack by the 2’-OH (in blue) of the branch point adenosine on the 5 splice site
phosphate. Subsequently, the 3'OH of the free 5’ exon (in green) attacks the 3’ splice site phosphate,
splicing together both exons and releasing the intron in a lariat structure (adapted from [Griffiths,
1999]).

This reaction is chemically identical to the one carried out by the class Il of self-splicing
introns (reviewed in Michel and Ferat, 1995; Sharp, 1987). As pre-mRNA splicing, group I
introns are spliced out via two transesterification reactions, the first one consisting of a
nucleophilic attack of the 2'0OH of an adenosine to the 5’ end of the intron generating a lariat

structure, followed by a second nucleophilic attack on the 3'ss by the 3' OH of the upstream
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exon. Although protein components are required for pre-mRNA splicing, the intron itself
provides the reactive groups in the splicing reaction as well as nucleates a network of RNA-
RNA interactions with small nuclear RNAs that is believed to form the catalytic core of the

spliceosome (reviewed in Valadkhan, 2005).

The Spliceosome, the splicing machinery

Spliceosome components: snRNPs biogenesis

While the biochemical steps of the splicing reaction are well known, how splice sites are
unequivocally recognized and which elements carry out both transesterification reactions are
not completely understood.

The splicing machinery, or spliceosome, recognizes the consensus sequences present
at the exon-intron boundaries. It is composed of five snRNPs (U1, U2, U4, U5 and U6), each
containing a uridine-rich snRNAs with a complex secondary structure, a common set of Sm
proteins and a unique set of snRNP-specific proteins (reviewed in Wahl et al., 2009). U1, U2,
U4 and U5 snRNAs are transcribed by RNA pol Il and are characterized by the presence of a
5'-trimethylguanosine (TMG) cap, an Sm-protein-binding site (Sm site) and a 3' stem-loop
structure. On the other hand, U6 snRNA is transcribed by RNA pol Ill and contains a 5'-
monomethylphosphate cap and a 3' stem-loop followed by a stretch of uridine residues (Lsm
site) that is bound by the Lsm core (reviewed in Matera et al., 2007).

U snRNAs must undergo a complex maturation process before being functional in the
spliceosome. First, Sm-class snRNAs (U1, U2, U4 and U5) are capped and exported to the
cytoplasm where the SMN complex assembles the Sm core (composed by seven common
Sm proteins B/B', D1, D2, D3, E, F, andG) on the Sm site (Raker et al., 1996]. Second, the
m7G cap is hypermethylated to form the TMG cap structure (Mouaikel et al., 2002)and the
3'end is trimmed by a 3'-to-5’' exonuclease (Huang et al., 1999). The presence of the TMG
cap and the SMN complex promotes the assembly of an import complex that facilitates re-
entering of the particle in the nucleus and targeting to Cajal bodies, where snRNA site-specific
modifications, such as pseudouridylation and methylation, take place (reviewed in Matera et
al., 2007; Will and Luhrmann, 2001). The association of snRNP-specific proteins is thought to
occur in the nucleus, consistent with the snRNA-independent nuclear import of U2B” and U1A
(Hetzer and Mattaj, 2000).

U2 snRNP assembly has been particularly well studied. This snRNA is initially bound by
the Sm core and two U2-specific proteins, A’ and B”, giving rise to a 12S snRNP (Will and
Luhrmann, 1997). Later on, the SF3b subcomplex, consisting of 8 subunits (SF3b155,
SF3b145, SF3b130, SF3b125, SF3b49, SF3bl4b, SF3b10 and pl14) (Behrens et al., 1993;
Das et al., 1999; Kramer et al., 1999; Will et al., 2002) associates to form the 15S U2 snRNP

which will be ultimately bound by the SF3a subcomplex, composed by SF3a60, SF3a66 and
220.
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SF3al120 (Brosi et al., 1993b), giving rise to the mature, splicing competent 17S snRNP.
Moreover, many other non-snRNP proteins are associated with U2 snRNP (Will et al., 2002).
Where in the nucleus, whether in the Cajal bodies or in the nuclear speckles, all these

proteins associate to the snRNA is still largely controversial (Nesic et al., 2004).

The splicing cycle

Although a spliceosome composed by the five sShnRNP could be purified under low-salt
conditions in yeast extracts (Stevens et al., 2002), data coming from classical in vitro assays
(e. g. gel electrophoresis or gel filtration) (Konarska and Sharp, 1986; Pikielny et al., 1986), or
more recent chromatin immunoprecipitation against splicing factors experiments (Kotovic et
al., 2003; Lacadie and Rosbash, 2005; Listerman et al., 2006) strongly suggest that the
spliceosome assembles onto the RNA in a stepwise manner. The spliceosome cycle is highly
conserved along the eukaryotic evolutionary tree, reason why human and the yeast
Saccharomyces cerevisiae have been the main organism models used to study how the
spliceosome assembles on the pre-mRNA.

The 5'ss is initially recognized by U1l snRNP. This interaction relies on both protein-RNA
and RNA-RNA interactions, the latter consisting of canonical base pairing of the 5" end of Ul
snRNA with the last three nucleotides of the exon and the first six of the intron (reviewed in
Madhani and Guthrie, 1994). However, alternative patterns of base pairing have been
described (Roca and Krainer, 2009).The Ul snRNP-specific protein U1C interacts with the
RNA stabilizing the Ul-5'ss base pairing (Du and Rosbash, 2002; Heinrichs et al., 1990;
Pomeranz Krummel et al., 2009).

At the other end of the intron, the branch point (BP) is recognized by the branch point
binding protein (BBP)/SF1 through its maxi KH domain (Kramer and Utans, 1991; Berglund et
al., 1997, Liu et al., 2001b). The pY tract and the AG acceptor site are bound by the 65 KDa
(Ruskin et al., 1988; Zamore et al., 1992) and the 35 KDa (Merendino et al., 1999; Wu et al.,
1999; Zorio and Blumenthal, 1999) subunits of the U2 snRNP auxiliary factor (U2AF),
respectively. U2AF65 interacts through its C-terminal UHM domain with SF1, significantly
improving the affinity of SF1/BBP for the branch point (Berglund et al., 1998; Selenko et al.,
2003) (Fig. 3A).

The interaction of both U2AF heterodimer and SF1 at the 3'ss and Ul snRNP at the
5'ss, together with possible additional interactions across the intron, constitute the ATP-
independent E complex (Michaud and Reed, 1991). A precursor complex, E’, which only
contains U1 snRNP and SF1 was identified in U2AF65-depleted extracts (Kent et al., 2005).
At this early steps of the spliceosome assembly pathway, both 5’ and 3'ss are already found
in close proximity of each other (Kent et al., 2005) and the pre-mRNA is committed to the
splicing pathway (Seraphin and Rosbash, 1989; Michaud and Reed, 1991).
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U2 snRNP is already recruited, although unstably, in E complex (Hong et al., 1997),
possibly through protein-protein interactions involving the UHM domain of U2AF65 and the
unstructured N-terminal domain of SF3b155 (Gozani et al., 1998; Spadaccini et al., 2006;
Thickman et al., 2006). Upon ATP hydrolysis, U2 snRNP stably associates with the branch
point, displacing SF1 and leading to the formation of the pre-spliceosome or A complex. U2
SnRNA base pairs with this sequence through the branch point recognition sequence
corresponding to the hexanucleotide +33-GUAGUA- +38 (Nelson and Green; Wu and Manley,
1989; Zhuang and Weiner, 1989), where the U at position +34 is pseudouridilated,
modification that has been proposed to induce a unique structure in the U2 snRNA-branch
point helix (Newby and Greenbaum, 2002) (Fig. 4B). The most characteristic feature of this
duplex is the presence of a single unpaired residue, the branch adenosine, that bulges out of

the helix facilitating the nucleophilic attack on the 5'ss (Query et al., 1994).

Fig. 3. 3 splice site recognition. (A) 3'ss is
recognized initially in an ATP-independent manner by
SF1, that will bind the branch point, and U2AF35 and
U2AF65 that interact with the AG acceptor site and
the polypyrimidine tract respectively. (B) Upon ATP
hydrolysis, U2 snRNP is stably recruited to the
branch point. U2AF65 promotes this binding through
RNA-U2AF65 RS domain and SF3b155-U2AF65

RRM3 interactions.

U2 snRNP protein components also associate with the branch point and its neighboring
sequences, stabilizing the RNA duplex. p14 has been described to interact directly to the
branch point adenosine (Query et al., 1997; Will et al., 2001) while other components of the
SF3b and SF3a complexes can be crosslinked either upstream (anchoring site) or
downstream of the branch point in a sequence independent manner (Gozani et al., 1996).
Interestingly, SF3b155, the most highly conserved SF3b subunit (Wang et al., 1998a) which
tightly interacts with p14 (Will et al., 2001), binds at both sites of this sequence and it has
been proposed to tether U2 snRNP to near the branch point (Gozani et al., 1998). U2 snRNP-
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branch point intraction is also stabilized by the RS domain of U2AF65, which contacts the
branch point (Valcarcel et al., 1996) (Fig. 3A).

Subsequently, the preformed U4/U6.U5 tri-snRNP is recruited to the spliceosome to
form the catalytically inactive B complex (Konarska and Sharp, 1987). Upon important
structural and compositional rearrangements (Bessonov et al., 2008), U4 snRNP, which is
base paired with U6 snRNA through two helices (Fig. 4B), leaves the spliceosome allowing
U6 snRNA to base pair with the 5’ss through the conserved ACAGAGA box, displacing Ul
snRNP (Lamond et al., 1988; Wassarman and Steitz, 1992). U6 snRNA also forms a new
intramolecular stem-loop involved in metal binding (Fortner et al., 1994; Huppler et al., 2002)

and extensive base pairing interactions with U2 snRNA (Sun and Manley, 1995) (Fig. 4C).
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Fig. 4. RNA-RNA interactions in the splicing cycle. (A) RNA-RNA interactions during A complex. Ul
SnRNA (red) and U2 (blue) snRNA base pair with the 5'ss and branch point, respectively. (B) U6
(yellow) and U4 (pink) snRNAs are found in the cell as a di-snRNP, due to extended base pairing
interactions. (C) U2 (blue) and U6 (yellow) snRNAs perform complex RNA-RNA base pairings among

them and with the pre-mRNA in the activated spliceosome (modified from Rhode et al., 2006).

Concomitantly, Prp19p associated complex (NineTeen Complex, NTC, in yeast; CDC5
complex in metazoans) is recruited. NTC is required for stable association of U5 and U6
SnRNP with the spliceosome and is involved in several conformational changes during
spliceosome activation (reviewed in Hogg et al., 2010). Subsequently, U5 snRNA contacts
nucleotides at both the 5’ and 3’ ss. These rearrangements bring together the 5’'ss and the
branch point and generate the catalytically active B* complex, characterized by SF3b155
hyperphosphorylation (Wang et al., 1998a) and release of SF3 from the intron branch point
(Lardelli et al., 2010), which carries out the first transesterification reaction. After additional

conformational and compositional changes, the C complex is formed and the second catalytic
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step takes place, concomitant with SF3b155 dephosphorylation (Shi et al., 2006). Finally, the
spliceosome is dissociated and recycled for other rounds of splicing, the mRNA is released as
an mRNP particle and the lariat intron is debranched and degraded by exonucleases (Fig. 5)
(reviewed in Wahl et al., 2009).

INTRON
5'SS BP 3'SS
pre-mRNA [GYm——a=AG I J Prp43-ATP
g Us u f-EmE mRNP
u2 P -
us
Ut Snu114-GTP
% Brr2-ATP
Prp22-ATP
Prp5-ATP u2
Sub2/UAPS56-ATP
Y Post-
U UG\Q spliceosomal
Prespli g us complex
respliceosome - R
(complex A) us u4 —
Us U4/U6.Us
: : Prp22-ATP
Prp28-ATP i 2nd ste
D tri-snRNP p/’rmEiATP
U1 i e
ugUd U5 " Catalytic step 1
Precatalytic (U9% L ' spliceosome
spliceosgme Brro A>< 1sty (complex C)
(complex B) "5\ orp - o~ PTP2-ATP

U6’
— oy
us

Activated spliceosome
(complex B¥)

Fig. 5. The splicing cycle. The spliceosome assembles in a stepwise manner, undergoing extensive

compositional and conformational rearrangements (extracted from Wabhl et al., 2009).

Although the splicing machinery disassembles from the spliced mRNA before it is
exported to the cytoplasm, the spliceosome leaves a permanent trace of its activity that will
only be removed after the first, pioneer round of translation. This vestige of the spliceosome
activity consists in a multiprotein exon junction complex (EJC) deposited about 24 nucleotides
upstream of the exon junction (Le Hir et al., 2000). The EJC promotes mRNA export and
translation and is essential for the surveillance system of non-sense mediated decay (NMD),
which promotes the degradation of premature stop codon-containing mRNAs after the pioneer
round of translation (reviewed in Lejeune and Maquat, 2005). Therefore, the splicing process
not only modifies the coding sequence of an mMRNA but also the composition of the RNP,
which determines the fate of the mRNA, including its stability, translation efficiency and

localization (reviewed in Glisovic et al., 2008).

Splicing fidelity

Functional sequences in the pre-mRNA are highly degenerated and poorly conserved.
Then, how does the spliceosome recognize bona fide signals among many similar others

present in the pre-mRNA and, thus, ensures the fidelity of the splicing reaction?
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One simple mechanism is the recognition of the exon-intron boundaries multiple times
during the splicing cycle through a network of RNA-RNA and RNA-protein interactions. A
decreased affinity of the different factors that recognize functional sequences present in the
pre-mRNA would render the splicing process less efficient. Also, competition between splicing
factors and non-specific RNA binding proteins to interact with the pre-mRNA might be a
simple way to ensure splicing fidelity and prevent the use of cryptic splice sites.

However, the most prominent mechanism to ensure the fidelity of the reaction is
established by the activity of numerous RNA-dependent DExH/D-box ATPases/helicases
along the splicing cycle (reviewed in Wahl et al., 2009). This family of proteins is present all
along the spliceosome assembly pathway and the splicing reaction, coupling ATP hydrolysis
with conformational rearrangements of the spliceosome. Much of the knowledge on the
contribution of this family of ATPases comes from elegant genetic studies in the yeast S.
cerevisiae. For example, in this organism it has been shown that Prp5 proofreads the U2
snRNA-branch point base pairing (Xu and Query, 2007), Prp16 facilitates the transition of the
spliceosome from the first-step to the second-step conformations (Villa and Guthrie, 2005)
and Prp22 regulates fidelity of the exon ligation by promoting release of the products (Mayas
et al.,, 2006). The basis for the control of fidelity by these proteins consists of kinetic
competition between ATP hydrolysis, and hence remodeling of RNA-RNA, protein-protein
and/or RNA-protein interactions, and substrate rejection. Reduced ATPase activity or
absence of ATP would extend the time between the different conformational changes allowing
suboptimal substrates to be recognized and spliced (reviewed in Konarska et al., 2006).

Other factors with no such ATPase activity, such as the oncogene DEK, have been
described to proofread early U2AF recognition of 3'ss with inadequate acceptor sites (Soares
et al., 2006).

Different splicing machineries and splicing evoluti on

Class Il introns: is the spliceosome a rybozyme?

Among 150-300 snRNP and non-snRNP proteins take part at some stage during the
spliceosome cycle (Zhou et al., 2002; Rappsilber et al., 2002). More recently, the comparative
proteomic analysis of purified spliceosomal complexes stalled at different stages has made
even more evident that intron recognition and excision is an extremely dynamic process with
a continuous exchange of proteins (reviewed in Wahl et al., 2009). Many of these proteins
have known active roles in splicing and some others function to couple the splicing machinery
to other RNA processing events such as transcription or 3’ end processing (reviewed in Jurica
and Moore, 2003; Maniatis and Reed, 2002). The RNA components of the spliceosome,
however, have been strongly suggested to drive both steps of splicing catalysis. Both U2 and

U6 snRNAs are absolutely needed for the splicing reaction, although it is very likely that
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catalysis involves critical residues in U6 snRNA, while U2 snRNA is required for proper
positioning of the branch point adenosine during the first transesterification step (reviewed in
Valadkhan, 2007).

Currently, two pieces of evidence support this hypothesis. First, protein-free U6 and U2
snRNAs are able to sequence-specifically bind to an RNA substrate and perform splicing-
related catalytic reactions in vitro (Valadkhan and Manley, 2001; Valadkhan and Manley,
2003). Second, there are striking sequence and structural similarities between the class Il of
self-splicing introns and RNA-RNA networks formed by U2, U6 and U5 snRNAs with the pre-
MRNA, which have led to the hypothesis that pre-mRNA splicing has evolved from this class
of introns (reviewed in Valadkhan, 2005). Sequence analogies include a conserved ACAGAG
box in U6 snRNA and an AGC triad placed in the catalytic core, shown to be crucial for
splicing catalysis by mutational analysis. Structurally, an intramolecular stem-loop in U6
snRNA clearly resembles the catalytically essential domain V of group Il introns. Then, it is
conceivable that fragmentation of the ancestor of type Il self splicing introns evolved to U2
introns and trans-acting snRNAs (reviewed in Patel and Steitz, 2003).

However, a role for proteins in splicing catalysis has not been ruled out. Prp8p, a large,
highly conserved component of the U5 snRNP has been proposed to have an active role in
splicing catalysis(reviewed in Grainger and Beggs, 2005). Prp8p contacts the 5’ss, the branch
point and the 3'ss and U5 and U6 snRNAs along the splicing catalysis occupying a central
position in the catalytic core of the spliceosome (Dix et al., 1998; Teigelkamp et al., 1995;
Umen and Guthrie, 1995; Vidal et al., 1999). Moreover, it is essential for U2 and U12-type
splicing and trans-splicing reactions and is the most highly conserved component of the
spliceosome, underscoring its importance for splicing catalysis (reviewed in Grainger and
Beggs, 2005).

Ul2-class introns: the minor spliceosome

The discovery of a rare class of introns, U12-type, -representing less than 1% of all
human introns- more than fifteen years ago (Hall and Padgett, 1994) added another piece in
the puzzle of understanding splicing and splicing evolution. Contrarily to the canonical U2 type
introns, this class of introns is characterized by relatively long, highly conserved sequences at
both the 5 ss and branch point. The latter is relatively close to the acceptor site (10-16
nucleotides), without a pY tract (reviewed in Patel and Steitz, 2003; Sharp and Burge, 1997,
Will and Luhrmann, 2005). Both the donor and acceptor sites were initially thought to be AT
and AC dinucleotides, respectively, although later reports showed that other dinucleotides,
especially GU and AG as in the U2-type introns, are used (Dietrich et al., 1997). This class of
introns is spliced out by a spliceosome composed of U11, U12, Udatac, U6atac, functionally
analogous to U1, U2 U4 and U6 snRNP, respectively, and the common U5 snRNP (Tarn and

Guthrie, 1996a and b). None of the U12 spliceosome-specific ShnRNAs show high sequence
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similarity to its functionally homologous snRNAs of the major spliceosome, although its
secondary structure and base pairing interactions seem to be similar between both pathways.
U11 and U12 snRNPs are found in the cell as an 18S di-snRNP. Although affinity purified U11
does not contain the Ul snRNP specific proteins U1A, U1C and Ul 70K, other proteins
associated seem to have structural similarities and, probably, functions. On the other hand,
SF3b, but not Sf3a, complex can be copurified with U11/U12 di-snRNP, and the
Udatac/U6atac.U5 tri-snRNP associated proteins are shared with the major U4/U6.U5 tri-
snRNP. The absence of Ul snRNP-specific proteins and a pY tract, as well as and the
observation of U1l and Ul2 snRNPs pre-assembly, suggest that initial recognition of U12
introns differs greatly from the early steps of assembly of the canonical spliceosome
(reviewed in Patel and Steitz, 2003; Sharp and Burge, 1997; Will and Luhrmann, 2005).

Ul2 introns have been found in both plants and animals suggesting that both
spliceosomes have coexisted in the eukaryotic lineage for at least one billion years (Burge et
al., 1998). The fact that U2 consensus sequences are much less constrained than those of
Ul2 points to progressive conversion of introns from U12-type to U2-type, therefore
explaining why the vast majority of intervening sequences are U2-dependent. Ul2-class
introns and the minor spliceosome, although absent in some eukaryotic lineages such as
yeasts and nematodes(Burge et al., 1998; Mewes et al., 1997), might have been retained
during evolution to excise few remaining introns present in genes with essential cellular
functions. Interestingly, chimeric spliceosomes composed of U2 and U12 components have
not been detected, although contacts across the exon between both spliceosomes have been
reported (reviewed in Patel and Steitz, 2003; Sharp and Burge, 1997; Will and Luhrmann,
2005).

There are three proposed hypothesis for the origin of the coexistence of both U2 and
U12 spliceosomes. The fission-fusion model suggests the existence of a common ancestor,
and then both spliceosomes diverged in two different lineages that merged later on. A second
model suggests a divergence of both classes in the same lineage from a unique ancestor.
Finally, a parasitic invasion of a eukaryotic progenitor would introduce a new class of introns
(Burge et al., 1998; Lynch and Richardson, 2002).

Trans-splicing: intermolecular splicing reaction

While canonical U2- and U12-introns splicing occurs within the same pre-mRNA
molecule and non-continuous transcript (i. e. cleaved by intronic ribozymes) splicing is still
controversial (Dye et al., 2006; Fong et al., 2009), some splicing-like reactions can occur
between two different transcripts. More than 20 years ago it was observed that multiple
MRNAs of trypanosomatids (Murphy et al., 1986; Sutton and Boothroyd, 1986) and
nematodes (Krause and Hirsh, 1987) contained an identical short leader sequence, the splice

leader, at their 5’ ends. This sequence, which contains a consensus 5’ss, is present in the
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form of an snRNP, with an Sm core, a TMG cap and a complex secondary structure.
Mechanistically, trans-splicing is very similar to cis-splicing, through two transesterification
reactions with the participation of U2, U4, U5 and U6 snRNPs and the presence of 3’ss,
contained in the trans-spliced mRNA (reviewed in Blumenthal, 2005). Notably, U1 snRNP is
dispensable for this process, although how the 5'ss is initially recognized is still unclear
(Bruzik et al., 1988; Lasda et al., 2010). While trans- and cis-splicing coexist in nematodes,
only trans-splicing is present in trypanosomids. Its main functions are thought to be the
regulation of translation and the conversion of polycistronic to monocystronic mMRNAs
(Kuersten et al., 1997; Maroney et al., 1995).

Trans-splicing-like reactions, in which two different mRNA molecules are joined
together, have been also identified in Drosophila (Mongelard et al., 2002), plants (Zhang et
al., 2010) and mammalian cells (Akiva et al., 2006), and in this latter case, it has been

proposed to be relevant in cancer (Li et al., 2008).

RNA binding domains: RRMs

RNA can be recognized by a variety of different motifs such as RNA recognition motifs
(RRMs), hnRNP K homology (KH) domains, zinc fingers and serine/arginine-rich (RS)
domains.

RRM is one of the most abundant protein domains. It is present in approximately 2% of
human proteins with a wide range of cellular functions, some containing more than one RRM
copy (Bateman, 2002). RRMs are composed by approximately 90 aminoacids that can
accommodate four unpaired bases (reviewed in Maris et al., 2005). RRMs are characterized
by the presence of two RNPs of 8 and 6 mainly aromatic and positively charged aminoacids
(Adam et al., 1986; Swanson et al., 1987). Both RNPs are necessary and sufficient for binding
RNA, although they can show very different affinities and specificities (Allers and Shamoo,
2001). The canonical RRM fold consists in an af sandwich, with a four-stranded antiparallel
B-sheet (B4B1B3B2) and two a-helices packed against the (3-sheet. The RNPs are located in
the central strands of the B-sheet (Nagai et al., 1990). On the other hand, the loops between
the secondary structures are of variable length and are usually disordered. RRM binding
affinity varies depending on the contribution of both the N- and C-terminal regions of the
RRM, the location of the cognate sequence in loops generated by RNA secondary structures
or the combination of two or more RRMs (reviewed in Maris et al., 2005). RRMs are not only
involved in RNA binding but also they can participate in protein-protein interactions by
different means. RRMs can interact with other RRMs, mainly through their a-helices,
enlarging the RNA-binding interface (Oberstrass et al., 2005), or with other protein domains
which can act as cofactors to allow RRMs to bind to RNAs (Rideau et al., 2006). A particular
case of protein interacting RRM is the U2AF-homology motif (UHM), a non-canonical RRM
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with poorly conserved RNPs and an extended al helix, which mainly mediates the protein-
protein interactions (reviewed in Kielkopf et al., 2004). For example, the UHM domain of the
splicing factor SPF45 interacts with SF3b155, SF1 and U2AF65, although with different
affinities, and is required for SPF45-mediated Fas exon 6 alternative splicing regulation
(Corsini et al., 2007). All these features make RRMs a very diverse protein domain in terms of

both function and structure (reviewed in Maris et al., 2005; Clery et al., 2008).
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Fig. 6. Secondary estructure of RRMs. (A) hnRNP Al RRM2. The RRM fold consist on an af3
sandwich, with two a-helices packed against a 3-sheet composed by four-stranded antiparallel 3-sheet
(B4B1B3B2) (extracted from Maris et al., 2005; Xu et al., 1997). (B) Schematic representation of an
RRM. The a-helices are represented by yellow boxes, the -strands by blue arrows and the RNP1 and

2 by green boxes.

Regulation of Alternative Splicing

Alternative splicing complexity

What could be the evolutionary reason to maintain high degeneracy in splice site
sequences and to build recognition upon multiple, individually weak interactions? One
possible (and plausible) reason would be to allow regulation. The development of high
throughput technologies, especially RNA-seq, has a provided a detailed view of the
transcriptome of different cell types, leading to the surprising observation that the majority of
human multiexon genes are alternatively spliced (Wang et al., 2008b; Wilhelm et al., 2008).
This fact highlights the well-known relevance of alternative splicing in many cellular processes
such as sex determination, cell differentiation, cell transformation or apoptosis (reviewed in
Black, 2003; Nilsen and Graveley, 2010; Smith and Valcarcel, 2000; Stamm et al., 2005).
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The alternative inclusion or exclusion of different sequences from a specific pre-mRNA
represents a versatile mechanism to regulate gene expression and protein function,
expanding enormously the cell proteome (Blencowe and Khanna, 2007). Alternative splicing
occurs in a variety of modes, for example, alternative 3’ and 5'ss use, whole exon or intron
skipping or inclusion, alternative promoters or cleavage and polyadenylation sites. Also,
contiguous exons can be mutually exclusive, where just one or the other exon is included in
the final transcript (Fig. 7) (Black, 2003). Alternative inclusion or skipping of cassette exons
are the most common events in U2-type introns, while alternative 5’ and 3’ ss choices are the
most observed alternative splicing events in U12-introns, due to the incompatibility of chimeric

U12-U2 spliceosomes (reviewed in Chang et al., 2008).

A. Alternative cassette exon B.Intron retention
C. Alternative 5’ splice sites D. Alternative 3'splice sites
E. Alternative promoters F. Alternative polyA sites

—o polyA pnIIyA
Lo

G. Mutually exclusive cassette exons

D%B

Fig. 7. Alternative splicing patters. Schematic representation of the different alternative splicing

events. Constitutive and alternatively included sequences are represented by blue and green/yellow
boxes, respectively. Thick black lines indicate introns and thin lines splicing patterns. (A) Alternative
cassette exons. (B) Intron retention. (C) and (D) Alternative 5’ and 3’ splice sites, respectively. (E) and

(D) Alternative promoters and polyA sites. (G) Mutually exclusive exons.

As mentioned previously, splicing can be found in all kingdoms of life, pointing to an
ancestral origin. However, alternative splicing seems to have appeared more recently in the
eukaryotic tree. This alternative processing is much more common in higher than in lower
eukaryotes: more than 90% of human multiexon genes show more than one isoform (Wang et
al., 2008b; Wilhelm et al., 2008), while in the yeast Saccharomyces cerevisiae just 3% of the
annotated genes (=250) undergo splicing and only six genes contain more than one intron
(Spingola et al., 1999). In lower organisms, as yeast, plants and nematodes, intron retention
iIs the most common form of alternative splicing (Kim et al., 2008). Contrarily, in higher

metazoans, exon skipping is the most prevalent event (reviewed in Black, 2003). Despite the
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obvious correlation between alternative splicing frequency and organism complexity, the
contribution of the former to the latter is rather controversial (reviewed in Keren et al., 2010).

A particularly well-studied event is the evolution of alternatively spliced exons. These
seem to have evolved via three different evolutionary mechanisms: exon shuffling,
exonization of intronic sequences and transition of a constitutive to an alternative exon
(reviewed in Keren et al., 2010). A classical example of exonization, which has been
proposed to be important for the primate evolution, is that of Alu elements, a primate lineage-
specific retrotransposable family (Lev-Maor et al., 2003).

A paradigm of alternative splicing-driven complexity is the DrosophilaDown syndrome
cell adhesion molecule (Dscam) gene, which can potentially give rise to more than 38.000
isoforms via alternative splicing of 95 cassette exons. This hipervariability provided by
alternative processing of Dscam pre-mRNA is essential for neuronal wiring and for the
generation of antibody-like factors with very different, though specific, affinities (Schmucker et
al., 2000; Watson et al., 2005).

Although the inclusion of certain sequences in the final transcripts can cause the
insertion of whole domains in the translated proteins, more subtle but still functional
insertions/deletions are a common mode of alternative splicing. The presence of tandem 5'ss
and 3'ss preserving the reading frame (e. g. GUNGUN or NAGNAG where N is any
nucleotide) have been described as a major form of alternative splicing (Akerman and
Mandel-Gutfreund, 2006) and postulated to fine tune the activity of the resulting proteins
(Hiller et al., 2008). In the case of the NAGNAG motifs, usually the first AG is selected by a
scanning-like process carried out by the spliceosome, which would recognize the first AG
located downstream of the branch point during the second step of splicing (Smith and Nadal-
Ginard, 1989; Smith et al.,, 1993). However, the nucleotide preceding each of the AG
dinucleotides and the distance between both acceptor sites can determine which of them will
be selected (Lev-Maor et al., 2003; Hiller et al., 2004).

Alternative splicing does not only alter the coding sequence of a gene, and
consequently its function, but can also shut down its expression by introducing premature
stop codons, targeting mRNAs to non-sense mediated decay (reviewed in McGlincy and
Smith, 2008) and contributing to attenuate splicing defects due to spliceosome component
mutations (Kawashima et al., 2009). However, non-productive splicing has been observed in
many splicing regulators associated to highly or ultraconserved sequences, suggesting

regulation of translation via unproductive splicing (RUST) (Lareau et al., 2007).

Combinatorial control

Many factors, not just the core components of the spliceosome, contribute to a
characteristic splicing signature different depending on the cell type, developmental stage and

cell environment. Splice site strength, exon-intron organization, splicing enhancers and
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silencers, RNA secondary structure and other RNA processing events contribute importantly
in the recognition of the highly degenerated splicing signals (reviewed in Hertel, 2008) (Fig.
8). A splicing code, which would allow the prediction of mMRNA isoforms in different conditions
and cell types, has been pursued for many years, but the huge complexity involving splice site
selection has greatly complicated reaching this goal. However, an important step forward to

decipher the splicing code has been recently made (Barash et al., 2010).

a. Splice site strength

A factor clearly contributing to the differential inclusion of coding sequences in the final
MRNA is the splice site strength. This is mainly predicted by the potential base pairing of Ul
snRNA with the 5’ss, the ability of U2 snRNA to base pair with the branch site and bulge out
the branch adenosine, the length and pyrimidine content of the pY tract and the nucleotides
surrounding the AG dinucleotide acceptor site(Horowitz and Krainer, 1994; Ruskin and Green,
1985; Zhang, 1998).

However, a non-perfect complementarity of the 5’'ss not always leads to reduced splice
site recognition. Recent data has shown that shifting the U1 snRNA-5’ss base pairing by just
one nucleotide can help to recognize non-canonical 5’ss (Roca and Krainer, 2009). Moreover,
Ul snRNP is not required for splicing of certain pre-mRNAs, at least in the presence of an
excess of SR proteins (Crispino et al., 1994; Crispino et al., 1996).

The pY tract and the AG acceptor site are bound by the 65 KDa and 35 KDa subunits of
the U2 snRNP auxiliary factor, respectively (Merendino et al., 1999; Wu et al., 1999; Zamore
et al., 1992; Zorio and Blumenthal, 1999). The recognition of the AG dinucleotide by U2AF35
is required for U2AF65 binding in short pY tracts with poor pyrimidine content (Merendino et
al., 1999; Wu et al., 1999; Zorio and Blumenthal, 1999). This fact allows to conceptually
classifying introns as AG-independent, if the acceptor site is not required for the first
transesterification reaction, or AG-dependent if the AG is necessary for the first step (Reed,
1989). PUF60, a factor functionally related and homologous to U2AF65, can also bind the pY
tract as well as interact with SF1, U2AF35 and SF3b155 (Corsini et al., 2009) and promote
splicing of introns with weak 3'ss (Hastings et al., 2007). Which elements dictate the
specificity for U2AF65 and PUF60 binding to the pre-mRNA and how these two factors
interplay remain to be determined.

Other factors, like the distance between acceptor site and branch point and the
presence of competing acceptor sites can also alter the recognition of the 3'ss (Ruskin et al.,
1984; Reed and Maniatis, 1985; Chua and Reed, 2001).

b. Exon-intron organization
In humans, the mean length of U2-type introns is more than 3.4 Kb (Deutsch and Long,
1999), while exons are much smaller, with an average size of 137 bp (Hawkins, 1988). On the

other hand, in lower organisms such as yeast and the nematode C. elegans, introns are
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significantly smaller while exons are slightly larger. This raises the question of how exons are
recognized amid the huge introns in higher eukaryotes and if this mechanism applies also to
lower organisms harboring different exon-intron architecture.

In organisms with rather short introns, the spliceosome defines the intron as a unit, i.e.
assembles solely across the intron recognizing the 5’ss and the 3’ss of the same intron (Fox-
Walsh et al., 2005). On the other hand, to facilitate the recognition of the small exons among
vast flanking intronic sequences, the basal splicing machinery recognizes the splice sites
across the exon, rather than across the intron, thus defining the coding sequences at early
steps of the splicing reaction (Berget, 1995). Since SR proteins (see below) can specifically
interact with U1 snRNP and U2AF35, they have been postulated to mediate the cross-exon
communication (Ellis et al., 2008; Wu and Maniatis, 1993). Special cases are exons
containing just one splice site (e. g. first and terminal exons). In these cases the exon
definition process is mediated by the crosstalk between the cap binding complex and the first
5'ss (lzaurralde et al., 1994; Lewis et al., 1996), and the cleavage and polyadenylation
machinery and the last 3'ss of the transcript (Vagner et al., 2000).

The efficiency of exon inclusion in the final mMRNA largely depends on both intron and
exon lengths. An increase in exon size correlates with decreased inclusion, probably due to
problems in crosstalk along the exon, while shortening of introns promote recognition of the
splice sites. Thus, exons flanked by long introns show a higher probability to be alternatively
spliced (Fox-Walsh et al., 2005).

c. Splicing silencers and enhancers

Recognition by the splicing machinery of the short and degenerated sequences that are
the splice sites is highly dependent on the recognition of other regulatory cis-acting factors or
splicing enhancers. Conversely, splicing silencers are sequences that can inhibit this
recognition, leading often to exon skipping or to the use of alternative splice sites. These
sequences, which are present both in introns and exons, are bound by non-snRNP trans-
splicing factors. The presence of intronic or exonic splicing enhancers (ISE and
ESE)/silencers (ISS and ESS) as well as the relative concentration of the trans-acting factors,
particularly at transcription site, have a strong effect on the mRNA outcome (reviewed in
Smith and Valcarcel, 2000; Black, 2003). There are two main non-snRNP, RNA-binding
families of proteins involved in regulation through auxiliary sequences: SR and hnRNP

proteins.
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Fig. 8. Combinatorial control of alternative splici ng. Alternative splicing is highly regulated by many
different factors. Blue and green boxes represent constitutive and alternative exons, respectively. Thick
lines correspond to introns and thin lines to splicing patterns. Dashed lines represent minor splicing
events. (A) Splice site strength. Splice site similarity to the consensus promotes exon inclusion. (B)
Exon-intron architecture. The longer introns and exons are, the more exon skipping is usually
observed. (C) Splicing silencers and enhancers. Splicing enhancers, mainly bound by SR proteins,
interact with components of the spliceosome to stabilize their binding to adjacent splice sites. SR
proteins bind to exonic splicing enhancer elements (ESE, yellow box) to stimulate U2AF binding to the
upstream 3'ss, or U1 snRNP binding to the downstream 5’ss. hnRNP proteins bind exonic splicing
silencers (ESS, red box) having opposite effects, inhibiting the recognition of the splice sites by U2AF
and U1lsnRNP and of ESE by SR proteins. (D) RNA secondary structure. Regulatory sequences
(vellow boxes) or exons in stems or looped out by secondary structures cannot be bound by trans-

acting factors.

The recent use of in vivo crosslinking and immunoprecipitation (CLIP) assays followed
by high-throughput RNA sequencing has allowed drawing functional maps of several splicing
factors, showing the correlation between splicing regulators binding upstream or downstream
of an alternatively spliced exon and their activity (Llorian et al., 2010; Ule et al., 2006; Yeo et
al., 2009; Xue et al., 2009). Noval and Fox1 promote inclusion when bound downstream of a
cassette exon and skipping when bound upstream (Ule et al., 2006; Yeo et al., 2009).

However, contradictory reports about the positional effect of PTB on alternatively spliced
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exons have been published (Llorian et al., 2010; Xue et al., 2009). If PTB indeed acts as
Noval and Fox1, these observations raise the intriguing possibility that a general mechanism
exist for the regulation of alternative splicing in a position-dependent manner by very different
trans-acting factors.

SR proteins

One of the most studied families of RNA binding proteins are the phylogenetically
conserved Serine/Arginine-rich (SR) proteins. The members of this family have a modular
organization containing one or two N-terminal RRMs and a C-terminal arginine/serine-rich
(RS) domain of at least 50 amino acids with >40% content in RS or SR dipeptides, (Manley
and Krainer, 2010) (Fig. 9). This family includes twelve members, although many other
proteins, such as both U2AF subunits and Ul 70K, contain serine/arginine repeats and

belong to the so-called SR-related family of proteins (Boucher et al., 2001).

Name Structure

SRSF1 (ASF/SF2)
SRSF2 (5C35)

SRSF3 (SRp20)

SRSF4 (SRp75)

SRSF5 (SRp40)
SRSF& (SRp55)

SRSF7 (9G8)

SRSF8 (SRp46)

SRSFg (SRp30c)

SRSF10 (SRp38)

SRSF11 (SRp54)

SRSF12 (SRp35)

Fig. 9. SR protein family. Schematic representation of human SR proteins and their domain
composition. RRM, RNA recognition motif. WRRM: pseudo-RRM; Zn: zinc finger; RS: arginine/serine-

rich domain.

Although SR proteins are localized in the nucleus, concentrating in speckles (Caceres et
al., 1997), some are able to shuttle between the nucleus and the cytoplasm (e.g. SF2 and
SRp20 and 9G8) while others (e.g. SC35 and) are confined to the nucleus (Caceres et al.,
1998). In fact, SR protein function and subcellular localization is highly regulated via post-
translational modificacions, especially by cycles of phosphorylation and dephosphorylation of
the RS domain adding another layer of splicing regulation (Colwill et al., 1996; Rossi et al.,
1996; Gui et al.,, 1994; Wang et al., 1998b). Several types of protein kinases have been
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identified to phosphorylate the RS domain either in vitro or in vivo: cdc2 (Okamoto et al.,
1998), DNA topoisomerase | (Rossi et al., 1996; Labourier et al., 1998), Clk/Sty (Nayler et al.,
1997; Colwill et al., 1996) and SR protein kinase (SRPK) (Koizumi et al., 1999; Gui et al.,
1994)families of proteins. Dephosphorylation of the RS domain, possibly by protein
phosphatases (PP) 1 and 2A, is also required for nuclear export and release of the mRNA
once in the cytoplasm (Lin et al., 2005). Moreover, SF2 methylation at residues R93, R97 and
R109 has been suggested to target SF2 to the nucleus, thus modulating its ability to regulate
alternative splicing, translation and NMD (see below) (Sinha et al., 2010).

SR proteins have been implicated putatively in all gene expression regulation steps.
Although initially observed to interact with transcriptionally active chromatin in both the
lampbrush chromosome loops of Xenopus oocytes (Roth et al., 1990) and polytene
chromosomes in Drosophila (Champlin et al., 1991), they emerged as essential factors for
both constitutive and alternative splicing.

In the early 90’s several groups identified the SR protein SF2, as a factor required to
reconstitute splicing in cytoplasmic S100 HelLa cell extracts (Krainer et al., 1990a) and to
promote usage of proximal 5'ss (Krainer et al., 1990b), although these activities seemed to
require different molecular interactions (Caceres and Krainer, 1993). Later on, the use of the
monoclonal antibody m104 produced against proteins from the germinal vesicle of the frog
Xenopus laevis, which recognizes the phophorylated RS domain of SR proteins (Roth et al.,
1990), led to the identification of more members of the family (Roth et al., 1991; Zahler et al.,
1992). Many papers in the past 20 years have documented an essential role of SR proteins in
promoting exon inclusion by binding to both intronic and exonic enhancers (reviewed in
Bourgeois et al., 2004). However, some of them, such as dephosphorylated SRp38 (SRSF10)
can also act as a general repressor of splicing during mitosis or upon cellular stress (Shin et
al., 2004).

Although splicing regulation has been the main process in which the role of SR proteins
have been well documented, other essential steps in RNA processing such as transcription,
MRNA export, NMD and mRNA translation have been shown to be regulated by SR proteins.

As mentioned above, SR proteins were first identified as proteins localizing in
transcriptionally active chromatin, but it has not been until few years ago that it has been
obvious a link between the transcription machinery and the SR proteins. In 1999, Misteli and
Spector showed that SR proteins, in an RS domain-dependent manner, are able to interact
either directly or indirectly with the phosphorylated RNA pol Il CTD in vivo (Misteli and
Spector, 1999). Data coming from purified pol 1l complexes also showed that several SR
proteins associate with pol Il (Das et al., 2007) and ChIP against SR proteins demonstrated
that these factors can interact predominantly with the elongating polymerase (i. e. Ser2-
phosphorylated CTD) (Sapra et al., 2009).
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SR protein recruitment by the transcription machinery has been also described to
improve elongation efficiency: SC35 knockdown was reported to decrease the interaction of
pol Il with the positive transcription elongation factor b (pTEFD), a kinase responsible for CTD
Ser2 phosphorylation which is essential for transcription elongation (Lin et al., 2008).
Moreover, both SRp20 and SF2 are able to interact with the tail of histone H3, suggesting that
direct binding of SR proteins to chromatin can play a role in both transcription and splicing
(Loomis et al., 2009).

There is growing evidence that SF2 plays a role in enhancing translation.
Hypophosphorylated SF2 has been described to associate with polyribosomes and to
enhance translation of ESE-containing minigenes when SF2 was overexpressed (Sanford et
al.,, 2004). Moreover, the same group showed that SF2-mediated translation initiation
enhancement was dependent on the mammalian target of rapamycin (mMTOR) pathway
(Michlewski et al., 2008). The mTOR complex 1 (TORC1) promotes translation initiation upon
a variety of cell signals such as insulin, growth factors and mitogens by regulating the
phosphorylation state of elF4E binding protein 1 (4E-BP1). When 4E-BP1 is
hyperphosphorylated by TORC1, the cap-binding protein elF4E is released, increasing its
effective concentration and leading to binding of the elF4F complex -composed by elF4E,
elFAG and elF4A- to the 5 end of the mRNA, resulting in initiation of translation (Ma and
Blenis, 2009). SF2 was shown to regulate this event by interacting with both mTOR and
protein phosphatase 2A, which also regulates 4E-BP1 phosphorylation state, specifically for
capped mRNAs containing SF2 binding sites. Moreover, the second RRM of SF2 was
required for binding to proteins of the mTOR signaling pathway and for efficient translation
stimulation (Michlewski et al., 2008).

Finally, SR proteins have been shown to be implicated in mRNA export (Huang and
Steitz, 2001; Huang et al., 2004), NMD (Sato et al., 2008; Zhang and Krainer, 2004) and
MRNA stability by binding to 3' UTR (Lemaire et al., 2002).

Therefore, SR proteins are important regulators of mMRNA metabolism and translation.
Generation of null mutant mice or conditional knock-out mice of different SR proteins
underscored the importance of this family of proteins on heart and retinal development (Feng
et al., 2009; Xu et al., 2005; Kanadia et al., 2008).

hnRNP proteins

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are, together with histones, the
most abundant class of proteins in the nucleus, although some can shuttle between the
nucleus and the cytoplasm (Pifiol-Roma and Dreyfuss, 1992). They contain different types of
RNA binding domains (e.g. RRMs, KH domains) as well as domains rich in glycine and other
aminoacids, which can mediate RNA-protein and protein-protein interactions, but unlike SR
proteins, hnRNP family members do not present serine/arginine repeats (reviewed in

Dreyfuss et al., 1993; Matlin et al., 2005; Singh and Valcarcel, 2005).
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hnRNP proteins have roles in many steps of RNA metabolism like splicing, 3’ end
processing (Hector et al., 2002), translational regulation (Kalifa et al., 2006) or mRNA
transport (Dreyfuss et al., 2002). Due to their ability to bind DNA, hnRNP proteins have also
been described to contribute to DNA replication and repair and telomere length maintenance
(reviewed in He and Smith, 2009).

These proteins bind the nascent transcripts as soon as they leave the pol Il RNA exit
channel and pack the mRNA into regular 40S particles (McAfee et al.,, 1996). The
composition of this complex, which also contains SR proteins, is modified through the hnRNP
particle life, probably regulating nucleocytoplasmic export and other processes in the
cytoplasm.When the mRNA is exported to the cytoplasm the exlusively nuclear hnRNP
proteins (e. g. C and U) dissociate from the complex, while others like Al, E and K, are
exported with the mRNP to the cytoplasm (reviewed in Gorlich and Kutay, 1999;Mili et al.,
2001). There, hnRNP proteins can regulate several aspects of the mRNP metabolism. For
example, hnRNP Al can promote stress-induced mRNA localization to stress granules (Guil
et al., 2006) or initiation of IRES-mediated translation (Cammas et al., 2007).

The role of hnRNPs in splicing is usually associated with the recognition of splicing
silencers antagonizing directly or indirectly SR proteins. A classical example is hnRNP Al,
which was first identified to counteract SF2 during 5’ splice site selection of the E1A pre-
MRNA (Mayeda and Krainer, 1992). Many other cases of hnRNPs antagonizing SR proteins
and promoting exon skipping have been reported over the last years (Marchand et al., 2002;
Rooke et al., 2003; Singh et al.,2004; Sun et al., 1993). Alternative mechanisms by which
hnRNP proteins promote exon skipping consist in inhibiting intron or exon definition crosstalks
(Izquierdo et al., 2005; Sharma et al., 2005; Sharma et al., 2008), direct competition with
U2AF65 for the binding to the pY tract (Lin and Patton, 1995; Matlin et al., 2007; Singh et al.,
1995) or looping of exons through contacts between hnRNPs flanking these exons
(Oberstrass et al., 2005).

d. RNA secondary structure and alternative splicing

RNA has an intrinsic tendency to form highly stable and complex secondary and tertiary
structures. However, in vivo, as soon as the pre-mRNA leaves the polymerase pore, it is
bound by many sequence-specific and non-specific RNA binding proteins generating mRNP
complexes. Consequently, pre-mRNA has a very short timespan to form intramolecular
interactions. These RNA secondary structures can affect splicing by two simple mechanisms.
First, hindering the accessibility of splicing factors to functional sequences (either splice sites
or other regulatory sequences) present in the pre-mRNA by sequestering them in stems or
looping them out (Hiller et al., 2007). Second, different secondary structures vary the relative
distance between these elements, consequently altering their ability to modify splice site

recognition (reviewed in Buratti and Baralle, 2004).
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Related to the latter, a recently reported, unique example of the contribution of
secondary structures in splice site choice is the selection of just one out of 48 mutually
exclusive exons of Dscam pre-mRNA. A docking site, located in the intron downstream of a
constitutive exon, is partially complementary to a sequence, the selector site, situated
upstream of each 3'ss, thus ensuring that just one exon can be included in the final transcript
(Graveley, 2005).

Moreover, the presence of secondary structures on the pre-mRNA can also promote the
deamination of adenosine to inosines (1) by the RNA editing process, mediated by the ADAR
family of proteins (Bass and Weintraub, 1988; Kim et al., 1994; Melcher et al., 1996). These
enzymes bind to the RNA via double-stranded RNA recognition motifs (Patterson and
Samuel, 1995) and can decrease the stability of the structure by editing a A-U base pair into a
less stable, non-canonical I-U base pair (Bass and Weintraub, 1988). The destabilization of
the helix can affect the recognition of splicing functional sequences by the mechanisms
previously mentioned. Furthermore, the presence of helixes can lead to mRNA hyperediting
and, consequently, mRNA retention in the nucleus (reviewed in DeCerbo and Carmichael,
2005).

e. mRNA processing, transcription and chromatin

It has been known for several years that splicing is coupled to other pre-mRNA
processing events and, due to the co-transcriptional nature of splicing, to pol Il and
transcription elongation rate. As mentioned above, the recognition of the pre-mRNA first exon
5'ss and last exon 3'ss are highly dependent on capping (Lewis et al., 1996) and
polyadenylation (Vagner et al., 2000), respectively, which are in turn dependent on pol I
phosphorylation state (Ahn et al., 2004; Bird et al., 2004; Cho et al., 1997; McCracken et al.,
1997).

Several mechanisms of alternative splicing regulation by the transcription machinery
have been suggested. The first, and maybe the more intuitive, mechanism relates to pol Il
rate of transcription: the slower the RNA is transcribed, the more time an alternative exon has
to be included before the downstream, competing exon is synthesized (de la Mata et al.,
2003). A reduced elongation rate promoted by UV radiation-induced DNA damage (Munoz et
al., 2009), chromatin condensation triggered by siRNA transfections (Allo et al., 2009) or
directly by chromatin remodeling by the Brm subunit of the complex SWI/SNF (Batsche et al.,
2006) can also affect splice site choice. A second, non-exclusive possibility, coming from both
in vitro and in vivo data, is that the C-terminal domain of pol Il acts as a landing pad for RNA
processing factors, increasing their effective concentration in the proximity of the nascent
transcripts and facilitating the recognition of their cognate sequences (Cramer et al., 1999;
Das et al., 2007; de la Mata and Kornblihtt, 2006).
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Recently, the relationship between nucleosomes, covalent histone modifications
(epigenetic marks) and splicing regulation has emerged. Already in 1991, a possible link
between exon-intron architecture and nucleosomes was suggested, on the basis of the
periodicity of around 200 nucleotides between 5’ and 3’ ss, similar to the DNA length wrapped
in a nucleosome (Beckmann and Trifonov, 1991). This observation led to the hypothesis that
nucleosomes may be preferentially positioned on the chromatin sequence corresponding to
exons, therefore defining where the position of coding sequences already at the DNA level.
This idea was confirmed by a number of laboratories, combining genome-wide nucleosome-
positioning data sets from several organisms (including humans) with expressed sequence
tag (EST) databases. Nucleosomes seem to preferentially position on genomic regions that
will be transcribed as exons, especially if their surrounding splice sites are weak. This
positioning is not dependent on gene transcription by pol Il and it is absent in pseudoexons (e.
g. sequences that contain splicing signhals but are not recognized as such). Moreover, a
histone mark, histone H3 trimethylation in lysine 36, was preferentially found in exons
compared to introns (Kolasinska-Zwierz et al., 2009; Nahkuri et al., 2009; Schwartz et al.,
2009; Spies et al., 2009; Tilgner et al., 2009).

Recently, a compelling care towards defining a complete splicing code was reported
combining microarray data from different tissues, binding sites for regulatory factors, motifs
enriched around alternatively splice exons, exon/intron organization, evolutionary
conservation and RNA secondary structure (Barash et al., 2010). Although many factors were
taken into account, other splicing regulatory processes, such as transcription rates and
epigenetic marks, were not considered. Despite this progress and recent advances in
understanding the importance of different cellular processes that influence alternative splicing,
there is still much to be learnt to generate a fully predictive splicing code (Tejedor and
Valcarcel, 2010).

Fas alternative splicing

Fas receptor (Fas), also known as CD95 or APO1, is a member of the tumor necrosis
factor receptor (TNF-R) family (Itoh et al., 1991). Fas is a type | transmembrane receptor
composed by a single transmembrane domain, an N-terminal extracellular domain, which will
bind to the ligand (FasL), and an intracellular C-terminal domain, which contains the death
domain (DD) that transmits the death signal from the cell’s surface into the cell via protein-
protein interactions (Itoh et al., 1991; Nagata, 1997).

Fas signaling plays a critical role in the control of the immune system. This was
demonstrated after discovering that certain spontaneous mutant mouse strains developing
lymphadenopathy and systemic lupus erythematosus and a large fraction of patients suffering
from autoimmune lymphoproliferative syndrome carry defects in Fas and FasL genes
(Watanabe-Fukunaga et al., 1992; Takahashi et al., 1994; Fisher et al., 1995; Rieux-Laucat et
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al., 1995). Moreover, these patients and mouse models show an increased predisposition to
lymphoma development, indicating that Fas signaling is critical for tumor suppression at least
in the lymphoid compartment (Straus et al.,, 2001, Watanabe-Fukunaga et al., 1992;
Takahashi et al., 1994). However, there is evidence that in addition to inducing cell death, Fas
can mediate other activation signals, including increased cell proliferation and activation of the
transcription factor NF-kB (reviewed in Peter et al.,, 2007). In agreement with these data,
FasL-FasR signalling has been reported to be important for the generation and maintenance
of some cancers (Chen et al., 2010).

The FasR is encoded by the tumor necrosis factor receptor superfamily member 6
(TNFRSF®6), located in chromosome 10, giving rise to eight splice variants (Fig. 10A). Of
especial interest is the alternative inclusion or skipping of the exon 6, which encodes the
transmembrane domain of the receptor regulating its ability to induce apoptosis: inclusion of
exon 6 leads to the membrane-bound isoform (mFas) of the receptor, which is able to induce
apoptotic signaling upon binding of the Fas Ligand, while skipping of exon 6 leads to a
soluble, anti-apoptotic form of Fas (sFas) (Cheng, 1994). The switch from skipping to
inclusion of Fas exon 6 is essential for programmed cell death of the expanded T cell

population, once the immune response has eliminated the antigen (Russell, 1995b) (Fig.

10B).
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Fig. 10. Fas receptor is alternatively spliced. (A) Map of Fas locus. Exons 1 through 5 encode the
extracelluar region (blue), exon 6 the transmembrane domain (green) and exons 7-9 encode the
intracellular region (orange). In yellow the death domain is depicted. Blue lines show the reference
transcript splicing pattern. Red lines indicate described alternative splicing events. (Modified from Fast
DB: http://www.fast-db.com/fastdb2/frame.html). (B)Schematic representation of part of the human Fas
receptor gene. Inclusion of Fas exon 6 (green) generates a membrane bound form of the receptor
leading to apoptosis upon Fas ligand binding (purple). Skipping of exon 6 produces a soluble form that

inhibits apoptosis by binding to the ligand.
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Our laboratory and others have characterized several Fas exon 6 alternative splicing
trans-acting regulators:

- The polypyrimidine-tract binding protein (PTB) and the antiapoptotic regulator Hu
antigen R (HuR, ELAVL1) bind to a uridine-rich region in exon 6 (UREG) and block the
exon definition process, by which U1 snRNP binding to the downstream 5’ss promotes
U2AF65 interaction with intron 5 pY tract. This leads to inhibition of exn 6 definition
and to exon 6 skipping (Izquierdo et al., 2005; Izquierdo, 2008b).
- The apoptosis-inducing protein TIA-1 promotes U1 snRNP interaction with exon 6
5’ss by binding to a uridine-rich region downstream of this site (URI6). Better binding of
Ul snRNP results in enhanced U2AFG65 interaction with the upstream 3’ss and
consequently exon 6 inclusion (Izquierdo et al., 2005).
- The tumor suppressor RBM5 promotes exon 6 skipping by inhibiting the
incorporation of U4/U6/U5 tri-snRNP on either intron 5 or 6, while promoting pairing
between the distal 5’ and 3'ss (Bonnal et al., 2008).

- Other splicing factors such as SPF45 (Corsini et al., 2007) and SF2 (Goncalves et

al., 2009) have been described to promote exon 6 skipping.

Splicing and disease

Splicing defects: key contributors to human disease

The capacity that alternative splicing provides the cell with to regulate efficiently and
accurately its transcriptome and, consequently, its proteome in different situations also makes
the cell vulnerable to mutations that affect this tight regulation of gene expression. Alterations
in both cis- and trans-acting sequences have been shown to be an important source of human
disease. For example, single point mutations directly affecting splice sites account for 9-10%
of the genetic diseases (Wang and Cooper, 2007). On the other hand, many other nonsense,
missense and translationally silent mutations, which would not in principle be considered as a
cause of pathology, occurring in intronic or exonic enhancers/silencers can lead to
unpredicted aberrant, disease-causing alternative splicing patterns. An additional limitation is
that, as mentioned above, these regulatory sequences are short and highly dependent on
their location with respect to other functional elements and probably act in essentially all
splicing events (Roca et al., 2008). These factors, together with the interesting observation
that genes involved in disease contain a higher intron content than those genes not involved
in disease, led to the prediction that more than 50% of all disease-causing mutations would be

affecting splicing (Lopez-Bigas et al., 2005). It is not yet possible to predict from genomic
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sequence alone if a disease-causing mutation exerts its effects by disrupting splicing. The
combination of bioinformatic tools and high-throughput technologies for RNA sequencing will
eventually lead to a splicing code able to predict isoform changes associated with disease-
causing or disease-modifying mutations. Relevant to these considerations, recent data have
shown that individual-specific polymorphisms affect between 21% and 30% of all the
alternative splicing events (Nembaware et al., 2004; Wang et al., 2008a). This heterogeneity
can potentially influence multiple aspects of disease, such as severity, susceptibility and
response to therapeutic compounds.

Many splicing-disrupting mutations causing pathologies have been described, but the
mechanisms underlying these effects have been deciphered in only very few cases.
Interestingly, a number of these mutations lead to devastating neurodegenerative and
neuromuscular diseases and cancer (reviewed in Cooper, 2009). For example, Duchenne
muscular dystrophy (DMD) is caused by mutations or insertions/deletions in the 78 intron-
containing dystrophin gene and has an incidence of 1:3000 of male births. A mild form of
DMD is caused by a mutation generating a stop codon and at the same time a splicing
silencer recognized by hnRNP Al in exon 31 (Disset et al., 2006). Increased exon 31 skipping
preserves the reading frame and avoids the inclusion of the premature stop codon, leading to
the translation of a partially functional protein and a less severe form of the disease (Disset et
al., 2006), suggesting a therapeutic approach based upon splicing modulation.

Other mutations affecting splicing may not directly cause disease but importantly affect
its severity. Such is the case of mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene causing cystic fibrosis. This disease can be caused by different
mutations but the observed phenotypes vary greatly depending on the level of exon 9
inclusion or skipping. This event is regulated by polymorphic (UG)m and (U)n tracts on the
intron 8 3'ss (Chu et al., 1991). Longer (UG)m tracts correlate with more exon 9 skipping, due
to an increased binding of TAR DNA-binding protein-43 (TDP-43), and therefore modulate the
severity of the disease (Buratti et al., 2004).

A different mechanism involves mutations disrupting functions of RNA binding proteins.
Microsatellite expansions (e. g. triplet repeats) not only can cause a loss or gain of protein
function if present in the coding sequence, but can also affect RNA metabolism by
sequestering RNA binding proteins in expanded non-coding RNA regions. The best-studied
example is the expansion of CUG repeats at the 3' UTR of the dystrophia myotonica-protein
kinase (DMPK) gene that leads to myotonic dystrophy (DM) (Brook et al., 1992; Fu et al.).
CUG repeats form a stable hairpin that is specifically recognized by muscleblind-like 1
(MBNLZ1) protein (Miller et al., 2000), which is sequestered and unable to carry out its activity
in different processes, such as splicing, mRNA localization or nuclear export (Pascual et al.,
2006). Moreover, the presence of these repeats leads to activation of protein kinase C which

hyperphosphorylates and stabilizes CUG binding protein 1 (CUGBP1) (Kuyumcu-Martinez et
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al., 2007), altering CUGBP1-regulated alternative splicing events (Philips et al., 1998). The
unbalanced ratio between MBNL1 and CUGBP1 induces embryonic rather than adult splicing
pattern in adult tissues, causing the multisystemic symptoms of the disease (reviewed in Lee
and Cooper, 2009).

Even though mutation of core components of the spliceosome could be considered
incompatible with life or cell viability, a few diseases have been associated with mutations in
these factors. Retinitis pigmentosa, characterized by retinal degeneration and, ultimately,
blindness, is caused by autosomal dominant mutations in several core spliceosome factors
(prp3, prp8, prp3l and rp9). Interestingly, only photoreceptor neurons are affected by the
haploinsufficiency of these essential components of the spliceosome (Mordes et al., 2006;
Mordes et al., 2007). Systemic lupus erythematosus is a chronic autoimmune disease, the
activity of which can be correlated with the presence of anti-Ul snRNP and anti-Sm auto-
antibodies (Agris et al., 1984; Hoet et al., 1992; van Venrooij et al.,, 1990). Also, spinal
muscular atrophy (SMA), a motor neuron degenerative disease, is another prevalent disease
that involves snRNP processing. SMA is caused by the inactivation of the SMN1 gene
(Lefebvre et al.), component of the SMN complex which is important for the assembly of Sm
proteins on most U snRNAs, an essential step for U snRNAs biogenesis (reviewed in Will and
Luhrmann, 2001).

Complex diseases, such as cancer, show also a high prevalence in splicing defects.
Alternative splicing regulates many pro- and anti-apoptotic factors. For example, members of
the B-cell lymphoma family of proteins are often alterntatively spliced (Akgul et al., 2004).
Presence of all four BH (Bcl-2 homology) domains allows the protein to antagonize apoptosis,
which in turn is promoted by isoforms lacking one or more BH motifs (reviewed in Taylor et al.,
2008). Many anti-apoptotic isoforms found in cancers are expressed as well in
undifferentiated cells. For example, the stem cells/foetal variants of caspase 8,
neurofibromatosis gene NF1, insulin receptor and fibronectin are also found in leukemias,
brain and thyroid tumors and other kind of cancers (Ebbinghaus et al., 2004; Mochizuki et al.,
1992; Mohr et al., 2005; Vella et al., 2002). Many other aspects of tumor development and
progression such as invasion and angiogesis are also modulated by alternative splicing
(reviewed in Venables, 2006). Moreover, misbalance in the expression of certain trans-
regulatory factors, such as SF2, can promote tumorigenesis. Overexpression of this factor is
sufficient to transform immortal mouse fibroblasts, forming sarcomas in nude mice, and has
been observed in various human tumors (Karni et al., 2007). This proto-oncogenic effect is
probably caused both by altering the splicing pattern of pro-apoptotic/proto-ocogenic genes
(Karni et al., 2007; Moore et al., 2010) and by direct and/or indirect activation of the mTOR
pathway (Karni et al., 2007; (Karni et al., 2008).
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Splicing modulation and spliceosome targeting as no vel therapies

fornuman diseases

Because, splicing is a prevalent cause of disease, significant efforts have been made to
modulate splicing in a tissue-specific, transcript-specific manner. For that purpose, several
strategies have been tested in order to reverse disease-causing splicing defects and alleviate
its symptoms. Antisense oligonucleotides (ASOs) and small molecules are two of the most
promising approaches (reviewed in Cooper et al., 2009).

ASOs are designed to target and block pre-mRNA sequences that are functionally
important for a disease-causing alternative splicing event. The use of ASO as therapeutic
molecules is providing encouraging results for the treatment of spinal muscular atrophy
(SMA), a motor neuron degenerative disease. SMA is mainly caused by inactivation of the
SMN1 gene, component of the SMN complex (Lefebvre et al.,, 1995). A second, almost
identical copy of this gene, SMN2, could generate a functional protein but exon 7 is skipped
due to a single nucleotide difference in the position 6 of exon 7, giving rise to an inactive,
unstable protein (Lorson et al., 1999). Therefore, promoting inclusion of SMN2 exon 7 would
compensate for the lost of SMN1 and potentially cure the disease. ASOs designed to target
an ISS in intron 7 have been shown to significantly delay and reduce the phenotypic effects
on a mild SMA mouse model (Hua et al., 2008; Hua et al., 2010).

ASOs show high specificity, reducing the probability of causing side-effects, but delivery
presents significant hurdles. In contrast, the use of small molecules, even broadly used drugs,
has emerged as another tool to modify alternative splicing. Several small molecules have
been described to stall spliceosome assembly at different stages of the pathway (Kuhn et al.,
2009), to act as inhibitors of SR proteins (Bakkour et al., 2007; Keriel et al., 2009; Soret et al.,
2005) and SR protein kinases (SRPKs and Clks) (Fukuhara et al., 2006; Muraki et al., 2004),
or to bind core components of the spliceosome (Kaida et al., 2007; Kotake et al., 2007). The
use of these molecules as therapeutic tools depends entirely on the side effects that they
might cause. However, Spliceostatin A (Kaida et al., 2007) and pladienolide (Kotake et al.,
2007) have been shown to bind components of the SF3b complex and to have a potent
antitumor activity, and inhibitors of SR proteins and SR protein kinases can prevent early
splicing events required for HIV and MLV replication (Bakkour et al., 2007; Fukuhara et al.,
2006; Keriel et al., 2009; Soret et al., 2005).
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Preview

Invivo UV crosslinking-immunoprecipitation (CLIP) followed by high-throughput
sequencing technologies and combined with functional information (i. e. splicing-sensitive
microarrays) has allowed determining the position-dependent effect of several proteins on
alternative splicing (Llorian et al., 2010; Ule et al., 2006; Yeo et al., 2009; (Xue et al., 2009). In
this Preview (Corrionero and Valcarcel, 2009), we analyze the importance of these maps

even for well-studied factors such as PTB (Xue et al., 2009).

RNA Processing: Redrawing the Map of Charted Territ  ory

Using genome-wide RNA-binding data, Xue et al. (2009) draw a regulatory map in this
issue of Molecular Cell for the much-studied polypyrimidine tract-binding protein (PTB) that
reveals a unique paradigm in posttranscriptional gene regulation.

When great explorers like Chen Ho, Columbus, or Shackleton set sail to uncharted land,
they were prepared to endure hardship and danger but were also confident that, if successful,
their expeditions would bring back goods, stories, and detailed maps of unheard-of wonders.
In contrast, few explorers would be thrilled to chart well-mapped terrain. In this issue of
Molecular Cell, Xue etal. (2009) reinvestigate one of the most studied posttranscriptional
regulators of gene expression, the polypyrimidine tract-binding protein (PTB), by analyzing its
binding sites in the transcriptome of human HelLa cells. Their results show that novel
principles remain to be discovered even in well-charted territory.

PTB (also known as hnRNP I) is an RNA-binding protein expressed in multiple tissues,
with binding preference for CU-rich sequences (Singh and Valcarcel, 2005;0berstrass et al.,
2005). Like other members of the hnRNP family, PTB plays a variety of roles in RNA
metabolism, including regulation of alternative pre-mRNA splicing, polyadenylation, mRNA
stability, and translation. For example, PTB has emerged as a repressor of neuron-specific
alternative splicing in nonneural cells. Indeed, downregulation of PTB and upregulation of a
functionally distinct neuron-specific paralog (nPTB) may be involved in about 25% of the
splicing changes observed during neuron differentiation (Boutz et al., 2007). A similar switch
has been reported between PTB and its hematopoietic cells paralog ROD1 (Spellman et al.,
2007). Given the variety of functions and targets associated with PTB, genome-wide
identification of its binding sites is of obvious general interest.

For this, Xue et al. (2009) employed an in vivo UV crosslinking and immunoprecipitation
(CLIP) technique developed by Darnell and coworkers (Ule et al.,, 2003). This method
captures close interactions between proteins and RNA molecules in living cells. After UV

irradiation, cells are lysed and the crosslinked RNA-protein complexes immunoprecipitated.
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Treatment with RNase digests away the RNA molecules except for those fragments protected
by their interaction with the protein. Sequencing of these RNA tags not only identifies target
transcripts, but also informs about the location of protein binding within the transcript. When
combined with high-throughput sequencing technologies, the method allows one to
exhaustively characterize binding sites in whole transcriptomes, thus providing a panoramic
view of targets and possible functions of the RNA-binding protein (Licatalosi et al., 2008;Yeo
et al., 2009).

The results of Xue et al. (2009) significantly expand the catalog of PTB-binding sites,
confirm known gene targets of PTB-mediated regulation, refine their possible mechanisms of
regulation, identify novel regulated alternative splicing events, and open intriguing new
possibilities for PTB function. PTB-binding sites are found in nearly 50% of human protein-
coding transcripts and in 20% of all annotated alternatively spliced regions, confirming the
potential genome-wide effects of the protein. Consistent with the variety of functions that PTB
plays in gene regulation, only 30% of PTB sites are associated with alternative splicing
events, and additional roles in constitutive splicing and in repression of cryptic sites can be
envisioned. Nearly 30% of PTB sites map to intergenic regions, perhaps indicative of a
function in the metabolism of noncoding transcripts. Of relevance, most, but not all, binding
sites could be predicted bioinformatically by previous knowledge of PTB RNA binding
preferences, and only a small fraction of the predicted sites were detected experimentally.
Sequence context effects associated with cooperative or antagonistic interactions with other
factors are likely to explain these differences, arguing for the added value of experimental
data.

When the binding landscape provided by high-throughput methods like CLIP is
combined with functional information, for example obtained using splicing-sensitive
microarrays, correlations between the location of binding sites and regulatory outputs emerge.
Such representations are known as RNA maps (Fig. 11). RNA maps have been reported for
the tissue-specific splicing regulators Nova and Fox2 (Ule et al., 2006;Licatalosi et al.,
2008;Yeo et al.,, 2009). These maps share interesting features: binding of Nova/Fox2
upstream of the regulated exon correlates with Nova/Fox2-mediated exon skipping, whereas
binding to the intronic region downstream of the exon correlates with exon inclusion (Fig. 11 A
and B). Although the mechanisms for these position-dependent effects remain to be
determined, these RNA maps suggest that Nova and Fox2 use common molecular principles
to modulate splice site choice.

In contrast, the RNA map drawn for PTB by Xue et al. (2009) is remarkably different.
PTB-induced exon inclusion or skipping correlates with the location of PTB-binding sites
relative to the constitutive or alternative splice sites involved in the regulated event (Fig. 11C).
As expected from previous knowledge of PTB-mediated regulation, PTB binding near an

alternative exon correlates with skipping. Unexpectedly, PTB binding near the constitutive
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distal splice sites correlates with enhanced exon inclusion. Although not without exceptions,
these results greatly populate the catalog of genes in which PTB promotes exon inclusion and

reveal an internal logic for the dual activity of this protein in alternative splicing regulation.

—

Fox2

o

PTB

Fig. 11. RNA Maps of Three Splicing Regulators.  RNA maps depict the correlation between sites of
regulatory protein binding (determined by CLIP) relative to a model alternative exon and the outcome of
splicing regulation (exon inclusion or skipping). Peaks represent regions with higher density of CLIP
reads. Binding of Nova or Fox2 upstream of the exon correlates with exon skipping, whereas binding
downstream of the exon correlates with inclusion. For PTB, skipping correlates with binding of the
protein near the alternative exon, whereas inclusion correlates with binding near the distal, constitutive
sites. (A) Nova RNA map. (B) Fox2 RNA map. (C) PTB RNA map.

A variety of mechanisms have been proposed for PTB-mediated effects on splice site
selection, including steric hindrance of splice sites, interference with intron or exon definition,
looping out RNA regions, or cooperative spreading of PTB from high-affinity sites (Spellman
and Smith, 2006). None of these models can easily explain PTB-mediated exon inclusion. As
argued by Xue et al., PTB binding may make neighboring sites less competitive by interfering
with thermodynamic or kinetic parameters of their recognition by basal splicing factors. PTB
could therefore serve as a valve that diverts the flow of splicing activity from a region of the
pre-mRNA and thus modulates splice site competition.

The results of Xue et al. eloquently argue that high-throughput-enabling technologies
provide panoramic views, illuminating mechanistic concepts that escaped the attention of
researchers doing detailed work on more limited sets of genes. They also bring hope that
RNA maps will one day allow us to navigate through genome sequences to predict their

posttranscriptional outputs in different tissues or physiological situations.
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OBJECTIVES

I.  Uncover the mechanism underlying the splicing inh ibitory effect of the

antitumor drug Spliceostatin A.

II. Determine the molecular mechanism by which the du plication of Fas intron 5
acceptor site leads to complete exon 6 skipping and Autoimmune
Lymphoproliferative Syndrome (ALPS).

III. Identify the molecular basis for how the proto-onco gene SF2 regulates Fas

alternative splicing to promote the anti-apoptotic form.
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Chapter |: Reduced fidelity of branch point recogni tion and

alternative splicing induced by the anti-tumor drug Spliceostatin A

Anna Corrionero , Belén Mifiana and Juan Valcarcel

The data included in this chapter have been submitted for publication
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Abstract

Spliceostatin A (SSA) is a potent anti-tumor drug that inhibits pre-mRNA splicing and
binds SF3b, a protein subcomplex of the pre-mRNA branch point-recognizing U2 small
nuclear ribonucleoprotein (SnRNP). We report that SSA prevents interaction of SF3b155 kDa
subunit with the pre-mRNA and induces non-productive recruitment of U2 snRNP to
sequences 5’ of the branch point. Differences in base pairing potential with U2 snRNA in this
region lead to different sensitivity of 3’ splice sites to SSA and to SSA-induced changes in
alternative splicing. These lead to down-regulation of genes important for cell proliferation,
including cyclin A2 and Aurora A kinase. Our results reveal a SF3b-mediated proofreading
mechanism that prevents non-productive base pairing interactions in the spliceosome and
highlight the regulatory and cancer therapeutic potential of perturbing the fidelity of splice site

recognition.

Results and Discussion

Spliceostatin A (SSA) is a stabilized methyl ketal derivative of FR901464, a fermentation
product of Pseudomonas bacteria that displays potent cytotoxic activity against various solid
tumor cell lines at nanomolar IC50 and prolongs the life of tumor-bearing mice (Nakajima et
al., 1996; Kaida et al., 2007). Both SSA and pladienolide, a structurally related anticancer
compound from Streptomyces, bind to protein components of SF3b (Kaida et al., 2007;
Kotake et al., 2007), a subcomplex of U2 snRNP essential for 3’ splice site recognition (Brosi
et al., 1993a; Brosi et al., 1993b), and inhibit pre-mRNA splicing in vitro and in cultured cells
(Kaida et al., 2007; Kotake et al., 2007; Roybal and Jurica, 2010). To study the mechanism of
splicing inhibition by SSA, a model pre-mRNA substrate from adenovirus (AdML) was
incubated with HelLa nuclear extracts under splicing conditions in the absence or presence of
increasing concentrations of SSA. Accumulation of splicing intermediates and products was
inhibited at concentrations starting at 45 nM, with essentially complete inhibition at 100 nM
(Fig. I. 1A).

Fully assembled splicing complexes contain five snRNP particles (U1, U2 and the tri-
snRNP U4/5/6), and distinct sub-complexes can be resolved by native gel electrophoresis
(reviewed in Wahl et al., 2009): complex A contains U2 snRNP bound to the 3’ splice site
region of the pre-mRNA and complexes B and catalytically active C contain in addition U4/5/6
snRNPs. SSA inhibits U2 snRNP-containing A and subsequent complexes (Fig. I. 1B), in
contrast with a previous report (Roybal and Jurica, 2010). Complex A assembly on an RNA
containing the 3’ half of the intron and downstream exon was also inhibited, indicating that a
5’ splice site is not required for SSA-mediated inhibition (Fig. I. 1C). When heparin (5 pg/ul)
was omitted from the mix prior to electrophoresis, however, addition of SSA altered the

electrophoretic mobility but did not inhibit the complex formed (Figs. I. 1D and E), indicating
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that SSA does not prevent U2 snRNP assembly but rather weakens its interactions with the
pre-mRNA, which can be displaced by the highly negatively charged RNA mimetic properties
of heparin (Fig. I. 1E).

U2 snRNP binding involves base pairing between sequences flanking the pre-mRNA
branch point adenosine (which forms a 2’-5’ phosphodiester bond with the 5’ end of the intron
after the first catalytic step of the splicing reaction) and the branch point recognition sequence
(bprs) in U2 snRNA (Wahl et al., 2009). While RNase H-mediated degradation of the bprs is
commonly used to inactivate U2 snRNP (AbprsU2), a complex was unexpectedly detected
between AbprsU2 snRNP and the 3’ splice site region in the absence of heparin (Figs. I. 1D,
E), indicating that —contrary to the established model of complex A formation- base pairing
interactions between the pre-mRNA branch point and U2 snRNA bprs are not essential for U2
snRNP recruitment. As was the case for the complex formed in the presence of SSA, the
complex was heparin-sensitive (Fig. I. 1E) and showed hallmarks of functional U2 snRNP
recruitment, including the presence of U2 snRNP components, dependence on ATP, U2AF
and the presence of a branch point, and sensitivity to exon definition effects (Figs. I. S1-3 and
see below). We conclude that, although of lower stability, complexes between U2 snRNP and
the pre-mRNA can form in the presence of SSA or in the absence of U2 bprs.

To further characterize these complexes, the interactions of protein and RNA
components of U2 with the pre-mRNA were analyzed. Ultraviolet light (UV) irradiation and
immunoprecipitation experiments showed that the interactions between the U2 snRNP
Auxiliary Factor U2AF65 or SF3a60 with the pre-mRNA were not affected by SSA, while
crosslinking of SF3b155 was significantly decreased (Fig. I. 1F, right panel). The presence of
an additional crosslinked species immunoprecipitated by anti-SF3a 60 antibodies —which may
correspond to the 66 Kda subunit of the SF3a complex (Brosi et al., 1993a)- further points to
SSA-induced conformational rearrangements of RNA-protein contacts between U2 snRNP
components and the pre-mRNA. Equivalent results were obtained when the complex formed
with AbprsU2 was analyzed (Fig. I. 1F, left panel).

Base pairing interactions between U2 snRNA and the pre-mRNA were monitored using
psoralen-mediated, long wave UV light-induced crosslinking (Fig. I. 2A). Crosslinking between
U2 snRNA and the pre-mRNA was largely unaffected by SSA treatment (Fig. I. 2B, right
panel). Surprisingly, crosslinking could be also detected between Abprs U2 snRNA and the
pre-mRNA, which was not affected by SSA either (Figs. |. 2A-B, left panels). RNase H-
mediated digestion and primer extension assays were used to map the crosslinked residues
in U2 snRNA and the pre-mRNA (Figs. |. 2A, C and D). In the presence or absence of SSA,
crosslinking involved the same nucleotides in the bprs of U2 snRNA, while it involved
nucleotides 3’ from the bprs in Abprs U2 (Figs. I. 2A and D). Crosslinking in the presence of
SSA was detected in a region of the pre-mRNA 5 of the nucleotides crosslinked in the

absence of the drug (Fig. I. 2C lanes 13 vs 15 and Fig. 2E), suggesting that SSA induces
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altered base pairing between U2 snRNA and the pre-mRNA. Crosslinking to nucleotides
significantly 5’ distant from the branch point was also observed between Abprs U2 snRNA and
the pre-mRNA (Figiffer. I. 2C lanes 6 vs 7; 10 and 12 vs 13; and Fig. 2E). Taken together, the
results indicate that SSA treatment or U2 snRNA bprs inactivation alter the pattern of U2
snRNA base pairing with the branch point, concomitant with loss of SF3b155 interaction with
the pre-mRNA. To assess whether the potential of sequences 5’ of the branch point to form
alternative base pairing interactions with U2 snRNA can influence the effects of SSA, mutant
RNAs were generated that either increase the potential of base pairing interactions of the
natural branch point region or offer an alternative site of perfect base pairing (Fig. I. 2F, top).
While enhancing base pairing with the proper branch site region reduced the sensitivity of the
3’ splice site region to SSA, stronger inhibition was observed in a mutant that improves the
base pairing potential of the region 5’ of the branch point (Fig. I. 2F). These results are
consistent with the possibility that the splicing inhibitory effects of SSA involve the
establishment of alternative, non-productive base pairing between U2 snRNA and the pre-
mMRNA.

Differential sensitivity of 3’ splice sites to SSA could lead to altered splice site selection
in alternatively spliced transcripts. Consistent with this possibility, splicing-sensitive
microarrays revealed that treatment of HeLa cells with SSA affected 11% of the alternative
splicing events monitored by the array in 21% of the genes, with a validation rate by
quantitative RT-PCR of 72% (Figs. |. S4-7). Gene expression changes were also observed in
10% of the genes, 72% of which were concomitant with changes in alternative splicing, often
coupled to the generation of premature translation termination codons (PTC) and
consequently subject to nonsense-mediated mRNA degradation (AS-NMD) (Lareau et al.,
2007). Consistent with the inactivating effect of SSA on SF3b155 function, a sample of
validated SSA-induced alternative splicing events showed similar changes upon SF3b155
knock down (Figs. I. 3A and 3B) and 30% of the SSA-induced alternative splicing events were
also observed in microarray analyses of RNAs isolated after knock down of SF3b155 using
two different siRNAs (Fig. I. S6), which represents a highly significant statistical overlap
(p<0.001 Fischer exact test). Both SSA treatment and SF3b155 knock down reduced cell
proliferation (Kaida et al., 2007; and data not shown) and significant down-regulation by AS-
NMD of genes that encode important regulators of cell proliferation was observed in both
situations (Fig. I. 3C). For example, in addition to the previously reported inhibition of p27
splicing (Kaida et al., 2007), AS-NMD was observed for CCNA2 (cyclin A2) and STK6 (Aurora
A kinase) (Fig. I. 3D), which are important for cell cycle transitions similar to those blocked by
SSA (Mitra and Enders, 2004; Saeki et al., 2009). Taken together, the results reveal that SSA
treatment and SF3b155 inactivation induce specific changes in alternative splicing and gene
expression, including changes in key regulators of cell division that can contribute to the anti-
proliferative properties of the drug.
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To address the mechanism of alternative splicing changes induced by SSA, we focused
on an alternative splicing event in RBM5, a putative tumor suppressor gene encoding a
splicing regulator implicated in the control of cell division and apoptosis (Oh et al., 2006;
Fushimi et al., 2008; Bonnal et al., 2008). Both SSA treatment and SF3b155 knock down
induce skipping of exon 6 (Fig. I. 3B and Fig. I. S4D) and the competing 3’ splice site regions
are amenable for biochemical studies (Fig. I. 4). Spliceosome assembly assays showed that
recruitment of U2 snRNP to the competing 3’ splice sites display differential sensitivity to SSA
(Fig. I. 4A). Contrary to expectation, however, the inhibited 3’ splice site of intron 5 displays
higher apparent resistance to SSA than the 3’ splice site of intron 6, which remains active in
the presence of the drug. This counter-intuitive pattern of differential sensitivity was shared by
another tested set of alternative 3’ splice sites involved in similar SSA-mediated alternative
splicing effects (Fig. I. S8). Consistent with the concept that differential sensitivity to SSA is
modulated by sequences 5’ of the branch point, a 10 nucleotide fragment located upstream of
intron 5 branch point (but not a neighboring sequence of 7 nucleotides) was sufficient to
confer SSA resistance to intron 6 3’ splice site region (mutant uAS5-dAS6), as observed in
complex formation assays (Fig. |I. 4B) and as enhanced psoralen-mediated crosslinking with
U2 snRNA compared to intron 6 sequences (Fig. I. 4C). A general function for the region 5’ of
the branch point (known as anchoring site-AS) in U2 snRNP recruitment was reported
previously (Gozani et al., 1996), although its proposed role was to mediate sequence-
independent interactions with U2 proteins in the context of normal U2 snRNP recruitment. As
observed for ADML RNA, mapping of U2 snRNA/pre-mRNA interactions revealed that SSA
induces interactions of U2 snRNA with regions 5’ of the branch point (Fig. I. 4D compare
lanes 5 and 7, 12 and 14, and Fig. E), concomitant with reduced SF3b155 (but not SF3a60)
crosslinking (Fig. 1. S9). Significantly, the novel sites of U2 interaction included a relatively
distant crosslinking site located in the region that confers SSA resistance in the uAS5-dAS6
mutant (Fig. I. 4D). This region has substantial base pairing potential with U2 snRNA (Fig. I.
4E), and mutation of residues involved in this base-pairing scheme strongly increased
sensitivity to SSA, while mutation of another nucleotide not involved in base pairing did not
(Figs. I. 4E, F). We conclude that SSA induces base pairing of U2 snRNA to sequences
substantially 5’ of the branch point and that the base pairing potential of these regions with U2
snRNA influences the differential effects of the drug on alternative 3’ splice site regions.

To test whether such sequences can indeed influence splice site choice, we transiently
transfected HelLa cells with minigenes that include the genomic region of RBM5 between
exons 5 and 7. Co-transfection with SiRNAs against SF3b155 resulted in increased levels of
exon 6 skipping (Figs. I. 4G and 4H), as observed for the endogenous gene upon SSA
treatment or upon SF3b155 knock down (Fig. I. 3B). Based on the U2 snRNP recruitment
and mapping results above, we predicted that the competitive disadvantage of intron 5 3

splice site under conditions of SSA treatment or SF3b155 knock down would be attenuated if
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the sequence acting as a decoy site for U2 snRNA binding would be replaced by the
corresponding sequence of intron 6 (mutant uAS6-intron 5). Consistent with this prediction,
SF3b155 knock down did not induce exon 6 skipping (Figs. I. 4G and H). We conclude that
the presence of sequences harboring strong base pairing potential with U2 snRNA 5’ of the
branch point can modulate the competitiveness of 3’ splice sites in the presence of SSA and
thus explain alternative splicing changes induced by the drug or by knock down of SF3b155.
While snRNA/snRNA and snRNA/pre-mRNA base pairing interactions play key roles in
the dynamic architecture of the spliceosome (reviewed in Wahl et al., 2009), base-paired
regions are usually short and complementarity is often imperfect, raising the question of how
specific recognition of particular sequences (e.g. splice sites vs decoy nheighboring
sequences) can be achieved. Proofreading activities have been identified that monitor
spliceosomal transitions (Staley and Woolford, 2009) and even early events in 3’ splice site
recognition (Soares et al., 2006). Collectively, our results reveal that U2 snRNP recruitment to
3’ splice site regions is subject to a proofreading mechanism that prevents non-productive
base pairing interactions between U2 snRNA and complementary sequences 5’ of the branch
point region, and that SSA relaxes this proofreading step. SF3b155 can play a key role in this
proofreading activity, as the protein crosslinks to both sides of the branch point (Gozani et al.,
1998), becomes phosphorylated coupled to catalytic activation of the spliceosome (Wang et
al., 1998a) and its interaction with the pre-mRNA is specifically decreased in the presence of
SSA concomitant with the establishment of alternative U2/pre-mRNA base pairing interactions
(Figs. I. 1, 2 and 4). The significant overlap between changes in alternative splicing induced
by SSA and by knock down of SF3b155 in tissue culture cells is also consistent with this idea.
Prominent among these changes are RNA processing events leading to down-regulation of
key cell cycle regulatory factors, potentially contributing to the antitumor effect of the drug.
Our results raise the intriguing possibility that physiological variations in the levels or activity of
SF3b155 modulate alternative splicing programs, possibly linked to the control of cell
proliferation. They also suggest that modulating the accuracy of 3’ splice site recognition can
help in the design of novel anti-cancer therapies, a general principle with analogies to the
function of a class of antibiotics that promote inaccurate base pairing interactions in the
function of the ribosome (Ogle and Ramakrishnan, 2005), another complex ribonucleoprotein

machinery.
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Figures and Figure legends
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Fig. I. 1. SSA inhibits stable U2 snRNP recruitment . (A) In vitro splicing assays using adenovirus
major late (AdML) RNA in the presence of the indicated concentrations of SSA or its carrier (methanol),
analyzed by denaturing polyacrylamide gel electrophoresis. Pre-mRNA, splicing intermediates and
products are indicated. (B) Spliceosome assembly assays corresponding to in vitro splicing mixes as in
(A) in the presence of heparin (5 mg/ml) analyzed by native agarose-polyacrylamide gel
electrophoresis. The positions of heterogeneous nuclear RNP (H) and spliceosomal A, B and C
complexes are shown. (C) Spliceosome assembly assays as in (B) using AdML 3’ RNA, containing the
3’ 40 nucleotides of AdML intron 1 and exon 2. The positions of the A3’ and H complexes are indicated.
(D) Spliceosome assembly assays as in (C) in the absence of heparin, analyzed by low melting-
agarose gel electrophoresis, using either mock-treated or nuclear extracts in which the bprs of U2
snRNA was inactivated by RNase H-mediated degradation (AbprsU2). (E) Spliceosome assembly
assays as in (D) in the presence of different concentrations of the indicated nuclear extracts with or
without SSA, and in the absence or presence (1.67 and 5 mg/ml) of heparin. (F) Ultraviolet light-
induced crosslinking followed by immunoprecipitation of SF3b155, SF3a60 and U2AF65 in the
presence of SSA (88 nM) or methanol, incubated with mock- gr AbprsU2 nuclear extracts. Asterisk
indicates a crosslinked protein co-immunoprecipitated with the SF3a60 antibody, possibly SF3a66
(Brosi et al., 1993a).
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Fig. 1. 2
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Fig. 1. 2.SSA and U2 bprs inactivation lead to alte red U2 snRNA/pre-mRNA base pairing

interactions.(A) Schematic representation of U2 snRNA secondary structure domains (top) and
mapping of U2 snRNA/pre-mRNA interactions by RNase H-mediated degradation of psoralen-induced
crosslinks between radioactively labeled AdML 3' RNA and either U2 snRNA (Mock) or AbprsuU2
snRNA, analyzed by denaturing gel electrophoresis. As expected, the position of the crosslinked RNA
is affected by RNAse H-mediated degradation of U2 snRNA at sequences 5 (Loop I) or 3’ (Sm site) of
the bprs in Mock extracts, while crosslinking of the AbprsU2 snRNA occurs 3’ of the bprs, as indicated
by altered electrophoretic mobility of the RNA-RNA crosslink upon degradation of the 3' Sm site but not
of the 5’ Loop I. (B) SSA does not inhibit U2 snRNA base pairing. Psoralen-induced crosslinking was
analyzed as in (A) using either mock- or Abprs U2 snRNA nuclear extracts, in the presence or absence
of SSA (53, 267 nM) or methanol. The positions of crosslinked adducts (CXL) formed with wild type and
AbprsU2 are labeled as T (top) and B (bottom), respectively. (C) Mapping of U2 snRNA-AdML
crosslinks by primer extension. U2 snRNA-AdML adducts from either mock or AbprsU2 nuclear extracts
and from methanol- or SSA (88 nM)-treated nuclear extracts were gel extracted and purified. To assess
the presence of background levels of U2 snRNA in the lanes, gel slices corresponding to top (T) and
bottom (B) positions defined as in (B) were analyzed in parallel for each sample. Primer extension was
carried out using a 32P-labeled oligonucleotide complementary to AdML exon 2. Lanes 1 to 4
correspond to dideoxy sequencing reactions of AdML DNA using the same primer. Arrows indicate
primer extension stops. Triangles indicate the position of the branch point adenosine. Circles indicate
non-specific stops observed in primer extension of U2 snRNA in the absence of psoralen crosslinking.
(D) Mapping of U2 snRNA crosslinked residues by primer extension as in (C) using a 32P-labeled
oligonucleotide primer complementary to the Sm site sequence in U2 snRNA. Lanes 1 to 4 correspond
to dideoxy sequencing of U2 snRNA using the same primer. The bprs (5GUAGUAS3’) and boundaries
of the flanking stem-loops | and lla are indicated. Asterisks indicate specific primer extension stops. (E)
Schematic representation of base pairing interactions between U2 snRNA and the AdML branch point
region in mock- or AbprsU2 nuclear extracts, in the presence of SSA, methanol or water. Asterisks
indicate U2 snRNA crosslinked nucleotides as mapped in (D). Triangles indicate the branch point
adenosine and residues in the grey box indicate the bprs. Arrows summarize primer extension (PE)
stops observed in (C) using different conditions as indicated. (F) Spliceosome assembly assays (as in
Fig. I. 1C) using AdML wild type and mutants harboring either a consensus branch point (enhanced BP
base pairing) or a sequence located 5’ of the branch point region which is fully complementary to U2
snRNA bprs (alternative base pairing). Mutated residues are underlined. Quantification of the A/H
complex ratio for a minimum of three independent experiments (with standard deviation) is shown. The

ratio in methanol-treated samples was considered as 100% in each case.
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Fig. I. 3. SSA induces alternative splicing and expression cha nges in genes important for cell

cycle control.(A) Western blot analysis of the effects of SF3b155 RNAI on the levels of SF3b155 and
other protein components of U2 snRNP (as well as a-tubulin as loading control) demonstrate specific
depletion of SF3b155. (B) Semi-quantitative RT-PCR analysis of alternative splicing changes upon
SF3b155 knock down from a selection of alternative splicing events induced by SSA. Genes and
alternative splicing events are indicated, as well as the position of the alternatively spliced products.
The numbers below each lane indicate percentage of exon inclusion (average and standard deviation
for a minimum of three indpendent experiments). Alternative splicing changes common to those
induced by SSA are observed for all except AURKB, which displays essentially quantitative exon
skipping. The lower panel shows changes in RBM5 exon 6 induced by SSA treatment: C1-3 show

results from three control samples, while SSA1-3 correspond to three independent RNA samples from
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cells treated with SSA. (C) Genes encoding important cell cycle regulators whose expression is
downregulated by SSA and by knock down of SF3b155 using two independent siRNAs.
Downregulation is coupled to the generation of alternatively spliced isoforms containing premature stop
codons (PTC) and consequently nonsense-mediated-decay (AS-NMD). (D) (top) Schematic
representation of alternative splicing events leading to NMD in the cyclin A2 (CCNA2) and Aurora
Kinase A (STK6) genes, activated both by SSA treatment and by SF3b155 knock down; indicated are
PTCs associated with the alternative splicing patterns leading to NMD; (bottom) quantitative RT-PCR
analysis using primers that monitor general gene expression in a constitutive exon (GE), or primers
specific for splice junctions corresponding to exon inclusion (inc) or skipping (skp). Also shown is the
absence of effects of the treatments on expression of a housekeeping gene (HRPT1).
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Fig. 4. Base pairing potential with U2 snRNA of se  quences 5’ of the branch point can modulate

SSA-induced alternative splicing.(A)  Spliceosome assembly assays (as in Fig. 2F) were carried out
using RNAs corresponding to RBM5 introns 5 and 6 3’ splice site regions. (B) Spliceosome assembly
assays (as in A) using chimeric RBM5 intron 6 RNAs in which the indicated sequences have been
replaced by the corresponding fragments of intron 5. uAS and dAS indicate upstream and downstream
regions of the Anchorage Site (AS), BP and Py indicate branch point and polypyrimidine tract,
respectively. The length of the different regions of the RNAs utilized is also indicated. (C) Psoralen
crosslinking assays (as in Fig. I. 2B) using the indicated RNAs. (D) Mapping of U2 snRNA/RBMS5 intron
6 psoralen-induced crosslinks by primer extension in the absence or presence of SSA, as in Fig. |. 2C.
Lanes 1 to 4 and 9 to 11 correspond to dideoxy sequencing reactions of the corresponding DNA
products using the same primer. Asterisks indicate primer extension stops. Black and white boxes
designate the different segments of the 3’ splice site region as in B. (E) Schematic representation of
potential U2 snRNA/RBM5 pre-mRNA base pairing interactions induced by SSA. Asterisks mark the
crosslinked nucleotides mapped in (C) in methanol- and SSA-treated samples. Nucleotides in the grey
box represent the U2 snRNA bprs. (F) Spliceosome assembly assays (as in A) using RNAs harboring
mutations (also indicated in E) in the residues proposed to base pair with U2 snRNA bprs (or control
residues) of the uAS5- dAS6 chimeric RNA. (G) RT-PCR analysis of RBM5 RNA isoforms expressed
from plasmids expressing the alternatively spliced RBM5 region (exons 5 to 7), either wild type or a
mutant that replaces the upstream region of intron 5 anchoring site by the corresponding sequence
from intron 6 (UAS6-intron 5) in control cells or in cells in which expression of SF3b155 has been
knocked down. The asterisk indicates an aberrant amplification product caused by primer hybridization
in intron 5, as determined by sequencing. The lower panel shows western blot analysis of the levels of
SF3b155 and a-tubulin in control and SF3b155 knock down cells. (H) Analysis of RBM5 exon 6
skipping and inclusion of RNAs analyzed in G in SF3b155 knock down vs control cells by quantitative
RT-PCR, using splice junction primers specific for exon inclusion or skipping as one of the

oligonucleotides utilized in the PCR amplification reactions.
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Materials and Methods

In vitro splicing assays

Splicing assays were performed in 9 pl mixtures containing 3 pl of HelLa nuclear
extracts (CilBiotech, Belgium) and 10 fmol of in vitro transcribed 32P-labeled Adenovirus-
Major-Late pre-mRNA under standard conditions (3 mM MgClI2, 1.1 mM ATP, 22 mM creatine
phosphate and 1.67% polyvinyl alcohol). After incubation for 1h at 30°C, RNA was isolated by
treatment with proteinase K and ethanol precipitation. Pre-mRNA precursor, splicing
intermediates and products were resolved by electrophoresis on denaturing 13%

polyacrylamide gels and analyzed by Phosphorimager.

Spliceosome assembly

Splicing mixtures were assembled as above using 32P-uridine labeled pre-mRNA or
fragments corresponding to the 3’ splice site region and downstream exon. After 15 min
incubation at 30°C, 5 ug/ul of heparin were added to the mix, kept for 10 min at room
temperature and resolved by electrophoresis on 4 % acrylamide:bisacrylamide (80:1)-0,5 %
agarose gels in 50 mM Tris base — 50 mM glycine buffer. The gels were dried and exposed to
a Phosphoimager screen. Alternatively, 2.2 ul of 6x DNA loading dye (20 mM Tris-HCI pH 7.5,
0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol) were added to the reaction
directly after incubation at 30°C and mixtures were then resolved by electrophoresis in 1.5%
low melting agarose gels (Ecogen, Cat.# AG-420) in 50 mM Tris base — 50 mM glycine buffer.
The gels were fixed in 10% methanol — 10% acetic acid for 10’ at room temperature, dried

and exposed to a Phosphoimager screen.

UV crosslinking and immunoprecipitation

32P-labeled RNAs were incubated under in vitro splicing conditions in a final volume of
27 yl. Mixtures were incubated for 30 min at 30°C and irradiated with UV light (254 nm; 0.4 J).
After further incubation with 1 mg/ml RNase A at 37°C for 30 min, immunoprecipitation of
U2AF65 and U2 snRNP components was carried out by addition of anti-U2AF65 MC3
monoclonal antibody hybridoma supernatant (Gama-Carvalho et al., 1997, J. Cell Biol. 137:
975-987) or anti-SF3b155 or anti-SF3a 60 polyclonal antibodies (kind gifts of Prof. Angela
Kramer, University of Geneva). After incubating for 60 min at 4°C, 30 ul of a 50% slurry of
protein A/G sepharose beads (GE Healthcare, Cat.#17-5280-01 and Cat.#17-0618-01,
respectively) were added and the mixture was incubated under rotation for another 60 min.
Beads were sedimented by centrifugation and washed 4 times with 800 ul of high salt buffer
(500 mM NacCl, 50 mM Tris-HCI pH 8.0, 1% NP-40) and once with the same buffer except that

the concentration of NaCl was 150 mM. Sedimented beads were resuspended in 4xSDS
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loading dye, boiled and the supernatant was resolved by electrophoresis on 8-10% SDS

polyacrylamide gels. Gels were dried and exposed to a Phosphoimager screen.

Psoralen-mediated RNA-RNA crosslinking

Fifteen-microliter reactions containing 80 fmol of 32P-uridine labeled 3’ half RNAs were
incubated at 30°C for 20’ in the presence of 5 pl HeLa nuclear extracts and 22 pg/ml of
4'aminomethyltrioxsalen hydrochloride (Sigma, Cat.#A4330). The mixture was irradiated with
365 nm wavelength UV light for 10 min. RNA was then treated with proteinase K, ethanol
precipitated and analyzed by electrophoresis on a denaturing 6% polyacrylamide gel. RNase
H (Invitrogen, Cat.#18021-014)-mediated inactivation of U2 snRNP was performed by
incubating the nuclear extracts with a oligodeoxynucleotide complementary to positions 28 to
42 of U2 snRNA. RNase H-mediated digestion after crosslinking was performed similarly

using the specified oligodeoxynucleotides.

Mapping of psoralen-crosslinked nucleotides by prim er extension

Psoralen-mediated crosslinked RNAs and splicing lariat intermediates were gel purified
and primer extension was performed using the indicated 5’ 32P-labeled oligodeoxynucleotide
and Superscript Il (Invitrogen, Cat.#18064014) following the manufacturer’s protocol. Primer
extension products were resolved by electrophoresis on denaturing polyacrylamide gels, in
parallel with a sequencing reaction performed using the same primer and fmol DNA Cycle

Sequencing System (Promega, Cat.#Q4100).

Spliceostatin A treatments

A. Nuclear extract. Nuclear extracts (3 pl for splicing reactions and 5 pl for psoralen
crosslinking assays) were treated for 30’ at 4°C with SSA previous to their use in subsequent
assays. The indicated amounts correspond to the final concentration in the reaction mixtures.

B. Tissue culture. Sub-confluentHelLa cells were treated with Spliceostatin A (at a final
concentration of 100 ng/ml -260 nM-) for 3 hours. Control cells were treated with methanol,

the solvent in which the SSA stock was dissolved.

RNA isolation
Total RNA was isolated using the Qiagen RNeasy mini kit (Cat. No. 74104), with DNase
digestion on column before elution using the RNase-free DNase Set (Cat.#79254). RNA

quality was assessed by Agilent Bioanalyzer nano assay and nanodrop spectrophotometry.

Microarray analyses

Cy3 and Cy5 labeled cRNAs were generated from 500 ng of total RNA using the Quick-
Amp Labeling Kit, No Dye (Cat.#5190-0447) and Cy3 and Cy5-CTP from Perkin-Elmer
(NEL580 and NEL581). 7ug of each cRNA were hybridized into our custom oligo microarray

platform (Agilent) in an Agilent rotating oven at 60°C for 18 hours. After hybridization, arrays
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were washed, and scanned images analyzed. Statistical analyses were carried out with
LIMMA package (Bioconductor) as previously described (Munoz et al., 2009). Microarray
results have been deposited in GEO database (GSE22614 and GSE 22952). Microarray data
as well as a detailed explanation of data analysis using this platform can be anonymously
downloaded from the following web site: http://davinci.crg.es/splicingarrays/ ; User: jviab;
Password: WebO01.

Real time qPCR analyses

Primers were designed using Primer 3 Plus (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi) using the reference and the alternative RefSeq Accession
numbers. Primers used are listed in Supplementary Table 1. The primers were designed such
that their annealing temperature was 60°C, generating single amplification products in the
range of 60 - 200 base pairs long. For analysis of alternatively spliced isoforms, one of the
primers was chosen as overlapping an exon junction such that only upon hybridization to the
correctly spliced mRNA the primer was able to produce an amplification product. First strand
cDNA synthesis was carried out using 1 mg of RNA, 50 pmoles of oligo-dT (Sigma-Aldrich),
75 ng of random hexamers (Roche 11034731001) and Reverse Transcriptase Superscript Il
(Invitrogen, Cat. No. 18064-014) following the manufacturer’s instructions. PCR amplification
was carried out with 1ml of the 1:10 diluted reverse transcription sample with 5 ml of 2x SYBR
Green Master Mix (ROCHE, Cat. No. 4309155), and 4 pmol of specific gene primer pairs to a
10 ml total volume, in 384-well microtiter plates. PCR reactions were run in triplicates on a
Lightcycler 480® system (ROCHE). Relative copy number (RCC) or fold-change ratio was
calculated according to (Pfaffl, 2001). A list of the primers utilized for RT-PCR analyses using
this platform can be anonymously downloaded from the following web site:

http://davinci.crg.es/splicingarrays/ ; User: jvlab; Password: Web01.

Semi-quantitative RT-PCR

Total RNA was isolated 72 hours after SF3b155 siRNAs transfection using the GE
Healthcare RNAspin Mini kit (Cat.#25-0500-72) and analyzed by RT-PCR. 1 ug of RNA was
reverse-transcribed using random primers and Superscript Il (Invitrogen, Cat.#18064014).
One-fourth of the cDNA was amplified by PCR using appropriate primers. After 24 cycles of 1’
at 93<C, 45" at 56C and 1’ at 72<C, the products w ere analyzed on 2% agarose gels.

RNAI

To knock down SF3b155, cells were transfected with Lipofectamine 2000 following the
manufacturer’s protocol with three different siRNAs against SF3b155 (Invitrogen):

SiRNA #3: 5-GACAGCAGAUUUGCUGGAUACGUGA-3’

siRNA #4: 5-GCUUGGUCAGAAGAAGCCAGGAUAU-3’

SiRNA #5: 5’-CCCUGUGGCAUUGCUUAAUGAUAU-3).
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SiRNA #4 was used in initial knock down experiments, siRNAs #3 and 5, which achieved

higher levels of knock down, were used for independent microarray analyses.

U2AF depletion and complementation with recombinant GST-U2AF65
U2AF depletion by chromatography on oligo-dT cellulose and complementation assays

were carried out as previously described (Valcarcel and Gebauer, 1997; Guth et al., 2001).
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Supplementary Figures and Figure Legends

Fig. . S1
A B
AdML Fas AdML
_n_ _ﬂ RNA AU-A -1 9 -40 RNA
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A 3’ Abprs Uzh
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Fig. I. S1. Abprs U2 complex is ATP- and branch point-dependent and is sensitive to exon

definition effects. (A) ATP dependence and exon definition effects.Spliceosome assembly assays
were carried out as in Fig. 1D using nuclear extracts in the presence or absence of ATP / ATP
regenerating system or in extracts in which either U1 or U2 were inactivated by RNase H-mediated
degradation of the 5’ end of U1 snRNA or the bprs of U2 snRNA, respectively (Merendino et al., 1999).
Tested RNAs included AdML (3’ half of the intron + exon 2) and Fas intron 5 (3’ 68 nucleotides + exon
6, followed or not by the 5 25 nucleotides of intron 6). The result shows that the ATP-dependent
complex formed on AdML RNA was not sensitive to U1 inactivation, while the complex formed on Fas
exon 6 and flanking sequences was dependent on the integrity of U1 snRNP as well as on the
presence of intron 6 5’ splice site region, as expected from the strong dependence on exon definition
effects of complex A formation in this transcript (Izquierdo et al., 2005). In contrast, U2 snRNA bprs
inactivation altered the mobility but did not reduce (even increased) complex formation. (B)
Spliceosome assembly assays as in (A) using wild type AdML (-40), a mutant in which the branch point
region was deleted (-19) or a mutant in which the branch point region (ACUUAU, where the underlined
adenosine is the branch site) was mutated to GTCCTC (-40 X). The result indicates that formation of

both the U2 and U2 Dbprs complexes requires a functional branch point region.
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Fig. l. S2

%A complex

Mock AUz oligodTa AUz

Fig. I. S2. Abprs U2 complex formation requires full length U2AF 65. (A) Spliceosome assembly
assays were carried out as in Fig. 1D using Mock- or U2-inactivated (Abprs) nuclear extracts and either
mock-depleted (-) or U2AF-depleted (by chromatography in oligodT-cellulose; Oligo dTD NE, (Guth et
al., 1999) nuclear extracts, as indicated. Depleted extracts were complemented using 75 ng/ml of
recombinant full length GST U2AF65 full length (FL), GST-U2AF65 lacking RNA Recognition Motif 3
(ARRM3, lacking aminoacids 347-475), GST-U2AF65 lacking the arginine-serine rich domain (ARS,
lacking aminoacids 1-94) or the guanidine-HCI eluate from the oligo dT column used for U2AF
depletion (which contains U2AF65 and U2AF35). The concentrations of the different recombinant
proteins were adjusted to use protein preparations with equivalent specific activity in RNA binding. (B)
Quantification of A versus H complex formation in Abprs U2 U2AF65-depleted extracts complemented
with recombinant U2AF65. Error bars represent standard deviations. The results indicate that U2AF is
required for formation of the U2 Abprs complex (compare lanes 6 vs 7 in part A) as is the case for the
complex formed with intact U2 snRNA (compare lanes 1 vs 5). Addition of recombinant full length
U2AF65 provides some splicing activity to U2AF-depleted extracts (compare lanes 7 and 8), while
U2AF65 lacking the RS or RRM3 domains do not (compare lanes 7 with 9 and 10). We conclude that
recruitment of Abprs U2 snRNP is dependent on U2AF activity, as is the case for recruitment of wild
type U2 snRNP (lanes 1-4).
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Fig. I. S3
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Fig. 1. S3. U2 snRNA, but not the U2 snRNA 5 regio n, is detected in Abprs U2 complex.

” ] * | Abprs U2 snRNA
1

2 3 4 5

Spliceosome assembly assays were performed as in Figs. 1D and Sig. S1 on AdML or Fas RNAs. After
electrophoresis, complexes were extracted from the gel, the RNA was purified and the presence of U2
snRNA in the complex analyzed by primer extension using 5-32P-labeled oligonucleotides
complementary to U2 snRNA nucleotides 13-28 (A) (expected length of the primer extension product =
28 nucleotides) or 171-187 (B) (expected lengths of primer extension products = 187 nucleotides for
full-length U2 snRNA and 145 nucleotides for Abprs U2 snRNA). The results indicate that U2 snRNA is
readily detectable in the complexes using the primer complementary to the 3' end of U2 snRNA (B).
Note that the different size of the primer extension product in the Abprs and Mock-treated U2 extracts is
due to RNAse H-mediated degradation of the bprs (nucleotides 28-42) in the Abprs extracts. In
contrast, no primer extension signal is detected for the complex formed in Abprs U2 extracts using the
primer complementary to the 5’ end of U2 snRNA, indicating that this region of the snRNA is not

present in the complex formed after degradation of the bprs.
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Fig. I. S4
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Fig. I. S4. Examples of microarray -predicted alternative splicing events validated by guantitative

RT-PCR. (A) Scheme of a typical alternative splicing cassette exon event, indicating the nomenclature
of the probes present in the array to detect changes in expression of alternatively spliced isoforms,
which are compared with gene expression values provided by constitutive exons. Validation by
quantitative PCR is accomplished using oligonucleotides corresponding to the alternatively spliced
region (B) or to alternative splice junctions (C,D,E). (B) Detection of increased inclusion of exon 2A in
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the gene AURKB, detected using exon 2A-specific oligonucleotides. The y axis indicates expression
ratios between RNAs from methanol-treated and SSA-treated cells. The x axis represents the nature of
the amplification products using oligonucleotides indicated in the color code on the right. For example,
AURKB_e3c_GE indicates quantification of constitutibe exon e3 to determine changes in general
expression; AURKB_e2 e3 E indicates quantification of the spliced product joining exons 2 and 3
(probe E in the scheme in A) measuring exon 2A skipping; AURKB_e2A-e3-D indicates quantification
of the spliced product between exon 2A and exon 3 (probe D in the scheme in A) measuring exon 2A
inclusion; etc. (C) Detection of increased skipping of exon 2 in the gene TNFRSF10B, detected using
an oligonucleotide complementary to the junction between exons 1 and 3 as one of the PCR primers.
(D) Detection of increased skipping of exons 6 and 16 in the gene RBM5, detected using
oligonucleotides complementary to the junctions between exons 5 and 7, or exons 15 and 17, as one of
the primers in the amplification reaction.
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Fig. I. S5
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S5. Microarray- detected changes in gene expression upon SSA treatm
SF3b155 knock down using two different siRNAs.

Fig.

The diagram represents the overlap of genes

displaying gene expression changes of at least 1.3 fold between methanol- or SSA-treated cells and

scrambled siRNAs or treated with two different SiRNAs

between cells treated with control

corresponding to SF3b155 (oligos 3 and 5). The overlap between genes affected by SF3b155 knock

down using the two siRNAs is 80% (Fischer exact test p value < 0.0001). The overlap between genes

affected by SSA and by either of the two siRNAs is 32% (Fischer exact test p value = 0.026), and the

0.008).

overlap with genes affected by both siRNAs is 28% (Fischer exact test p value
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Fig. l. S6

suoXa [anou ov2ad T TO1T
SUOXS |aA0U (TTsyss)redys 1Z'88
paddiys(sjuoxe (trsy=slysdys 1188
paddiys(s)uoxa g6T4NZ[ ETT00%6Z00
paddiys(s)uoxa VI12L| T°6000°'ESZO0
Jojdacce aands je VI1DL| T1°S000°'ESZO0
Jojdadoe aoyds jje 1ooTeM| T°E00OTEZOO
Jojdadoe aojds 3 GXUNV| Z°8E00°'9TO00

1,1815020(|d5,, pUE G 081|0,, Ul 5IU3Wa[3 UoWW oD

10ydenoe oo1|ds 3] Zd@dd [ 23 dNHUY TT2E
padd)ys(sjuoxa| Tvoug| T¥I00'EE000
pedd)ys(sjuoxa) Tvoud| Z°8000'EE00Q
paddiys(sjuoxa| SHTAVIN T°6Z00'Z300
paddiys(sjuoxa| E6dSWD|  T°E0DD'EF000
Suo¥a |aaoy areng ZTTODZTE00
paddiys(sluoxs) giena] 1 LO00ZTE00
pedd|ys(sjuoxa) SYHH|  TETOD'EZTO0
peddiys(sjuoxa| BOTISHINL]  TLTO0'ESTOO
suoXa [anou 14vEN / Sedven| TEOT
SUDKe [2hoy| 149N/ se4ven TT0vT
SUOXS |anoy| FERYE] £:01 TEL
Jouop =a1ds e W NYOD)| T'6T00°5P00
paddiys(sjuoxa) d12000d|  TTI00'80Z00
Jouop eands e AAHENV| T°8500'ST000
suoxa [2Aoy AN T°EE0D'ST000
padd|s(5]U0xs| axunv|  1'za00etoo0
Joydeaoe aoids 1) TLN3Y TZ9E
suoxa [aAoUl dISON 11881

Jeuop ao1jds e

TAd|  T°SEQO'WTZ00

Joydaane aoids e

X¥va|  T°EZO0'L8000

SUDKe [@A0U £5445 / ozdus| 1°S'6E
SUDX® [@nou| £5445 J Dzdys| TVEE
paddiys(sjucxa) ISH4S [ 896 T'S'EZT
paddiys(suoye) ISTSNEES T'ECT
paddpys(sjuoxa] ISHis [ eog TEEZT
pedd)E(s]uoxs /5435 [ 895 1'Z'eZl
paddiys(sjuoxs) vigxdN|  1'0900°88T00
aoydedne eands” e Vi3d|  1Z000vEZOO
ETETENETES ZSH4s) T'98E
SUOXE [BACU|TTZdHN [/ dNMUS-1IY 6T T'7'86

TJET 0801[05,, pUE 5 08110, & 08I0, Ul 5ilalls|s UoWW o

1ejsoadl|ds

paddiys(sjuox@]  EHd¥NH [ EH dNHUY T'S'8ST
Jouop @a|ds e 01aad|  2'6000°E0Z00
Jouop aa1ds e 0100ad|  z'9T00°E0Z00
paddiys(sjuoxs 0TdDad| T'PTTO0E0ZO0
10ydsooe” 92)|ds 3e otaoad|  z'aLoo°€0zoo
paddpys(sjuoxs 01a2ad|  TFPO0E0Z00
SU0XS [@AOU cxag / sed TTvL
paddps(sjuexe E1VIS| T 00T0'SYZ00
Jouop =3)|ds jE SYTddd| TTZE
paddys(sjucxa 284D 1°0T009TTO0
suoxs [anou [£35] T 0L
paddis(sjuexe [£35] T0T0L

1,185 030((d5,, pUB £ 081|0, UISJUBLIAE[3 UOWWo)

€ ofllo

(s@8uey) uoissaudx3 suan
1NOYHM SauaD ul) sagduey)
Suids aaneulaly dejdanQ

hat do not display gene

Fig. I. S6. Microarray- detected changes in alternative splicing in genes t

nd upon SF3b155 knock down using two different

expression changes upon SSA treatment a

siRNAs. The diagram represents the overlap of genes displaying changes in expression of an

alternatively spliced isoform of at least 1.4 fold between methanol- or SSA-treated cells and between

cells treated with control scrambled siRNAs or treated with two different siRNAs corresponding to

SF3b155 (oligos 3 and 5). The overlap between genes affected by SF3b155 knock down using the two

SiRNAs is 81% (Fischer exact test p value < 0.0001). The overlap between genes affected by SSA and

by either of the two siRNAs is 30% (Fischer exact test p value < 0.001), and the overlap with genes

0.005).

affected by both siRNAs is 18% (Fischer exact test p value

-80-



RESULTS

Fig. I. S7
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Fig. I. S7. Microarray-detected changes in alternat ive splicing in genes that also display gene
expression changes upon SSA treatment and upon SF3b 155 knock down using two different
siRNAs. The diagram represents the overlap of genes displaying changes in overall gene expression
as well as in expression of an alternatively spliced isoform of at least 1.4 fold between methanol- or
SSA-treated cells and between cells treated with control scrambled siRNAs or treated with two different
siRNAs corresponding to SF3b155 (oligos 3 and 5). The overlap between genes affected by SF3b155
knock down using the two siRNAs is 82% (Fischer exact test p value = 0.001). The overlap between
genes affected by SSA and by either of the two siRNAs is 19% (Fischer exact test p value = 0.014),
and the overlap with genes affected by both siRNAs is 12% (Fischer exact test p value = 0.064).
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Fig. I. S8. Differential sensitivity to SSA of U2 s nRNP recruitment to alternative 3’ splice site
regions of the gene DUSP11. Treatment with SSA induces skipping of DUSP11 exon 5. Spliceosome
assembly assays were carried out as in Fig. I. 4A using RNAs corresponding to intron 5 and intron 6 3’
splice site regions of DUSP11 gene, in the absence or presence of SSA (10, 20, 51, 88 and 178 nM).
The complex formed on DUSP11 intron 5 3’ splice site region remains largely resistant to SSA, while
complexes formed on DUSP11 intron 6 3’ splice site region are inhibited by SSA. The pattern of
differential sensitivity is analogous to that observed for RBM5 (Fig. I. 4A).
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Fig. I. S9. SSA decreases crosslinking of SF3b155t o RBMS5 intron 6 and uAS5-dAS6 RNAs. UV
light-induced crosslinking and immunoprecipitation was performed as in Fig. 1F using radioactively
labeled RNAs from RBMS5 intron 6 3’ splice site region or a mutant derivative (UAS5-dAS6) in which the
upstream anchoring site (UAS) (Fig. I. 4B) was replaced by the equivalent sequence in RBM5 intron 5
3’ splice site region, using the indicated antibodies against U2 snRNP components and U2AF65. As
observed for the AdML 3’ splice site region, SSA reduced crosslinking of SF3b155, while it did not
reduce crosslinking of SF3a 60 or U2AF65. The asterisk indicates a crosslinked protein co-

immunoprecipitated with the anti-SF3a60 antibody, possibly SF3a 66.
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Chapter IlI: Strict 3’ splice site sequence requirem  ents for U2
snRNP recruitment after U2AF binding underlie a gen  etic defect

leading to autoimmune disease
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Abstract

Pre-mRNA splice site sequences provide unequivocal information for intron excision, yet
consensus splice sites are highly degenerate in higher eukaryotes, suggesting that multiple
sequence arrangements can accurately signal exon/intron boundaries. Here we report that
the 3’ splice site associated with the alternatively spliced exon 6 of the Fas receptor CD95
displays strict sequence requirements and that a mutation that disrupts this particular
sequence arrangement leads to constitutive exon 6 skipping in a patient suffering from
Autoimmune Lymphoproliferative Syndrome (ALPS). Specifically, we find an absolute
requirement for RCAG/G at the 3’ splice site (where R represents purine and / indicates the
intron/exon boundary) and that the balance between exon inclusion and skipping is exquisitely
sensitive to single nucleotide variations in the uridine content of the upstream polypyrimidine
(Py)-tract. Biochemical experiments revealed that the ALPS patient mutation reduces U2
SnRNP recruitment to the 3’ splice site region and that this effect cannot be explained by
decreased interaction with the U2 snRNP Auxiliary Factor U2AF, whose 65 and 35 KDa
subunits recognize the Py-tract and 3’ splice site AG, respectively. The effect of the mutation,
which generates a tandem of two consecutive AG dinucleotides at the 3’ splice site, can be
suppressed by increasing the distance between AGs, mutating the natural 3’ splice site AG or
by increasing the uridine content of the Py-tract. Unexpectedly, the latter requires that uridine
enrichment occurs at a position distal from the 3’ splice site. The suppressive effects of these
additional mutations correlate with increased recruitment of U2 snRNP but not with U2AF
binding, once again suggesting that the strict architecture of Fas intron 5 3’ splice site region
is tuned to regulate alternative exon inclusion through modulation of U2 snRNP assembly
after U2AF binding.

Introduction

Removal of introns from pre-mRNA precursors (pre-mRNA splicing) is a necessary step
for expression of the majority of higher eukaryotic genes (Wahl et al., 2009) and alternative
patterns of intron removal greatly expand the information content of complex genomes (Nilsen
and Graveley, 2010). Three sequence elements help to specify the 3’ end of introns in higher
eukaryotes: the branch point, the 3’ splice site AG and the intervening polypyrimidine (Py)-
tract. The branch point, a virtually invariant adenosine that forms a 2’-5’ phosphodiester bond
with the 5’ end of the intron after the first catalytic step of the splicing reaction, is flanked by
the sequence UACUAAC in budding yeast (A denotes the branch point adenosine) and by the
much more variable consensus YNYURAY in human genes (Y indicates pyrimidine, R purine,
N any nucleotide) (Zhang, 1998). The branch point region is first recognized by the Branch
Point Binding Protein (BBP/SF1) (Berglund et al., 1997; Liu et al., 2001a) and subsequently
through base pairing interactions with U2 snRNA, the RNA component of the U2 snRNP

ribonucleoprotein (Zhuang and Weiner, 1989; Nelson and Green, 1989; Wu and Manley,
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1989). The invariant 3’ terminal AG dinucleotide and the preceding Py-tract are recognized,
respectively, by the 35 and 65 KDa subunits of the U2 snRNP Auxiliary Factor (U2AF), which
assists in the recruitment of U2 snRNP to the branch point region (Zamore et al., 1992; Wu et
al., 1999; Zorio and Blumenthal, 1999; Merendino et al., 1999).

A large variety of sequences fit into this general organization of the intron 3’ end, and
cooperative interactions help to functionally define 3’ splice sites. For example, interaction
between U2AF and BBP/SF1 (Selenko et al., 2003) mutually stabilizes the binding of these
factors to their loosely defined adjacent cognate sites (Berglund et al., 1998). Another
example are stabilizing interactions mediated by arginine-serine-rich (RS) domains, which
support protein-protein interactions as well as interactions between proteins harboring these
domains and double stranded RNA regions (e.g. those resulting from base pairing between
U2 snRNA and the branch site region) (Wu and Maniatis, 1993; Shen et al., 2004; Shen and
Green, 2004; Shen and Green, 2006). Furthermore, the arrangement of protein and RNA
contacts in the initial complex has been proposed to enforce a unique RNA structure in the 3’
splice site that may be critical to trigger subsequent events in the splicing process (Kent et al.,
2003). In addition, proofreading activities exist that ensure proper assembly of splicing factors
in bona fide splice site signals, e.g. allowing the assembly of U2AF on uridine-rich sequences
only if followed by a 3’ splice site AG dinucleotide (Soares et al., 2006).

A third mechanism contributing to splice site identification is the sequential recognition
of the same signal by different factors at different stages of spliceosome assembly or during
the processes leading to catalysis. For example, the 3’ splice site AG dinucleotide is
recognized initially by U2AF35, an interaction that becomes essential for spliceosome
assembly on AG-dependent introns, which are characterized by relatively uridine-poor Py-
tracts that can only weakly recruit U2AF65 in the absence of the U2AF35/AG interaction (Wu
et al.,, 1999). The splicing factor hSlu7 re-structures the spliceosome after the first catalytic
step of the splicing reaction and positions the 3’ splice site AG for engaging in the second
catalytic step over neighboring AG dinucleotides, thus helping to generate properly spliced
MRNA products (Chua and Reed, 1999a, b). Neighboring AGs can however strongly
influence splice site choice, facilitating early interactions with the spliceosome but allowing
other sites to be used during catalysis (Chua and Reed, 2001; Lallena et al., 2002; Lev-Maor
et al., 2003). 3’ splice sites are further recognized by proofreading mechanisms implemented
in budding yeast by the DExXD/H-box ATPase Prp22p that prevent exon ligation in premRNAs
containing mutations in splicing signals, including the 3’ splice site (Mayas et al., 2006).

The Fas / CD95 gene encodes a pro-apoptotic membrane receptor (Strasser et al.,
2009) that has been recently shown to be also required for efficient growth of cancer cells
(Chen et al.,, 2010). An alternatively spliced variant that skips exon 6 lacks the trans-
membrane domain and encodes a soluble, form of the receptor that can be anti-apoptotic

(Cheng et al., 1994). A switch in alternative splicing of exon 6 occurs during T cell activation
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such that the anti-apoptotic form of the receptor is produced during antigen-triggered clonal
amplification, while the pro-apoptotic form contributes to eliminate the expanded cell
population upon completion of the immune response (Liu et al., 1995; Russell, 1995a). Failure
to accomplish this alternative splicing switch is linked with persistent high levels of
lymphocytes in the Ilymph nodes, liver and spleen, which lead to Autoimmune
Lymphoproliferative Syndrome (ALPS) (Roesler et al., 2005). Several splicing factors have
been shown to modulate the levels of Fas exon 6 inclusion or skipping by various molecular
mechanisms, including targeting early events in splice site recognition / exon definition and
modulating splice site pairing after U2 snRNP binding (Forch et al., 2000; Izquierdo et al.,
2005; Corsini et al., 2007; Bonnal et al., 2008).

In this manuscript we have characterized the molecular defect behind a mutation in the
Fas/CD95 gene identified in a patient with ALPS, which leads to constitutive exon 6 skipping.
The results reveal strict sequence requirements at the 3’ splice site and the existence of a

rate-limiting step for exon inclusion in the recruitment of U2 snRNP after U2AF binding.

Results

Strict sequence requirements in the 3’ splice site region of Fas intron 5

It has been previously shown that a C to G mutation at position —3 of the 3’ splice site of
Fas intron 5 correlates with increased exon 6 skipping in activated T and B cells derived from
a patient suffering from Autoimmune Lymphoproliferative Syndrome (ALPS) (Roesler et al.,
2005). Because this mutation generates a tandem duplication of the 3’ splice site AG
dinucleotide, the mutant will be described hereafter as “AG”. To confirm that the splicing
defect can be exclusively attributed to this mutation and also to evaluate the possibility of a
cell type-specific contribution, HelLa cells were transfected with wild type and mutant
minigenes containing Fas genomic region from exon 5 to 7 under a CMV promoter. After RNA
isolation, the pattern of Fas splicing was analyzed by semi-quantitative RT-PCR using vector-
specific primers. As observed in ALPS patient’s cells, the mutation led to a dramatic switch
from preferential exon 6 inclusion to quantitative skipping (Fig. II. 1A).

To test the relative effect of the AG mutation on splicing of each of the introns flanking
exon 6, minigenes containing the genomic regions between exons 5 and 6 (including the 5’
splice site of intron 6, to allow for exon definition effects), or between exons 6 and 7 (including
also the 3’ 68 nucleotides of intron 5 and a deletion of intron 6 (50-1102) known not to affect
Fas splicing or regulation (Izquierdo et al., 2005) were transfected in HeLa cells and RNA was
analyzed as above. The mutation led to detection of only unspliced RNA from intron 5-
containing transcripts, while the efficient splicing of intron 6 was unaffected by the mutation
(Fig. 11.1B). We conclude that the AG mutation leads to exon 6 skipping primarily by inhibiting

splicing of intron 5, without major effects (e.g. through exon definition) on splicing of intron 6.
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To test whether other mutations in the region can also influence exon 6 inclusion, single
point mutations were tested. Mutation of the C at position -3 to U (C-3U) also led to exon
skipping (Fig. Il. 1D, lane 3), indicating that the effect of the ALPS mutation is not necessarily
due to the generation of a tandem of potential 3’ splice sites AG dinucleotides. Mutation of the
A at position —4 to C or U also caused exon skipping (Fig. Il. 1D, lane 4 and data not shown),
while transition to G had only a minor effect (Fig. Il. 1D, lane 5), suggesting that a purine at
this position is necessary for exon inclusion. Mutation of position -5 (U) to G had only minor
effects and, in fact, mutation to C increased exon 6 inclusion (Fig. Il. 1D, lanes 6 and 7).
Mutation of position —6 (C) to another pyrimidine maintained the pattern of preferential exon 6
inclusion, while mutation of this or the C at position 7 to purine residues led to exon 6 skipping
(Fig. 1l. 1D, lanes 8-10). These results suggest that the pyrimidine content of this region is
important for exon 6 inclusion. Consistent with this, mutation of A to U at position —9
increased exon 6 inclusion, while mutation of pyrimidines to purines at positions -10 to -12
significantly increased exon 6 skipping (Fig. Il. 1D, lanes 11-15). Finally, mutation of the G at
exon 6 position +1 also led to quantitative exon skipping, while mutation of position +2 did not
(Fig. Il. 1E). We conclude that Fas exon 6 inclusion depends on the consensus RCAG/G at
the 3’ splice site (R designates a purine; / indicates the intron/exon boundary) and that the
balance between exon inclusion and skipping is finely tuned by single nucleotide differences
in the pyrimidine content of the upstream sequence.

Consistent with this notion, regeneration of precisely the RCAG/G consensus around
the original AG mutation led to complete reversion of the effect of the mutant and to the use of

the newly generated AG as the 3’ splice site (Fig. Il. 1F, lanes 1-5 and data not shown).

The AG mutant inhibits intron 5 splicing in vitro a nd prevents pre-spliceosomal A
complex formation

To investigate the molecular mechanism by which the AG mutant causes inhibition of
intron 5 splicing, in vitro splicing assays were carried out using HelLa nuclear extracts and in
vitro transcribed RNAs corresponding to wild type and AG mutant Fas pre-mRNA sequences
from exon 5 to nucleotide +25 of intron 6. Although the difference was not as dramatic as in
minigene-transfected cells, the splicing efficiency of the AG mutant was significantly lower
than that of the wild type. This was the case for the accumulation of products of the first
catalytic step (lariat intermediate) at early time points as well as for the accumulation of
products of the second catalytic step (lariat and spliced products) at later time points (Fig. Il.
2A).

Next we analyzed the step of the spliceosome assembly pathway at which the AG
mutant RNA was inhibited. Lower levels of the ATP-dependent pre-spliceosome A and
spliceosome B/C complexes were assembled on the AG mutant compared to the wild type
RNA, starting at early incubation time points (Fig. Il. 2B). Similar results were obtained using

RNAs spanning the 3’ 68 nucleotides of intron 5, exon 6 and the 5’ 25 nucleotides of intron 6,
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which assemble an ATP-dependent A3’ complex (Fig. Il. 2C), indicating that the effect of the
AG mutant does not require the presence of an upstream 5’ splice site. The same RNAs were
used to monitor the interaction of U1l and U2 snRNAs with the 5" and 3’ splice site sequences
flanking exon 6 using psoralen-mediated UV crosslinking (Wassarman and Steitz, 1992), as
previously described (lzquierdo et al., 2005). The results of Figure Il 2D show that the AG
mutation did not cause significant changes in Ul crosslinking, while crosslinking of U2 was
substantially decreased. We conclude that the ALPS-causing mutation reduces the interaction

of U2 snRNP with Fas intron 5 3’ splice region.

Initial U2AF recruitment is not affected in the AG mutant

Next we tested whether the decrease in U2 snRNP recruitment in the AG mutant could
be due to decreased binding of U2AF using short wavelength ultraviolet light-mediated
crosslinking and immunoprecipitation with specific antibodies (Gama-Carvalho et al., 1997).
Interestingly, at early times of incubation (5 minutes), when clear differences in A complex
formation between the wild type and mutant AG are observed (Figs. Il. 2B, 2C), no significant
differences in U2AF65 crosslinking could be detected (Fig. Il. 3A, lanes 1-2). Interestingly,
U2AF65 crosslinking to the wild type RNA was higher than to the mutant AG at later
incubation times (lanes 3-6). These observations suggest that the AG mutation reduces the
stability (e.g. by accelerating the dissociation) of U2AF65 interaction with the pre-mRNA.

Interaction of U2AF35 with the pre-mRNA was also analyzed using 32P-guanidine-
labeled transcripts, to improve the sensitivity of detection of the U2AF35 / 3’ splice site AG
interaction. Figure 3B shows that neither the levels of U2AF35 crosslinking nor the levels of
crosslinked U2AF65 co-immunoprecipitated with U2AF35 were lower for the AG mutant than
for the wild type RNA at 5 minutes of incubation, while they were slightly decreased at 15
minutes, as observed in Figure 3A for U2AF65.

We conclude that reduced levels of U2 snRNP recruitment in the AG mutant do not
correlate with reduced levels of U2AF heterodimer crosslinking to the pre-mRNA.
Interestingly, reduced crosslinking of U2AF65 was observed, even at early incubation times,
for other two mutants (C-3U and A-4C) (Fig. Il. 3C) which also led to exon 6 skipping in
transfection assays, suggesting that reduced U2AF recruitment contributes to the splicing
defect in these mutants.

To further explore the relationship between U2AF recruitment and the effect of the AG
mutation, two additional mutants were tested. Previous work showed that increasing the
complementarity between Ul snRNA and the 5’ splice site site of intron 6 enhances exon 6
inclusion through exon definition effects that enhance U2AF65 binding to the Py-tract
(Izquierdo et al., 2005). These bridging interactions could be prevented by the function of the
splicing repressor PTB acting from a silencer sequence located in the central region of exon 6
(Izquierdo et al., 2005). Improving the strength of intron 6 5’ splice site (U1 comp) or mutating

the PTB binding site in the exonic silencer (m0) increased exon 6 inclusion (Fig. Il. 3D,
-97-



RESULTS

compare lanes 1 and 3 and data not shown). Neither of these mutations, however, increased
exon 6 inclusion in the context of the AG mutant (Fig. Il. 3D, lanes 4 and 8). These results are
once again consistent with the notion that U2AF binding is not the rate-limiting step leading to
exon 6 skipping in the AG mutant.

Suppressing the effects of the AG mutation

Previous studies have shown that the relative use of neighboring 3’ acceptor AGs
depends upon their relative distance to the branch point and to each other (Chua and Reed,
2001; Lev-Maor et al., 2003). To determine whether these effects were relevant in the case of
the AG mutant, the distance between AGs was increased up to five nucleotides. Introducing
one, two or three nucleotides did not prevent complete exon 6 skipping (Fig. 1. 4A, lanes 1-5).
Introducing four or five nucleotides, however, led to exon inclusion levels similar to those of
the wild type RNA (lanes 6-8), resulting in the use of the proximal 5 acceptor site (as
determined by sequencing of the cDNA products, data not shown). These distance effects
were observed with different intervening sequences (lanes 1-8). The presence of a
downstream acceptor AG plays a role in inhibition, because mutation of the 3' AG partially
relieved exon 6 skipping (compare lane 11 with lane 4), while it did not promote exon
inclusion in a transcript where the more distal AG did not display an inhibitory effect (compare
lane 10 with lane 6). These observations indicate that the presence of a distal acceptor 3’
splice site less than four nucleotides from the proximal AG contributes to the inhibition of exon
6 inclusion in the AG mutant.

Next, we evaluated the contribution of the strength and configuration of the Py-tract on
the effect of the AG mutation (Fig. Il. 4B). Inserting 8 uridines and 3 cytidines upstream of the
AGAG sequence led to a modest increase in exon 6 inclusion (Fig. Il. 4C, lane 5). Insertion of
9 or 10 uridines, however, led to gquantitative exon inclusion (lanes 3-4), revealing the
remarkable effect of a single additional uridine for activation of the mutant AG as a 3’ acceptor
site.

Because insertion of 10 nucleotides at the Py-tract could alter 3’ splice site recognition
by increasing the distance between the branch point and the 3’ splice site, substitution
mutants in the Py-tract were also generated (Fig. Il. 4B). Substantial levels of exon 6 inclusion
were observed in constructs containing 6 (but not 4) contiguous uridines (Fig. Il. 4D, lanes 1-
5). Interestingly, however, the position of the 6 uridines was functionally important because a
6 uridine stretch located just upstream of the 3’ splice site AG was not able to promote exon 6
inclusion, while the same length uridine stretch located further upstream induced predominant
exon inclusion (Fig. Il. 4D, lanes 5-7).

To investigate the molecular mechanisms behind the effects of these mutations,
spliceosome assembly, psoralen-mediated RNA/RNA crosslinking and U2AF65
crosslinking/immunoprecipitation assays were carried out using radioactively labeled RNAs as

in Figure 3. A good correlation was found between A 3' complex assembly, U2 snRNA

-08-



CHAPTER I

psoralen-mediated crosslinking and exon 6 inclusion (compare Figs. Il. 4A, D, E and F).
Specifically, wild type Fas showed similar U2 snRNP assembly and U2 snRNA crosslinking
that mutants AG6 (AGs separated out by 4 nucleotides) and U6C4U (6 uridine stretch at a
distal position from the upstream AG) (Fig. Il. 4E, lanes 1-2, 5-8 and Fig. Il. 4F, lanes 1, 3 and
5) consistent with preferential inclusion of exon 6 observed upon transient transfection of
constructs harboring these mutations (Figs. Il. 4A and D). Conversely, reduced levels of U2
snRNP assembly and U2 snRNA crosslinking were detected for the AG and the UGC4U6 (6
uridine stretch proximal to the upstream AG) mutants (Fig. Il. 4E, lanes 3-4, 9-10 and Fig. Il.
4F, lanes 2 and 4), consistent with preferential exon 6 skipping observed in transient
transfection assays (Fig. II. 4D).

Finally, we monitored the interaction of U2AF65 with the Py-tract at 5 and 15 minutes by
UV-mediated crosslinking followed by U2AF65 immunoprecipitation. At 5 minutes, U2AF65
crosslinked efficiently with the WT, AG, AG6 and U6C4U RNAs. The interaction decreased in
the AG mutant at 15 minutes, while it was maintained or even increased at this time point with
WT, AG6 and U6C4U (Fig. Il. 4G, lanes 1 to 4). In contrast, the UGC4U6 mutant, which
displayed exon 6 skipping and reduced complex A assembly in vitro, showed reduced
U2AF65 crossliking at either time point (Fig. Il. 4G, lanes 5).

We conclude that the splicing defect generated by the AG (C-3G) mutation can be
relieved by increasing the distance between the newly formed AG dinucleotide and the natural
3’ splice site AG, by mutating the natural 3’ splice site or by increasing the strength of the Py-
tract. The latter can be achieved with a Py-tract of 6 or more consecutive uridines located not
immediately upstream of the 3’ splice site. The results also show that while decreased
U2AF65 interaction can be correlated with decreased binding of U2 snRNP to the 3’ splice
site region of intron 5 (e.g. mutant UGC4U®6), decreased exon 6 inclusion in the ALPS
mutation cannot be explained by decreased interaction with U2AF65, but rather by a defect in
U2 snRNP recruitment subsequent to U2AF65 binding.

Discussion

The consensus 3’ splice site in human introns is NYAG/R (N=any nucleotide,
Y=pyrimidine , R=purine, /=intron-exon boundary) (Zhang, 1998). Our results show that the
function of the 3’ splice site of Fas intron 5, and consequently inclusion of the alternatively
spliced exon 6, requires the sequence RCAG/G (Fig. Il. 1), which differs from the general
consensus (Zhang, 1998) in several important features. First, a purine is required at position -
4, while no clear nucleotide preference can be found at this position for the bulk of 3’ splice
sites. Second, a cytidine is strictly required at position -3, while uridine can be found at this
position in up to 37% of human 3’ splice sites. Third, guanidine cannot be replaced by
adenine at position +1, while adenine can be found in up to 26% of human sites. The

consensus CAG/G emerged as the high affinity site selected by the U2AF 35 KDa subunit in
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iterative binding selection experiments using the U2AF65-U2AF35 heterodimer (Wu et al.,
1999). It is therefore conceivable that the strict sequence requirements at positions -3 and +1
reflect the need for tight U2AF35 binding in Fas intron 5 3’ splice site activation. While some
of the mutants breaking the RCAG/G consensus decreased U2AF65 crosslinking, no
differences in U2AF35 crosslinking were observed between wild type and AG mutant RNASs in
nuclear extracts (Fig. Il. 3B). This could reflect a limitation of the crosslinking assay, but also
that other factor(s) specifically involved in recognition of this 3’ splice site display exact
sequence requirements for positions -3, +1 (and perhaps also for the uncharacteristic need of
a purine at position -4). Biochemical experiments using site-specifically radioactively labeled
RNAs as well as RNA affinity chromatography, however, failed to reveal factors that
differentially interact with the wild type and AG mutant 3’ splice sites (data not shown).

While U2AF65 crosslinking was similar to wild type and AG mutant at early time points
(when differences in spliceosome assembly were already obvious), crosslinking signals were
lower for the AG mutant at later times (Fig. 1. 3A). This may reflect higher off rates of U2AF
binding in the mutant or —intriguingly— the existence of a proofreading activity that displaces
more readily U2AF from the mutant RNA after the initial steps of spliceosome assembly. In
this regard, the protein DEK proofreads interactions of U2AF with the Py-tract RNAs followed
by a bona fide 3’ splice site AG (Soares et al., 2006).

Alternatively, other aspects of U2AF35 or U2AF65 activities leading to U2 snRNP
recruitment may display strict 3’ splice site sequence requirements in the context of Fas intron
5. Two non-mutually exclusive mechanisms have been proposed for how U2AF promotes the
recruitment of U2 snRNP. Upon recognition of the Py-tract by U2AF65, its RS domain is
positioned in the vicinity of the branch point region and promotes base pairing between this
region and the branch point recognition site in U2 snRNA (Valcarcel et al., 1996). An
interaction between the carboxy-terminal U2AF Homology Domain (UHM) of U2AF65 and the
U2 snRNP protein SF3b155 can also contribute to U2 snRNP recruitment (Gozani et al.,
1998). It is therefore conceivable that even though similar U2AF binding occurs on the wild
type and on the AG mutant 3’ splice site region, the architecture of the complex formed
(including conformational changes in the U2AF subunits induced upon RNA binding) differs in
the mutant such that proper positioning of the RS domain near the branch point region, or
proper interaction of the UHM domain with SF3b155, cannot occur. The observation that
rescue of the effect of the AG mutant by increased uridine content in the Py-tract requires at
least six uridines positioned not immediately upstream from the 3’ splice site is consistent with
the requirement of a special RNP structure for activation of intron 5 3’ splice site. Consistent
with the notion of 3’ splice site architectures highly sensitive to mutation, in vivo evidence has
been reported in C. elegans that single nucleotide variations can have profound effects in 3’

splice site selection (Ma and Horvitz, 2009).

-100-



CHAPTER I

Although similar effects are induced by the AG mutation and by other mutants in the
RCAG/G consensus, the generation of a new potential 3’ splice site is relevant for the splicing
defect observed in the ALPS-causing mutation. The newly generated AG dinucleotide can be
engaged in splicing reactions when the distance with the natural AG is increased by 4 or more
nucleotides or when the natural site is mutated (Fig. Il. 4), indicating that the natural 3’ splice
site prevents use of the newly created 3’ splice site. This is another peculiarity of intron 5 3’
splice site region, because tandem AG dinucleotide arrangements do not necessarily result in
exon skipping but rather in activation of the mutant AG for splicing (as is the case of the
hemophilia-causing mutation transmitted in certain European royal families (Rogaev et al.,
2009). In addition, NAGNAG acceptors are very common in genes from a variety or
organisms from land plants to humans (Hiller et al., 2004; Schindler et al., 2008). Although the
use of the alternative NAGNAG sites (known as 3’ splice junction wobbling) has been argued
to be stochastic (Chern et al., 2006; Sinha et al., 2009), evidence exists for functional effects
of the single amino acid differences generated by the use of the alternative acceptors (Tsai et
al., 2008) and for arrangements of regulatory sequences at these regions (Tsai et al., 2007;
Akerman and Mandel-Gutfreund, 2006).

The splicing factor hSlu7 is thought to contribute to the reorganization of the
spliceosome between the first and second catalytic steps of the splicing reaction and play a
role in holding the free 2° OH of the released upstream exon near the 3’ splice site AG to allow
exon ligation (Chua and Reed, 1999b). In the absence of the fidelity function of hSlu7, other
neighboring AGs become activated and used for splicing (Chua and Reed, 1999b).
Knockdown of hSlu7 failed however to affect wobble splicing choices (Tsai et al., 2010) and
also failed to relieve the inhibitory effect of the AG mutant (data not shown).

Another factor that can play a role in the selection between alternative AGs is SPF45
(Lallena et al., 2002). SPF45 regulates alternative splicing of Fas exon 6, an activity that
requires interactions between SPF45 and U2AF65, SF1/BBP and SF3b155 (Corsini et al.,
2007). Knockdown of SPF45 (as well as knockdown of a variety of other RNA binding
proteins) failed however to promote exon inclusion in the mutant AG (unpublished results).

A variety of other factors regulate Fas alternative splicing, including TIA-1, PTB and
RBM5. TIA-1 promotes exon inclusion by facilitating U1 snRNP recruitment to the 5’ splice
site of intron 6 and exon definition, while PTB causes exon skipping by binding to an exonic
silencer motif and interfering with exon definition (Forch et al., 2000; Izquierdo et al., 2005).
The target of these regulators through the exon definition process is U2AF binding to intron 5
3’ splice site, therefore making them unlikely contributors to the splicing defect caused by the
AG mutant, which is also consistent with the results of the mutational analysis of Figure 3D.
RBMS5 regulates exon 6 skipping by blocking splice site pairing after U2 snRNP binding, at the
time of U4/5/6 assembly (Bonnal et al., 2008), an activity that therefore operates after the step

blocked in the AG mutant.
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Our mutational analyses show that regulation of U2 snRNP recruitment after U2AF
binding can very significantly alter the balance between exon inclusion and skipping, opening
the possibility that yet to be identified regulators of Fas exon 6 splicing target this important
step. More generally, our results reveal that the particular configuration of sequences at this 3’
splice site is delicately tuned, being very sensitive to nucleotide replacement and positional
effects. This is in contrast with the apparent flexible sequence requirements suggested by
loose consensus sequences derived from comparison of a large number of 3’ splice site
regions. For example, a genome-wide study in fission yeast revealed a wide array of
sequence arrangements at 3’ splice sites, ranging from conventional position of the Py-tract to
functional Py-tracts located 5 of the branch point to 3’ splice site regions lacking any
dectectable Py-tract (Sridharan and Singh, 2007). Consistent with the standard function of
U2AF, the same study reported variable dependence of U2AF large subunit for intron
removal.

Collectively, these considerations suggest, on one hand, that the specific RNP
architecture of particular 3’ splice site regions can be finely adjusted and therefore be very
sensitive to mutation, an observation relevant for splicing regulation as well as for ALPS and a
variety of other genetic diseases caused by splicing defects (Buratti et al., 2006). On the other
hand, they suggest that a variety of sequences, factors and regulatory steps can contribute to

3’ splice site recognition through mechanisms that for the most part remain to be understood.

Materials and Methods

Plasmid mutagenesis

Mutants were generated by polymerase chain reaction (PCR)-based site-directed
mutagenesis of the expression vector containing human Fas genomic sequences as
described (Forch et al., 2000) using primers carrying the desired mutation, 2,5 units TagPlus
Precision Polymerase (Stratagene) and 26 amplification cycles (94C for 1 min, 56T for 1
min, and 72T for 7 min). PCR products were purifie d (PCR purification kit, Qiagen), digested
with 20 units of Dpnl (New England BioLabs) and treated with 5 units of T4 DNA polymerase
(Fermentas). After precipitation, ligation was carried out with 400 units of T4 DNA ligase (New
England BioLabs) and transformed into heat shock-or electro-competent XL1-Blue cells. All

the mutants were confirmed by sequencing.

DNA transfections, RNA purification and analysis

Exponentially growing HelLa cells grown in Dulbecco’s Modified Eagle’'s Medium
(DMEM), 10% FCS (fetal calf serum) and 1% penicillin/streptomycin, were transfected at 50%
confluence (5 x 10° cells) with 0,2 pg of plasmid DNA using ExGen 500 (Fermentas) or
Fugene (Roche) following the manufacturer’s instructions for adherent cell lines. Cells were

incubated 24 h before RNA purification and total RNA was isolated using RNeasy kit
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(Qiagen). Reverse transcription-PCR was carried out as described (Forch et al, 2000). Briefly,
reverse transcription was performed using 1 pg of DNase-treated total RNA and the PT2
minigene-specific primer (5'-aagcttgcatcgaatcagtag-3’) for 1 h at 42C. Semi-quantitative PCR
was then performed using GoTagq DNA polymerase (Promega) and 24 amplification cycles
(93 for 1 min, 60T for 45 seconds, and 72 for 1 min) using oligonucleotides PT1 (5'-
gtcgacgacacttgctcaac-3') and PT2. PCR products were analyzed by electrophoresis in 2%

agarose gels.

In vitro transcription of splicing substrates

Transcription templates were generated by PCR from the different plasmids, with a T7
promoter included in the upstream primer. Radiolabeled pre-mRNAs were transcribed by
using approximately 1 pg of template DNA in 25 pul transcription reactions containing final
concentrations of 40 mM Tris-HCI, pH 7.9, 10 mM NaCl, 6 mM MgCIZ, 2 mM spermidine, 0.8

mM dithiothreitol, 0.5 mM ATP, CTP and GTP,

32
0.05 mM UTP, 30 uCi [a- PJUTP, and 60 units of T7 or 42 units of SP6 RNA
polymerases (Promega), for 2 hour at 37°C. The transcripts were isolated by gel purification

followed by phenol/choloroform/isoamylalcohol (25:24:1) extraction and ethanol precipitation.

In vitro splicing and spliceosome assembly assays
Body radiolabeled RNA (10 fmols) was incubated with 33% of HelLa cells nuclear
extract, 3,3% Polyvynil Alcohol, 1 mM ATP, 2,7 mM MgCl,, 20 mM creatine phosphate, 4

units of RNasin (Promega), up to 9 pl with buffer D, 0.1 M KCI, 1 mM DTT at 30 for the
indicated time points. For in vitro splicing assays, the reaction was stopped by treating for 20
minutes at 65C with proteinase K. The RNAs were isolated by
phenol/choloroform/isoamylalcohol (25:24:1), ethanol precipitated and loaded on 13%
denaturing polyacrylamide gels. Gels were analyzed by exposing directly to Phosphorimager
screens. For spliceosome assembly assays, the reactions were treated with 5 pg/ul of heparin
for 10 min at room temperature and resolved on 4 % acrylamide:bisacrylamide (80:1)-0,5 %
agarose gels in 50 mM Tris base — 50 mM glycine buffer. The gels were dried and exposed to
a Phosphorimager screen. Alternatively, 2.2 pl of 6x DNA loading dye (20 mM Tris-HCI pH
7.5, 0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol) were added to the reaction
after treatment with heparin (5mg/ml) for 10 minutes at room temperature. Mixtures were
resolved either in agarose-polyacrylamide gels or in 1.5% low melting agarose gels (Ecogen)
in 50 mM Tris base — 50 mM glycine buffer. The gels were fixed in 10% methanol — 10%

acetic acid for 10’ at room temperature, dried and exposed to a Phosphorimager screen.

UV cross-linking and immunoprecipitation
32P-labeled RNAs were incubated under in vitro splicing conditions in a total volume of

27 ul. After incubation for 30 min at 30°C, mixtures were irradiated with UV light (254 nm; 0.4
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J). After incubation with 1 mg/ml RNase A at 37°C for 30 min, U2AF65 and U2AF35 were
immunoprecipitated with the MC3 monoclonal antibody hybridoma supernatant (Gama-
Carvalho et al., 1997) and a polyclonal antibody (Zuo and Maniatis, 1996), respectively. After
incubating for 60 min at 4°C, 30 pl of a 50% slurry of protein A/G sepharose beads were
added and the mixture was incubated under rotation for another 60 min. Beads were
sedimented by centrifugation and washed 4 times with 800 pl of high salt buffer (500 mM
NaCl, 50 mM Tris-HCI pH 8.0, 1% NP-40) and once with the same buffer with 100 mM NacCl.
Sedimented beads were resuspended in 4xSDS loading dye, heated at 95°C for 5 minutes,
briefly centrifuged and the supernatant was loaded on 10% SDS-polyacrylamide gels. Gels

were dried and exposed to a Phosphorimager screen.

Psoralen-mediated RNA-RNA crosslinking

Fifteen-microliter splicing reactions containing 80 fmol of 32P-uridine labeled RNAs
were incubated at 30°C for 20’ in the presence of 22.2 pg/ml 4'aminomethyltrioxsalen
hydrochloride (Sigma). The mixture was irradiated with 365 nm wavelength UV light for 10
min. RNAs were then treated with proteinase K, ethanol precipitated and fractionated on a
denaturing 6% polyacrylamide gel. RNase H mediated inactivation of U2 snRNP was
performed as described previously (Merendino et al, 1999) by incubating nuclear extracts with
oligodeoxynucleotides complementary to U2 snRNA (5-CAGATACTACACTTG-3), U1l
SNRNA (5-CTGCCAGGTAAGTAT-3), U4 SNRNA (5-
GGGTATTGGGAAAAGTTTTCAATTAGCAATA-3) and U5 SNRNA (5-
TTAAGACTCAGAGTTGTTCC-3)).
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Figures and figure legends
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Fig. Il. 1. Strict requirement of RCAG/G in Fas int ron 5 3’ splice site. (A) Fas minigenes
encompassing exon 5 to exon 7 carrying the wild type sequence or C to G mutation at position -
3 of intron 5 (referred to as AG because it generates a duplicated AG dinucleotide at the 3’
splice site) found in an ALPS patient, were transfected in HelLa cells. RNA was extracted and
alternative splicing pattern was monitored by reverse transcription followed by semi-quantitative
RT-PCR. The alternatively spliced products were resolved by agarose gel electrophoresis. The
positions of size markers and predicted alternatively spliced products are indicated. (B) Splicing
pattern of wild type and AG minigenes containing single introns. Analyses were as in (A) using
primers appropriate to detect spliced and intron retention products. The vertical line in intron 6
represents a deletion that facilitates the detection of unspliced RNA but that does not affect Fas
splicing or regulation (Izquierdo et al., 2005). (C) Schematic representation of the Fas intron 5 3’
splice site sequence. Numbers indicate the distance from exon 6, which is represented by a
black box. (D) Mutational analysis of intron 5 3’ splice site region. The indicated minigene
mutants were transfected in HelLa cells and the alternative splicing pattern monitored as in (A).
Lanes 1 and 2 correspond to the wild type and and AG minigenes, respectively. (E) Mutational
analysis of exon 6 positions +1 and +2. (F) Reconstructing a ACAGG sequence (underlined)
suppresses the effects of the AG mutant and activates the mutant AG. The indicated 3’ splice
site region mutants were analyzed as in (D). / indicates the original intron/exon boundary. AG in
bold indicates the AG generated by the ALPS mutation.
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Fig. Il. 2. The AG mutant inhibits U2 snRNP recruit ment. (A) Inhibition of pre-mRNA splicing

in vitro by the AG mutant. Uniformly GBZP-UTP labeled RNAs corresponding to wild type (WT) or
AG mutant Fas genomic region between exon 5 and position +25 of intron 6 were incubated
with HelLa cell nuclear extracts under splicing conditions (see Materials and Methods) in the
absence or presence of ATP for 15 and 30 minutes. RNA species were subsequently purified,
and analyzed by electrophoresis in 13% denaturing polyacrylamide gels. The positions of pre-
mMRNA, splicing intermediates and products are indicated. (B) Spliceosome assembly assays
corresponding to in vitro splicing mixes as in (A) incubated for the indicated times and treated
with 5 mg/ml of heparin for 10’ at room temperature prior to complex analysis by native agarose-
polyacrylamide gel electrophoresis. The positions of heterogeneous nuclear RNP (H), A, B and
C complexes are shown. (C) Spliceosome assembly analysis of WT or AG RNAs corresponding
to exon 6, the 3’ 68 nucleotides of intron 5 and the 5’ 25 nucleotides of intron 6. Analysis were
as in (B) except that electrophoresis was carried out in 1.5% low melting point agarose gels.
The identities of the complexes are indicated. (D) Psoralen-mediated crosslinking to detect base
pairing interactions between Ul and U2 snRNAs with WT or AG exon 6 splice sites. Splicing
mixes as in (C) in the presence of psoralen (22.2 mg/ml), using mock-treated HelLa cell nuclear
extracts or extracts in which U1, U2, U4 or U5 snRNAs were inactivated by RNase H-mediated
digestion. The reactions were incubated for 20" at 30°C and irradiated with long-wave UV light.
RNA was isolated and analyzed by electrophoresis in denaturing 6% polyacrylamide gels. The
positions of the free RNA and the U1/RNA and U2/RNA crosslinked species are indicated.
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Fig. II. 3.
The AG mutation does not inhibit initial recognition of the 3'ss by the U2AF heterodimer. (A)
Crosslinking-immunoprecipitation of U2AF65 to assess binding to wild type and AG mutant
RNAs. 32P-uridine-labeled wild type and AG RNAs comprising the 3' 68 nucleotides of intron 5,
exon 6, and 5’ 25 nucleotides of intron 6 were incubated with nuclear extracts under splicing
conditions for the indicated times. After UV irradiation and RNAse treatment, U2AF65 was
immunoprecipitated using the MC3 monoclonal antibody (Gama-Carvalho et al., 1997).
Immunoprecipitated materials were fractionated by sodium-dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis. The position of RNA-crosslinked U2AF65 is indicated. The
ratios of U2AF65 crosslinking to WT versus AG probes (WT/AG) at 5, 15" and 30’ and the
standard deviation (SD) corresponding to four independent experiments are indicated below the
corresponding lanes. (B) U2AF35 crosslinking-immunoprecipitation to wild type and mutant AG.
Assays were carried out as in (A) for the indicated times points using a-32P-guanosine-labeled
RNAs. U2AF35 was immunoprecipitated using a rabbit polyclonal antibody (Zuo and Maniatis,
1996). The positions of the U2AF heterodimer components crosslinked to the RNAs are
indicated. The ratio of U2AF35 crosslinking to wild type versus AG RNAs at 5 and 15 minutes
and the standard deviation (SD) for three independent experiments are indicated below the
corresponding lanes. (C) U2AF65 crosslinking-immunoprecipitation to various 3’ splice site
mutants. Assays were carried out as in (A) with the indicated mutant RNAs. Ratios and standad
deviations correspond to three indpendent experiments. (D) Improving exon definition does not
relieve the effect of the AG mutation. The indicated mutant minigenes were transfected and
RNAs analyzed as in Figure Il. 1. Ulcomp indicates a mutant minigene with enhanced
complementarity between Ul snRNA and the intron 6 5’ splice site (positions -2 and -3 from
the exon 6-intron 6 boundary were mutated to A and C, and positions +7 and +8 in intron 6 were
mutated to A and T). The m0 mutant replaces the uridine-rich PTB-binding silencer in exon 6
(UUUGUCUUCUUCUUUU) by a random sequence (A AUGCACACUCACCAG) (Izquierdo et al,
2005).
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Fig. Il. 4. Suppression of the AG mutation by incre  asing the distance between AGs and

by stronger Py-tracts. (A) AG-AG insertion mutants. Analysis of the indicated mutants were as
in Figure 1. The first ag indicates the position of the AG created by the ALPS mutation, the
second corresponds to the natural intron 5 3’ splice site. Underlined ags are those used when
exon 6 is included (determined by sequencing of the spliced products). (B) The 3'ss sequence
of WT, AG and Py-tract mutants. Mutated/inserted nucleotides are in bold. / indicates the
intron/exon boundary. The box summarizes the conclusion from the results of parts C and D
that at least six uridines are required to promote exon 6 inclusion in the AG mutant. (C) Analysis
of the effects of uridine insertions in the AG mutant, analyzed as in A. (D) Analysis of mutants
showing different arrangements of uridine-rich regions in the Py-tract, analyzed as in A. (E)
Spliceosome assembly analysis of AG-AG insertion and Py-tract mutants, analyzed as in Figure
2C at the indicated times of incubation. (F) Psoralen-mediated crosslinking analysis for
detection of Ul/Fas and U2/Fas base pairing interactions, performed as in Figure Il. 2D with
wild type or the indicated mutant RNAs. (G) U2AF65 crosslinking-immunoprecipitation assays

were carried out as in Figure Il. 2A using wild type or the indicated mutant RNAs.
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Appendix

hSlu7 does not rescue exon 6 inclusion in the AG mu  tant.

hSlu7 is a second step factor thought to be involved in the spliceosome
reorganization in the transition between the first and the second steps of the splicing
reaction (Chua and Reed, 1999b). Moreover, hSLu7 has been described to establish
the AG used as a acceptor site when two neighboring AGs are present (Chua and
Reed, 1999b).

To test if hSlu7 could have a role in the splicing inhibition promoted by Fas intron
5 AG duplication, we either overexpressed or knocked down this protein in HelLa cells
and monitored Fas WT and AG alternative splicing (Fig. 1l. 5). hSlu7 knockdown
promoted Fas WT exon 6 skipping. However, changes in hSlu7 levels failed to relieve
the inhibitory effect of the AG mutation. This result is consistent with our in vitro data

showing that the AG inhibits splicing before the first catalytic step.
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Fig. 1. 5. hSlu7 does not rescue exon 6 inclusion of Fas AG minigene.(A) Fas AG and WT
minigenes were cotransfected with 5 or 10 ug GFP-hSlu7 with ExGen 500 (Fermentas) into
50% confluent HeLa cells. Cytoplasmic RNA was extracted after 48 hours and analyzed by
semi-quantitative RT-PCR. (B) Cells were transfected with Lipofectamine 2000 (Invitrogen)
following the manufacturer’'s protocol with two different siRNAs against hSlu7 (50 pmol/mL
SiRNA) (SiRNA1: 5’-auuguagccauuccaccgaucccu-3’ and SIRNA2: 5'-
auaucuucucgaauccugagauuc-3’) (Invitrogen). After 48 hours, a second round of transfection
was carried out, followed by transfection of the WT and AG minigenes as in Fig. Il. 1A. Samples

were analyzed as described above.

WT and AG RNA oligonucleotides pulldowns do not sho w differential
binding of proteins.

To determine if we could detect proteins binding differentially in the WT or mutant
3'ss, we carried out RNA-affinity chromatography. WT and AG RNA oligonucleotides

encompassing the last 27 nucleotides of intron 5 and the first nucleotide of exon 6 (Fig.
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[I. 5A) were linked to agarose beads and incubated with HeLa nuclear extracts under
splicing conditions. Beads were washed with increasing KCI concentrations with an
elution step prior to every wash and eluted proteins were analyzed by SDS-PAGE
followed by Coomassie-blue staining (Fig. IIl. 6B). We did not detect bands with striking
differences in bands intensity between the WT and the AG oligonucleotides.

A Wr: UAAAAUGUCCAAUGUUCCAACCUACAGG Fig. Il. 6. Analysis
AG: UAAAAUGUCCAAUGUUCCAACCUAGAGG of Proteins Bound

B to Fas WT and AG
Elution (ga:'l; o :m e :m i 8 +4xSDS 3ss by RNA-
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beads or beads alone (-) were incubated with Hela cell nuclear extract under splicing
conditions. Beads were washed three times with the indicated KCI concentrations and eluted
with 80 pl of buffer with the same salt concentration used for the next round of washes, as
described in Materials and Methods. Eluted proteins ere analyzed by SDS-PAGE and
Coomassie-Blue staining. (C) Western blotting analysis to detect specific proteins in the 600
mM KCI elution fractions (WT, AG and -). Nuclear extracts (NE) were used as positive control

for the Western blotting.

However we cut several bands showing slight differences and analyzed them by
mass spectrometry. As suspected, the results did not show any protein with specific
affinity for any of the RNA fragments (data not shown). We performed western blotting
analysis of the eluted fractions at 600 mM KCI using antibodies specific for several
splicing factors and hnRNP proteins (Fig. Il. 6C). Again, we did not observe preferential
binding of these proteins for any RNA oligonucleotide. Although we did detect
interaction of splicing factors, such as U2AF heterodimer, with these RNA fragments, it
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is very likely that the absence of a downstream 5'ss does not allow a proper
recognition of these oligonucleotides as functional 3'ss not allowing the observation of

differences between WT and mutant RNAs.
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Chapter Ill: The proto-oncogene ASF/SF2 promotes th e anti-

apoptotic form of Fas
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Results

The proto-oncogene SF2 regulates Fas alternative sp  licing to promote the
anti-apoptotic isoform

Fas exon 6 codes for the transmembrane domain of the death receptor. Inclusion
of this exon leads to the expression of the membrane-bound form, which can induce
apoptosis upon binding to the Fas ligand (FasL) (Ruberti et al., 1996). On the other
hand, skipping of exon 6 generates a mRNA encoding a soluble form of Fas which is
still able to interact with the ligand but is incapable to transduce the apoptotic signal
into the cell (Cheng et al., 1994; Cascino et al., 1995) (Fig. 10).

Recently, the SR protein SF2 has been classified as a proto-oncogene (Karni et
al., 2007). High levels of SF2 have been observed in various human tumors, and
mouse fibroblasts slightly overexpressing this factor were able to form sarcomas in
nude mice, revealing the tumorigenic activity of this SR protein (Karni et al., 2007).

To determine if SF2 promotes the generation of the anti-apoptotic form of Fas by
causing exon 6 skipping which could contribute to SF2 proto-oncogenic activity, we
performed siRNA-mediated knockdown of SF2 and monitored changes in alternative
splicing of a Fas minigene, encompassing Fas genomic sequence from exon 5 to 7,
with a single point mutation at intron 5 pY tract (Fas C-11A), which shows a high
degree of exon 6 skipping, thus allowing the detection of a positive effect on exon 6
inclusion (Fig. 1l.1A). Interestingly, SF2 knockdown led to increased levels of exon 6
inclusion, indicating that this SR protein does promote the generation of the anti-

apoptotic form of Fas.

A B
M__sar SP2 siRNA o 2 M. Fig. Il 1. SR and hnRNP proteins affect
2001 ooy - differentially Fas exon 6 inclusion.(A)  Hela cells
- - =S
were treated with 50 pmol/mL of SF2 siRNA or
C GFP T7-5F2 _ Protein control siRNAs (scr) for 72 h and cytoplasmic RNA
o S ® ; P T
" P W N & Wr S Fas analyzed by semi-quantitative RT-PCR. * indicates
200 — |G an unspecific amplification product. (B) Protein
R "~
1001 T | levels of SF2 knockdown were measured by

western blotting using antibodies against SF2 and U2AF65. (C) Effect of SF2 overexpression on

alternative splicing of endogenous Fas and Fas WT and C-11A minigenes, analyzed as in (A).

To further study the effect of SF2 in Fas exon 6 inclusion, we monitored the effect

of overexpressing SF2 on this alternative splicing event in either the endogenous gene
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or cotransfecting with WT or C-11A minigenes. Consistent with the knockdown data,
SF2 overexpression led to Fas exon 6 skipping in all the cases (Fig. 111.1C).

The fact that SF2 induces the anti-apoptotic form of the Fas receptor might be
one of the mechanisms by which SF2-overexpressing tumor cells escape apoptosis.

SF2 RRM2 is necessary and sufficient to promote Fas exon 6 skipping

SR proteins are characterized by a modular structure containing one or two RNA
recognition motifs (RRM) and a C-terminal serine/arginine-rich (RS) domain. SF2
contains a N-terminal canonical RRM, while the second RRM lacks crucial residues in
the RNP1 and RNP2 residues required for RNA binding. Moreover, SF2 RRM2 binds
RNA through a tryptophan within a conserved SWQLKD motif in helix al and several
amino acids present in strand 2 and a histidine on loop 5 (Tintaru et al., 2007), while
canonical RRMs bind RNA through the central strands of the 3-sheet (e. g. f1 and 33).

A Name Structure Fig. lll. 2. Role of SF2

structural domains in Fas

SF2 i .
exon 6 alternative splicing

SF2 ARRM1 regulation.(A) Structures of
SF2 ARRM2 the SF2 domain-deletion
mutants  (Caceres  and

Krainer, 1993). RRM, RNA

SF2 ARS

SF2 RRM2
recognition motif; WRRM,

pseudo-RRM (RRM2); RS,
RS domain; G, Glycine

SF2RS

patch (B) HelLa cells were

co-transfected with  T7-
tagged SF2 domain-deletion

mutants and Fas WT

minigene. Cytoplasmic RNA

] C _GE’ FL R_RM_2 i T75F2 - \vas analyzed after 48 h by
— — — == BB gemj-quantitative  RT-PCR.
il

- s e

WBaT7

Levels of SF2 mutants

overexpression were monitored by western blotting against the T7-tag. * and ** indicate an
unspecific band and an unidentified amplified product (C) SF2 single domains (RRM2 or RS

domain) were co-transfected with Fas WT minigene and the RNA analyzed as in (B).

To determine which are the SF2 structural requirements to cause exon 6
skipping, we co-transfected either Fas WT or Fas C-10A -which shows a high degree

of skipping- minigenes with T7-tagged SF2 deletion mutants (Caceres et al.,
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1997) (Fig. lll. 2). As full length (FL) SF2, SF2 deletion mutants missing either RRM1
or the RS domain not only were still able to promote exon 6 skipping, but their activity
appeared to be enhanced. On the other hand, a construct lacking the non-canonical
RRM2 did not affect Fas splicing pattern (Fig. Ill. 2A).

To further explore the role of SF2 domains, we co-transfected Fas WT with either
the RRM2 or the RS domains. Consistently, RRM2 alone was still able to cause exon 6
skipping, while the RS domain alone did not quantitatively change the
inclusion/skipping ratio (Fig. Ill. 2B), indicating that the RRM2 of SF2 is necessary and

sufficient to promote exon 6 skipping in these co-transfection assays.
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Fig. lll. 3. SR proteins have antagonistic effects on Fas exon 6 alternative splicing.(A)

SRp40 and SRp30c cloned in the pCG T7 vector were overexpressed and Fas WT minigene
splicing pattern analyzed as in Fig. lll. 2B. Transfected SR proteins expression levels were
monitored by western blotting against the T7-tag. Tubulin western blotting as a loading control is
shown. (B) SRp40 full length (FL) and DRS domain were transfected with Fas WT and Fas C-
10A minigenes. Cytoplasmic RNA and SRp40 overexpression levels were analyzed as in (A).
(C) Knockdown of endogenous SRp40 was carried out by transfecting HeLa cells with a SRp40-
specific siRNA (5- CCCGUUCCCGUAGUCGCAAAUCUUA-3"). 48 h later Fas WT minigene
was transfected and total RNA extracted after 24 h. Fas alternative splicing was monitored by
RT-PCR. The levels of SRp40 knockdown were analyzed by western blotting using an antibody
against SRp40 (kind gift of D. R. Cooper) (Patel et al., 2005). (D) T7-tagged second RRMs of
SF2, SRp30c and SRp40 were co-transfected with Fas WT minigene. Fas alternative splicing
pattern was monitored as in (A). Overexpressed protein levels were analyzed by western

blotting against the T7 tag. Tubulin western blotting is used as a loading control.
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To test if other SR proteins containing two RRMs can induce exon 6 skipping, we
co-transfected full length SF2, SRp40 or SRp30c together with Fas WT minigene. The
latter showed similar effects on Fas alternative splicing than SF2, while SRp40
promoted exon 6 inclusion, indicating that SR proteins have antagonistic effects on this
alternative splicing event (Fig. lll. 3A). SRp40 RS domain was necessary to observe
this effect in either Fas WT or C-10A minigenes (Fig. lll. 3B) while knockdown of this
protein led to exon 6 skipping (Fig. lll. 3C).

To further study the role of non-canonical RRMs on exon 6 inclusion, we cloned
both SRp40 and SRp30c second RRMs on the pCG T7 vector, as SF2 RRM2, and
analyzed their effects on Fas WT minigene. Similarly to SF2 RRM2, SRp30c RRM2,
even at very low levels of expression, was sufficient to promote exon 6 skipping while
SRp40 pseudo-RRM had no effect on the inclusion of this exon (Fig. Ill. 3D).

The similar effects of both SF2 and SRp30c second RRMs are in agreement with
the high level of similarity between these domains, evaluated by multiple sequence
alignment of different pseudo-RRMs using the CLUSTALW  software
(http://lwww.ebi.ac.uk/Tools/clustalw2/index.html) (Fig. Ill. 4A). In contrast, SRp40
RRM2 was more divergent, consistent with the lack of activity of this domain by itself.

Differences in the primary sequence of a protein can lead to subtle changes in
the polypeptide folding and, consequently, to changes in RRM-protein and/or RRM-
RNA interactions. To determine structural differences between SRp40 and
SF2/SRp30c second RRMs, we modeled both SRp40 and SRp30c second RRMs
using the SF2 RRM2 structure (pdb: 203d, (Tintaru et al., 2007) as the template and
the SWISS-MODEL tool (http://swissmodel.expasy.org) and aligned them using
MultiProt (http://bioinfo3d.cs.tau.ac.il/MultiProt/) (Shatsky et al., 2004) (Fig. Ill. 4B). As
expected, the main differences between SRp40 and SF2/SRp30c were located in the
unstructured regions (e. g. loops) of the RRM fold. For example, the loops between [32-
B3 and (33'- 33" had different length and charge. We then generated chimeras of SF2
and SRp40 pseudo-RRMs to find out if the loops were playing a role in SF2-mediated
Fas exon 6 skipping (Fig. Ill. 4C). While replacement of SF2 loops by SRp40 loops led
to a loss of function of SF2 RRM2, the converse mutants did not produce a SRp40
RRM2 variant that could induce exon 6 skipping (Fig. Ill. 4D). Moreover, loop | mutants
(LI) accumulated at low amounts, possibly due to reduced stability of the chimeric
protein. These data suggest that all the loops in SF2 RRM2 are required to cause exon
6 skipping but individually they are not able to confer this activity to another pseudo-
RRM.
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Fig. 1ll. 4. Multiple sequences in SF2 are required for Fas alternative splicing

regulation.(A) SF2, SRp30c and SRp40 RRMZ2 aminoacid sequences were aligned using
CLUSTALW. Filled and open circles point to residues in SF2 directly involved or not involved in
RNA binding, respectively (Tintaru et al., 2007). “*” indicates that the residue is conserved. “:”
and “” mean that conserved and semi-conserved substitutions have been observed,
respectively. Yellow boxes and blue arrows indicate that aminoacids in those columns are
located in a-helixes or b-strands, respectively. (B) Structure alignment of SF2 RRM2 (blue)
(pdb: 203d) (Tintaru et al., 2007) and the modeled SRp30c (yellow) and SRp40 (grey) pseudo-
RRMs. (C) Table with the aminoacid sequences of loops 1 (L1), 3 (L3) and 5 (L5) of SF2 and
SRp40. (D) Two increasing amounts of SF2-SRp40 chimeric RRMs were co-transfected with
Fas WT minigene and the RNA analyzed as in Fig. lll. 1A. The levels of overexpression were
monitored by T7-tag western blotting, using tubulin as loading control. (E) SF2 ARRM1 and
RRM2 WT or with the mutated SWQDLKD domain were overexpressed and analyzed the effect

on Fas minigene alternative splicing.
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We also generated a mutant of SF2 RRM2 SWQDLKD motif and analyzed its
ability to promote Fas exon 6 skipping. This motif is present in a-helixl and can be
found in the second RRM of all the two RRM-containing SR proteins. This motif has
been described to be required for binding to RNA (Tintaru et al., 2007), recruitment of
SF2 to the nuclear stress bodies upon heat shock (Chiodi et al., 2004), SF2-mediated
translation enhancement (Sanford et al., 2004) and regulation (Sun et al., 2010), and
SF2-mediated alternative 5'ss selection (Dauksaite and Akusjarvi, 2004) and splicing
repression (Dauksaite and Akusjarvi, 2002). Consistent with its important role in
several SF2 activities, upon mutation of the motif (e.g SWQDLKD to ALQNVKN) SF2
RRM2 was no longer able to promote exon 6 skipping (Fig. lll. 4E). It is very likely that
the mutation does not only impair SF2 RRM2 ability to bind RNA but it may also affect
the overall folding of the RRM.

Taken together, the data suggest that different surfaces, structured and
unstructured, of SF2 are important for activity, which could be based upon RNA binding
and protein interactions. Further mutational studies are required to delineate the

specific residues required for SF2 function.

SF2 acts indirectly or through several sequences in Fas

Alternative inclusion or skipping of coding sequences is regulated by the
presence of cis-regulatory sequences known as splicing silencers or enhancers, which
bind trans-acting factors that will ultimately promote changes in alternative splicing.

SF2 could be promoting exon 6 skipping by either enhancing or inhibiting intron 6
or 5 splicing. To determine which was the intron regulated by SF2, we first monitored
the effect of either SF2 overexpression or knockdown on splicing of single intron-
containing minigenes (Fig. Ill. 5). Intron 6, with most of its sequence deleted as
described previously (50-1102) (Izquierdo et al., 2005) to facilitate the analysis, was
constitutively spliced and was not affected by changes in SF2 levels. A two-intron
containing minigene in which this same sequence had been deleted was still sensitive
to both SF2 overexpression and knockdown (data not shown) indicating that the
sequence deleted n intron 6 is not essential for the response to SF2. In contrast, intron
5 was removed more efficiently upon SF2 knockdown and splicing was inhibited upon
overexpression of SF2, indicating that removal of intron 5, rather than removal of intron

6, is impaired by this SR protein.
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Fig. lll. 5. SF2 inhibits intron 5 splicing.  The splicing pattern of WT minigenes containing
single introns was analyzed after SF2 knockdown (left panel) or overexpression (right panel).
The diagonal line in the minigene scheme represents a deletion of part of intron 6, which does
not alter Fas splicing (Izquierdo et al., 2005). Percentage of splicing and standard deviation are

shown.

To determine the cis-acting sequences mediating the effect of SF2 RRM2 on
intron 5 splicing, we looked for putative SF2 binding sites in Fas two intron-containing
minigene using ESE finder tool (http://rulai.cshl.edu/tools/ESE/) (Cartegni et al.,
2003),(Smith et al., 2006) (Fig. Ill. 6A). We found potential binding sites in both introns
and in exons 5 and 7. Next, we generated deletion/substitution mutants of Fas
minigene, with special emphasis on those sequences predicted to bind SF2.

We first monitored the effect of SF2 in Fas-a-globin chimeric minigenes, because
a-globin exon 2 has many putative SF2 binding sites (data not shown) but its inclusion
is not affected by increasing SF2 levels (Fig. Ill. 6B). A minigene in which Fas exon 5,
containing two putative SF2 binding sites, was substituted by a-globin exon 1 was still
sensitive to SF2 overexpression (Fig. lll. 6C). Similarly, SF2 promoted exon 6 skipping
of Fas mutants in which the predicted binding sites in intron 5 had been deleted
(del1=22-47; del2=62-86) (Fig. lll. 6C). We next tested the effects of SF2
overexpression in a-globin minigenes where exon 2 and the neighboring splice sites
had been substituted by Fas exon 6 and its adjacent splice sites (Adj. Fas ss) (Fig. Ill.
6D) (Bonnal et al., 2008). Similar to the wt a-globin gene, increasing SF2 levels did not
alter Adj. Fas ss alternative splicing pattern suggesting that Fas exon 6 and
neighboring sequences do not have the necessary sequence elements for SF2-
mediated exon skipping. However, when also the distal splice sites of Fas were
present in the minigene (Bonnal et al., 2008), SF2 overexpression promoted exon 6
skipping (Fig. Ill. 6D). These data suggest that Fas distal splice sites might mediate
SF2 effects, but when we replaced a-globin by Fas distal splice sites, SF2 was still not

able to promote a-globin exon 2 skipping (data not shown).
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Fig. Ill. 6. SF2 promotes exon 6 skipping indirectl y or by binding to multiple sequences in

Fas.(A) Putative SF2 binding sites in Fas genomic sequence from exon 5 to +43 nucleotides in
exon 7, with a partial deletion in intron 6 (nucleotides 50 to 1020) (X axis), predicted by
ESEfinder 3.0. Blue boxes indicate exons. dell and del2 show the approximate deleted
sequences in mutants used in (C). Red and pink bars indicate SF2 binding sites predicted by
two different, but very similar, weight matrixes in ESEfinder. Y axis represents the score of each
putative binding site. Effect of SF2 and SF2 deletion mutants overexpression in a-globin (B),
Fas intron 5 deletion mutants (C), a-globin-Fas chimeric RNAs (C) and (D) and Fas splice site

(E) and exon 6 (F) and (G) mutants.

To determine if the distal 3'ss is necessary to observe SF2 effects, we introduced
intron 5 3’ss instead of intron 6 3'ss (mutant 5-5) or swapped intron 5 and intron 6
splice sites (mutant 6-5) (Bonnal et al., 2008) (Fig. Ill. 6E). If intron 6 3'ss was
mediating exon 6 skipping, we would expect that overexpression of SF2 had no effect
on mutant 5-5 and promoted exon 6 inclusion in the mutant 6-5. However, SF2
overexpression similarly promoted exon skipping in both mutants, indicating that intorn
6 3'ss does not mediate SF2 regulation of exon 6 alternative splicing.

Finally, although no binding sites for SF2 were predicted in Fas exon 6, we tested
the effects of overexpressing this SR protein on mutants in which either the whole exon
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6 (e123) or the first (el), second (e2) or third (e3) thirds had been substituted by a
random sequence (lzquierdo et al., 2005; Bonnal et al., 2008) (Fig. lll. 6F). Only when
either the whole exon or its middle part, which binds PTB, were mutated, increased
levels of SF2 had no effect on Fas exon 6 inclusion. However, overexpression of SF2
RRM2, that has a stronger effect than the full length protein, promoted exon 6 skipping
of the e2 mutant (Fig. Ill. 6G).

Collectively, these results suggest one of two possibilities. First, SF2 may act
through two or more cis-acting sequences that we have not deleted simultaneously or,
second, that the effect is indirect and that SF2 RRM2 may be inhibiting splicing in
general. The fact that SF2 does not alter the splicing pattern of only those minigenes
that show constitutive inclusion of the exon strongly suggests a general splicing
inhibitory effect of SF2 that is only observed when the exon can be alternatively

spliced.

SF2 might have a general inhibitory effect on splic  ing

To determine if SF2 and, specifically, its second RRM inhibit splicing in a more
general manner, we tested the effect of overexpressing either SF2 full length, SF2
ARRM2 or SF2 RRM2 in two different minigenes.

Pax6 is a transcription factor containing paired—box and homeobox motifs that is
specifically expressed in the developing eye and brain. Mutations in this gene account
for 98% of aniridia cases, a congenital malformation of the eye that causes blindness
(reviewed in Lee et al., 2008). Pax6 is alternatively spliced and the differential inclusion
of exon 5a alters its DNA binding specificity (Epstein et al., 1994). In fact, constitutive
inclusion of exon 5a caused a U to C transition at position -3 of intron 5 was described
in patients suffering from aniridia (Epstein et al., 1994). SMN1, survival of motor neuron
1, is a component of the SMN complex, important for the proper translocation into the
nucleus of most snRNPs (see Introduction). However, an SMN1 paralog, SMNZ2,
encodes a truncated, partially functional protein due to skipping of its exon 7. SMN1
and SMNZ2 differential splicing pattern is due to a polymorphism at position 6 in exon 7
(Lorson et al., 1999).

We used minigenes to monitor the effects of SF2 and deletion mutants on both
Pax6 mutant exon 5a (S. Bonnal, unpublished data) and SMN2 exon 7 (Lorson et al.,
1999) alternative splicing (Fig. Ill. 7A). In the case of Pax6, which showed total exon 6
inclusion, SF2 was able to promote exon 6 skipping but neither SF2 ARRM2 or SF2
RRM2 alone were able to mimic the effect of the full length protein. However, similarly
to what was observed with Fas exon 6, SF2 RRM2 caused exon 7 skipping in the

SMN2 minigene, while SF2 full length had minimal effects and the construct lacking the
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second RRM promoted exon 7 inclusion. These data suggest that SF2 can cause exon
skipping through at least two different mechanisms, one in which the RRM2 is
necessary and sufficient to promote this event (i. e. Fas and SMN2) and another one in
which the second RRM is necessary but not sufficient to cause exon skipping (i. e.
Pax).

To further determine if SF2 RRM2 performs a general inhibitory effect on splicing,
we co-transfected SF2 with a model pre-mRNA, IgM-M, containing one single intron
and two alternative 3'ss, one from the IgM gene and the other from an adenovirus
intron (AdML) (Pacheco et al., 2006). Strikingly, SF2 promoted retention of the intron
and inhibition of the use of both 3'ss, suggesting a general inhibitory effect (Fig. Ill. 7B).

Since we could not find any cis-acting sequence mediating SF2 effect, we tested
the effects of tethering SF2 to Fas exon 6. We co-transfected SF2 fused to the
bacteriophage MS2 coat protein (Dauksaite and Akusjarvi, 2002), which has high
affinity for MS2 aptamers, with a Fas minigene containing two MS2 stem-loops in Fas
exon 6 replacing PTB binding site, URE6 (Izquierdo et al., 2005) (Fig. lll. 7C).
Interestingly, tethering SF2 to the alternatively spliced exon 6 led to enhanced inclusion
of this exon, the effect being totally dependent on the presence of MS2 aptamers. The
activity of splicing regulators depends on the position of their binding site relative to the
alternatively spliced exon, as reported for an increasing number of functional RNA
maps drawn (reviewed in Corrionero and Valcarcel, 2009). Therefore, it is possible that
SF2 binding to sequences upstream or downstream of Fas exon 6 might promote exon
6 skipping.

We also determined if SF2 acts cooperatively with PTB to promote exon 6
skipping (Fig. Ill. 7D), since URE6 mutant (e2) was less responsive to SF2 (Fig. Ill.
6F). Initially, we co-transfected SF2 full length with PTB-MS2 fusion protein (Gromak et
al., 2003) and monitored Fas WT alternative splicing. As expected, both factors caused
per se exon 6 skipping (Fig. Ill. 7D, bottom). However, we did not detect any
synergistic effect when both proteins were co-transfected. When we performed the
same experiments using the Fas minigene containing MS2 aptamers replacing URE6
sequence, both SF2 and PTB-MS2 caused exon 6 skipping. Surprisingly, co-
transfection of both proteins did not result in increased Fas exon 6 skipping (Fig. Ill.
7D, top). This effect was dependent on SF2 RRM1, since SF2 ARRM1 caused skipping
of the exon even in the presence of PTB-MS2.

These results show that SF2 is able to antagonize PTB-MS2 activity only when it
is tethered to Fas exon 6 containing MS2 aptamers, but not when it exerts its effects by
directly binding to URE6. These data suggests that the way PTB interacts with the
RNA is important for SF2 activity. It is possible that PTB binding through the fused MS2
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coat protein to Fas exon 6 leaves the four PTB RRMs free to render other kind of
interactions. Then, SF2, maybe through its first RRM, might be able to interact with
PTB and inhibit its activity. On the other hand, PTB direct binding to the RNA might
occlude the structures required for this interaction, suggesting that it is not the same to
tether PTB, a possibly other proteins, to the pre-mRNA than allowing a direct binding of
the protein to its cognate sequence. This should be taken into account when studying

protein function in alternative splicing.
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Fig. lll. 7. SF2 RRM2 affects splicing. (A) Effect of SF2 FL, ARRM2 and RRM2
overexpression on SMN2 exon 7, Pax6 exon 5a and Fas minigenes alternative splicing,
analyzed as in Fig. Ill.1A. Levels of SF2 overexpression were monitored as in Fig. lll. 3D. (B)
Effect of SF2 RRM2 overexpression on IgM-M minigene. White and black boxes correspond to
IgM and AdML exons. The black line represents IgM intron 1. The alternative splicing pattern
was analyzed using a forward primer specific for IgM exon M1 and a reverse primer for AdML
exon 2 (C) Analysis of the effect of SF2-MS2 fusion protein (Dauksaite and Akusjarvi, 2002) in
either Fas WT or Fas-MS2 (Izquierdo et al., 2005) minigenes. (D) PTB-MS2 was transfected in
the absence or presence of SF2 FL or SF2 ARRM1, and the effects on Fas WT (bottom panel)

and Fas-MS2 (top panel) minigenes were analyzed.

SF2 effects in in vitro assays

SF2 RRM2 promotes both Fas exon 6 and SMN2 exon 7 skipping and inhibits
splicing of single-intron containing minigenes.

To determine if this effect is direct and, if so, to establish the molecular

mechanism underlying this activity, we first performed in vitro splicing assays using in
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vitro transcribed RNAs corresponding to Fas pre-mRNA sequences from exon 5 to
nucleotide +25 of intron 6 and we incubated the reactions with increasing amounts of
full length SF2 protein purified from HEK293 cells (kind gift of A. R. Krainer) (Sinha et
al., 2010). Surprisingly, even at very high concentrations of SF2, the effect on Fas
intron 5 splicing was minimal (Fig. IIl. 8A).
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Fig. lll. 8.Effects of SF2 in in vitro experiments. (A)32P-UTP uniformly labeled RNAs
corresponding to exon 5 to 25 nucleotides of intron 6 were in vitro transcribed and incubated
with HeLa cell nuclear extracts under splicing conditions (as described in Chapter 1l) in the
absence or presence of ATP and absence or presence of recombinant His-SF2 (40 and 190
ng/uL) for 60’. The RNA species were purified, loaded in denaturing 13% polyacrylamide gels
and exposed to a Phosphorimager screen. The pre-mRNA, splicing products and splicing
intermediates are indicated. (B) In vitro transcribed RNA corresponding to Fas exon 5 to exon 7
(with deletion of intron 6 from positions 50 to 1102) was used as a substrate for in vitro splicing
reactions in the absence or presence of ATP. Reactions were incubated in the absence or with
increasing amounts of recombinant His-SF2 (1.4, 14, 40 and 190 ng/uL). (C) A PCR product
corresponding the CMV promoter followed by Fas genomic sequence from exon 5 to 25
nucleotides of intron 6 was incubated with HelLa cell nuclear extracts under transcription-
splicing coupling conditions (See Materials and Methods) in the absence or presence of SF2 (5
and 40 ng/uL). After 10’, transcription was blocked with Actinomycin D and the reaction let

proceed for other 60’. Then, the RNA species were purified, loaded in a denaturing 8%
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polyacrylamide gel and exposed to a Phosphorimager screen. (D) IgM and AdML radiolabeled
RNAs were used as substrates in splicing reactions carried out as in (A) for 0’ or 60’ in the
absence or presence of 14 ng/uL SF2. The RNA species were analyzed as in (A). (E)
Spliceosome assembly assays were performed using Fas WT RNA corresponding to exon 6,
the last 68 nucleotides of intron 5 and the first 25 nucleotides of intron 6. The reactions were
incubated in the absence or with 33 and 111 ng/pL of recombinant (E. coli) His-tagged SF2,
SRp30c or SRp40 second RRMs for 15'. Afterwards, 5 mg/mL were added to the reactions and
after 10" at room temperature, 6xDNA loading dye was added and the samples were loaded in a

1.5% low melting point agarose gel. The identities of the complexes are indicated.

To improve the sensitivity of the assay we performed splicing switch experiments
as described (lzquierdo et al., 2005). In vitro transcribed non-radiolabeled RNA
corresponding to Fas genomic sequences between exons 5 and 7, with the partial
deletion of intron 6 mentioned above, was incubated under standard splicing conditions
and the products analyzed by primer extension using splice-junction oligonucleotides
(Izquierdo et al., 2005). Again, SF2 full length did not show any direct effect on Fas
exon 6 alternative splicing in vivo (Fig. Ill. 8B). The effect observed in the last lane may
suggest a general inhibitory effect of splicing by SF2, although more experiments and a
loading control are required to confirm this result.

SF2 and other SR proteins have been described to interact with the pol Il CTD,
possibly increasing its effective concentration near the newly synthesized pre-mRNA
(Misteli and Spector, 1999; Sapra et al., 2009). An in vitro transcription-splicing
functionally coupled system (Das et al., 2006), which was shown to facilitate splicing
regulation by SR proteins (Das et al., 2007), was used to monitor the effects of SF2 on
Fas intron 5 splicing (Fig. lll. 8C). Using this assay, we could detect some inhibitory
effect at a concentration of SF2 of 40 ng/ul. Strikingly, and similar to what was
observed in Fig. lll. 8A, the splicing defect seemed to affect preferencitally the second
step of the splicing reaction (compare ratios of spliced mRNA/free exon 5). However,
when U2 snRNP assembly on Fas intron 5 3'ss was analyzed as described in Chapter
I, the presence of SF2 and SRp30c RRM2s had a strong inhibitory effect, while SRp40
RRM2 did not affect U2 snRNP recruitment (Fig. Ill. 8D). Importantly, SF2/SRp30c
effects might be mediated by altering Ul assembly to the downstream 5'ss, thus
altering the exon definition proces.

In vitro splicing experiments suggest a second step inhibition while spliceosome
assembly assays a defect in complex A formation. These apparent contradictory
results may be explained by differences between the full length protein and the RRM2

alone and/or the presence of post-translational modifications in SF2 full length purified
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in HEK293 cells absent in SF2 RRM2, expressed in E. coli. Also, the probes’
sequences are different. Further studies will be required to determine if, first, the effect
in Fas is direct and, second, how SF2 RRM2 acts as a general splicing inhibitor.

To further investigate the possible inhibitory effect of SF2, we had previously
determined that SF2 RRM2 overexpression inhibits in vivo splicing of IgM-M,
containing IgM genomic sequence followed by AdML exon 2 3'ss (Fig. lll. 7B). For this
reason, we tested the effects of SF2 full length on either IgM or AAML in in vitro
splicing assays (Fig. IlIE). Interestingly, SF2 strongly inhibited IgM splicing at 14 ng/ul
while AdML was not affected. This result suggest that SF2 RRM2 might be inhibiting
IgM-M splicing in vivo by affecting IgM 5’ss recognition. However, it is also possible
that higher levels of SF2 could inhibit AML in vitro splicing. It will be of interest
determine if SF2 RRM2 also affects IgM in vitro splicing and, thus, use this pre-mRNA
to study SF2 RRM2 mechanism.

The mTOR pathway does not mediate SF2 effects on Fa s exon 6 alternative
splicing

The tumorigenic effect of SF2 is partially caused both by altering the splicing
pattern of pro-apoptotic/proto-oncogenic genes (Karni et al., 2007; Moore et al., 2010)
and by activating of the mammalian target of rapamycin (nNTOR) pathway (Karni et al.,
2007; Karni et al., 2008) by a still unidentified mechanism. The mTOR pathway is
activated in response to nutrients, stress and growth factors like insulin. It is thought to
be a master switch between anabolic and catabolic metabolisms. Activated mTOR,
bound to raptor and other proteins forming the mTOR complex 1 (MTORC1),
phosphorylates S6 kinase 1 (S6K1) and the eukaryotic initiation factor (elF4E)-binding
protein (4EBP1), inducing, among other cellular processes, an increase in the
translation efficiency. Rapamycin blocks mTORCL1 activity by directly binding to one of
its components (reviewed in Fingar and Blenis, 2004).

To determine if the effect of SF2 was mediated through the activation of the
MTOR pathway, we cotransfected NIH3T3 mouse fibroblasts with T7-SF2 and Fas WT
minigene in the presence or absence of rapamycin (Fig. Ill. 9). In the absence of
rapamycin, SF2 led to Fas exon 6 skipping concomitant with S6K1 p70
phosphorylation and the appearance of a new S6K1 isoform, S6K1 p31, as described
in (Karni et al., 2007). Similarly, in the presence of 0,1 uM rapamycin (i.e. inhibition of
MTOR pathway and S6K1 phosphorylation), we could still observe a quantitatively
similar level of Fas exon 6 skipping and S6K1 p31 isoform upon SF2 overexpression.
These data indicate that the effect of SF2 on Fas exon 6 alternative splicing is

independent of the SF2-mediated activation of the mTOR pathway.
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Rapamycin: - - + +

SF2: - + - +

— g, 5T6IN Fig. Ill. 9. SF2 activation of mTOR
pathway is not involved in Fas exon 6

alternative splicing regulation. NIH3T3
— a— il cells were transfected with SF2 FL or the

S D L sskipro empty vector and Fas WT minigene. After
p 48 h, cells were treated with 0.1 uM of the

MmTOR pathway inhibitor rapamycin or
s R - S6KT p31 DMSO as a control for 5 h. Fas splicing

| pattern was analyzed as in Fig. lll. 1A.

Western blots to monitor mTOR pathway

b ’ - 17 activation levels and SF2 overexpression

-.-lqubu"n were carried out by using the indicated
primary antibodies.

SF2 may contribute to exon 6 skipping after Fas rec  eptor activation

Fas receptor activation can be mimicked by treating cells with the agonistic anti-
Fas antibody CH11 and can be monitored by determining the cleaved levels of the
caspase-3 and -7 target protein poly(ADP-ribose) polymerase (PARP) (reviewed in
Earnshaw et al., 1999). It has been previously shown that CH11 treatment of Jurkat
cells promotes the anti-apoptotic form of Fas, by enhancing exon 6 skipping (Izquierdo,
2008a). This effect could be mediated by caspase-mediated cleavage of U2AF65 that
would generate a dominant negative form of this splicing factor (Izquierdo, 2008a).
However, many other splicing regulators are cleaved upon Fas receptor activation,
including several hnRNPs (e.g. A0, A2/B1, A3, K), p54nrb, SF2 and SRp30c (Thiede et
al., 2001).

To determine if SF2 could play a role in CH11-driven Fas exon 6 skipping, we
determined the levels and the cleavage pattern of SF2 after treating Jurkat cells with
50 or 250 ng/mL CH11 for three hours (Fig. Ill. 10). Although we could not detect any
SF2 cleavage product as described previously (Thiede et al., 2001), we observed an
increase in the protein levels at 50 ng/mL CH11 and more obvious at 250 ng/mL CH11.
In contrast, U2AF65 and PARP cleavage were similar at 50 and 250 ng/mL. We then
determined the alternative splicing pattern of a transfected Fas WT minigene.
Treatment with CH11 promoted Fas exon 6 skipping in a concentration-dependent

manner concomitant with the increase on SF2 levels.
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These data show that activation of the Fas receptor pathway by the CH11
antibody promotes exon 6 skipping and increases SF2 levels, suggesting a
physiological role for SF2 during Fas-mediated apoptosis.

M ) 50 250 ng/mLCH11 Fig. lll. 10. Fas receptor activation promotes
>0l - Fas exon 6 skipping concomitant with SF2
150 P [5]7] upregulation. Jurkat leukemia cells were

PARP incubated with increasing amounts of the Fas

cl PARP receptor agonistic antibody CH11 and Fas

minigene alternative splicing was monitored as in

U2AF65 Fig. lll.1A. Activation of the receptor was monitored
- by following PARP and U2AF65 cleavage
| |C'U2AF65 (cIPARP, ClU2AF65) by western blotting. SF2

Tubulin levels were also determined by western blotting

and tubulin was used as loading control.

Discussion

SF2 has been described to have a proto-oncogenic activity (Karni et al., 2007).
Interestingly, knockdown of SF2 gave a quantitative increase in exon 6 inclusion,
suggesting that this SR protein is a bona fide regulator of this alternative splicing event.
Consistent with this, overexpression of SF2 led to exon 6 skipping and the generation
of the anti-apoptotic form of the receptor.

SF2 has been extensively studied in the splicing field over the last two decades.
In the last few years SF2 has become an important regulator of many different steps of
gene expression (see Introduction). Consistent with its wide range of activities, SF2
levels are tightly regulated (Sun et al., 2010) and alterations in its expression have
been associated with genome instability and aberrant apoptosis and cell growth (Li et
al., 2005; Karni et al., 2007).

Interestingly, SF2 can be classified as a protooncogene, since its overexpression
is sufficient to transform immortal rodent fibroblasts (Karni et al., 2007). How SF2
undergoes its tumorigenic activity is not fully understood, although recent studies are
shedding some light on the mechanisms used by SF2 to enhance cell proliferation and
escape apoptosis. For example, SF2 can promote the generation of specific
alternatively spliced forms with anti-apoptotic activity (i. e. Bcl-xL) (Paronetto et al.,
2007; Moore et al., 2010) and enhance translation by activating mTOR pathway (Karni
et al., 2008; Michlewski et al., 2008), two important characteristics of tumor cells.

Moreover, SF2 has been described to affect other processes such as miRNA
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processing (Wu et al., 2010) or protein sumoylation (Pelisch et al., 2010) and it is very
likely that other functions remain to be uncovered.

For many of these functions, the second RRM of SF2 has been shown to be
necessary. This non-canonical RRM has been demonstrated to be necessary and
sufficient on its own for the enhancement of sumoylation (Pelisch et al., 2010) and for
the protein localization to the stress bodies upon thermal stress (Chiodi et al., 2004).
Interestingly, our data shows that the RRM2 is also necessary and sufficient to
promote Fas exon 6 skipping. We have shown that SRp30c RRM2 also promotes this
event, consistent with its high similarity with SF2 second RRM. However, this effect is
not specific of pseudo-RRMs, because SRp40 RRM2 does not alter exon 6 alternative
splicing. We analyzed the structural requirements of SF2 RRM2 to regulate Fas
splicing by generating SF2-SRp40 RRM2 chimeras. Any change in SF2 RRM2
sequences abrogated its activity, while introducing SF2-specific residues in SRp40
RRM2 did not confer any splicing regulatory activity to the chimeric protein. These data
suggest that the integrity of SF2 RRM2 is necessary to alter Fas alternative splicing.

We also explored the cis-acting sequence motifs in Fas that mediate SF2
regulation of exon 6 inclusion. Although we mutated most of the sequences in the Fas
minigene, these constructs remained responsive to SF2 overexpression. Importantly,
endogenous Fas was also affected by changes in SF2 levels, indicating that was not
an effect mediated by expression through a different promoter/polyadenylation site. We
also observed that SF2 RRM2 promotes skipping of SMN2 exon 7. On the other hand,
when we tethered SF2 to Fas exon 6, it promoted exon inclusion and SF2 could
antagonize the effect of PTB-MS2 tethered to this sequence, indicating that SF2, under
certain conditions, can have antagonistic effects on Fas exon 6 alternative splicing. It is
possible that, when interacting directly with the pre-mRNA (i. e. tethering SF2 to exon
6) SF2 can promote exon inclusion, maybe by improving exon definition interactions or
by enhancing directly U2AF65 interaction with the upstream pY tract. On the other
hand, SF2 RRM2-mediated exon 6 skipping might be caused either indirectly or by
inhibiting some other splicing factors, possibly without directly binding the pre-mRNA.

This hypothesis is supported not only by the fact that electrophoretic mobility shift
assays using recombinant His-tagged SF2 RRM2 did not point to a specific sequence
on Fas (data not shown), but also by the absence of reads in Fas after in vivo
crosslinking and immunoprecipitation (CLIP) assays against SF2 (Sanford et al., 2008).
Our data also suggest that SF2 ARRM2 domain can antagonize SF2 RRM2 effects in
certain minigenes (i. e. SMN2), although the mechanism also remains unknown.

Finally, in vitro data did not help to elucidate SF2 mechanism of action. In vitro,

splicing in vitro assays did not show any effect of SF2 on removal of either intron 5 or
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exon 6 skipping. However, a functional transcription-splicing coupled assay suggested
that SF2 could have direct effects on splicing. Moreover, both SF2 and SRp30 RRM2'’s
inhibited spliceosome assembly (i. e. U2 snRNP recruitment) on Fas intron 5 3’ss. It is
possible that RRM2 interacts with U2 snRNP components inhibiting its recruitment to
the branch point.

It is also conceivable that SF2 RRM2 acts by affecting cytoplasmic functions,
because it localizes throughout the cell with only some enrichment in nuclear speckles
(Caceres et al., 1997). We showed that SF2 effect on Fas alternative splicing is not
mediated by SF2 activation of the mTOR pathway (Fig. Ill. 9) or enhancement of
protein sumoylation (data not shown, in collaboration with F. Pelisch and A. Srebrow).
However, SF2 may be involved in other cellular pathways such as microRNA
processing (Wu et al., 2010) and nonsense-mediated mMRNA decay (NMD) (Sato et al.,
2008). Thus, it will be of interest to test if inhibition of these processes (e. g. by
knocking down Dicer or Upfl) alters the effect of SF2 overexpression on Fas exon 6
inclusion.

Furthermore, despite the relevance that the second RRM of SF2 seems to have
for the many functions of SF2, its specific RNA and protein interactors are still
unknown. SF2 RRM2 pull down assays either in vitro or in vivo and CLIP experiments
could help to dissect the different roles of SF2 RRM2 and the mechanism by which it
regulates Fas and SMN2 alternative splicing.

Our data show that SF2 promotes exon 6 skipping and the anti-apoptotic form of
Fas. This might be one of the strategies that SF2 activates during its proto-oncogenic
program, allowing cells to escape FasL-mediated apoptosis. Although the mechanism
underlying this effect is still unknown, our results suggest that might be an unidentified
means by which SF2 regulates splicing.

Many of the described functions of SF2 position this SR protein as a hub in a
network of proto-oncogenic and anti-apoptotic processes. One of the nodes would be
the generation of anti-apoptotic isoforms of certain apoptosis-related factors (Moore et
al., 2010), either directly or indirectly. Consistent with this idea, SF2 promotes the anti-
apoptotic form of Fas by enhancing exon 6 skipping. It would be of great interest to
determine the role that the anti-apoptotic form of Fas plays in SF2 proto-oncogenic
activity (e.g. decreasing cell sensitivity to Fas-mediated apoptosis). Moreover, a
correlation between SF2 levels and Fas exon 6 skipping in human cancer cells will
highlight the relevance of regulating this alternative splicing event for the tumorigenic
activity of SF2.

Finally, SF2-mediated Fas exon 6 skipping can also be important during Fas-

mediated apoptosis. We have observed that upon Fas receptor activation in Jurkat
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cells, SF2 levels increase by an unidentified mechanism, concomitant with an increase
in the anti-apoptotic form of the receptor. Although the physiological significance for
this switch is at the moment unclear, increased levels of SF2 may be a mechanism of

survival of cells receiving pro-apoptotic signals.
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Splicing of introns to generate translatable mature mRNAs is an essential
process for cellular and organism viability. For many years, RNA was considered just a
mere messenger of the information encoded by the genome. However, during the last
decades, this molecule has risen as one of the main contributors to the complexity of
multicellular organisms (reviewed in Mendes Soares and Valcarcel, 2006).

Although the RNA nature of the origin of life is still controversial, catalytically
active RNAs or rybozymes may have been present on earth already three billion years
ago (Gilbert et al., 1986). The possibility that few molecules of RNA originated all the
existing life forms on earth is utterly impressive. Increases of complexity at organism
and evolutionary levels have been driven presumably by continuous, subtle changes at
a molecular scale along billions of years. In fact, one probably cannot find a better
example of increased complexity along evolution than the process of splicing. It very
likely emerged from ancestral RNAs similar to self-splicing class Il introns, single
molecules able to cut themselves via two transesterification reactions (reviewed in
Patel and Steitz, 2003; Valadkhan, 2005). However, the splicing machinery in humans
iIs composed by 150-300 snRNP and non-snRNP proteins and five SnRNAs (Neubauer
et al., 1998; Rappsilber et al., 2002; Zhou et al., 2002). Moreover, more than 90% of
intron-containing genes are alternatively spliced and differentially regulated depending
on the cell-type, developmental stage, cell environment, stress or presence of drugs,
documenting the importance of alternative splicing on the determination of cell fate and

response to stimuli (Wang et al., 2008a; Wilhelm et al., 2008).

Splice site recognition: High variability, strict r ules

Pre-mRNAs contain highly degenerated sequences that delineate the intron-exon
boundaries but nevertheless the splicing machinery recognizes almost unequivocally
bona fide splice sites (Horowitz and Krainer, 1994; Zhang, 1998). The appropriate
selection of splice sites is aided by the presence of auxiliary cis- and trans-acting
factors that promote the recognition of these sequences (reviewed in Smith and
Valcarcel, 2000). Moreover, the fidelity of the process is ensured by the recognition of
each splice site multiple times during the spliceosome assembly pathway and by the
presence of proofreading activities, which determine if the selected sequences and the
assembly of the splicing machinery are correct (Mayas et al., 2006; Soares et al., 2006;
Villa and Guthrie, 2005; Xu and Query, 2007).

In addition, our data suggest that the recognition of a splice site as such is
substrate-specific (Chapter I). For example, the presence of a duplicated acceptor site

normally leads to the use of the upstream AG during splicing catalysis. However, the

-135-



GENERAL DiscuUssION

presence of two tandem AGs leads to complete exon 6 skipping in Fas. This specific
effect underscores the functional relevance on splicing of the composition and
architecture of the mRNP.

Our results show that initial recruitment of U2AF65 is not affected but yet it
cannot promote U2 snRNP interaction with the branch point. The specific structure of
U2AF65 binding to Fas intron 5 pY tract may explain the strict sequence requirements
governing the recognition of this 3'ss, which is not limited to the duplication of the
acceptor site (Fig. Il. 1D). This specificity could be mediated by auxiliary sequences
present in the surrounding intron and exon or be due to intrinsic characteristics of this
particular 3'ss, which positions U2AF65 in a particular conformation.

Although we have determined some sequence modifications that can overcome
the effect of the AG duplication, the sequences contributing to this transcript-specific
effect of the mutation remain unknown. Interestingly, U2AF65 initial interaction with the
pY tract in the AG mutant does not lead to U2 snRNP recruitment, suggesting a defect
in U2AF65 conformation in the context of the AG mutation. An altered conformation of
U2AF65 could affect the ability of its third RRM and RS domain to interact with SF1 or
SF3b155 and branch point (Gozani et al., 1998; Selenko et al., 2003; Valcarcel et al.,
1996), thus affecting U2 snRNP recruitment. Therefore, determination of U2AF65’'s
precise contacts with the pre-mRNA (i. e. intron 5 3'ss and branch point) and SF1
interaction with the branch point could help to explain the effect of the AG mutation.

The presence of competing acceptor sites is relevant for the second step of
splicing in AG-independent substrates, such as AdML, and can be modulated by
second step factors such as SPF45 and hSlu7 (Chua and Reed, 1999b; Lallena et al.,
2002). The fact that in Fas the defect happens during the first steps of spliceosome
assembly suggests that U2AF35 may have a role in the splicing inhibition caused by
the AG mutation. U2AF35 activity is not only limited to AG acceptor site recognition
and enhancement of U2AF65 recruitment (Guth et al., 2001). It can also promote
splicing without increasing U2AF65 interaction with the pY tract, although a consensus
3’ splice site is required (Guth et al., 2001). Again, U2AF35 recruitment was not initially
affected in the Fas AG mutant, but an alternative conformation may affect U2AF35-
mediated splicing enhancement in an unknown manner not directly linked to U2AF65
recruitment or function.

U2AF interaction with bona fide 3’ss is controlled by the DEK oncogene (Soares
et al., 2006). U2 snRNP recruitment to the branch point is also subject to proofreading
activities, such as the ATPase Prp5p, which competes with the branch point-U2 snRNA
base pairing, thus modulating splicing fidelity (Xu and Query, 2007). We show that also
SF3b155, a U2 snRNP factor binding to both sides of the branch point in a sequence-
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non-specific manner, may be required for proper base pairing interactions between U2
snRNA and the branch point (Results. Chapter I). Absence of SF3b155 crosslinking,
caused by Spliceostatin A treatment, is concomitant with U2 snRNA base pairing with
decoy sequences located upstream of the actual branch point. This mechanism implies
differential sensitivity of introns to the drug depending on the basepairing potential of
these decoy sequences with U2 branch point recognition site, leading to changes in
specific alternative splicing events. SF3b155 knock down and SSA treatment in HeLa
cells showed a significant overlap between alternative splicing changes monitored by
splicing-sensitive microarrays, consistent with the inactivating effect of SSA on
SF3b155 in vitro. The NMR structure of U11/U12 di-snRNP allowed to predict how this
di-snRNP and possibly U2 snRNP interact with the branch point (Golas et al., 2005).
Determination and mutation of the specific residues that interact with the pre-mRNA
could help to understand the effects of the absence of SF3b155-pre-mRNA contacts on
U2 snRNA base pairing.

Determining possible genetic interactions between SF3b155 and DExD/H-box
ATPases, which mediate conformational transitions of the spliceosome, such as Prp5p,
could also help to further understand the proofreading activities on U2-snRNA-branch
point base pairing interactions. Moreover, it would be of interest to determine the
composition of spliceosomes stalled by SSA treatment as has been done for other
drugs (Kuhn et al., 2009), therefore elucidating how the inappropriate interaction of U2
snRNP induced by the drug affects the recruitment of other components of the
spliceosome.

To gain further insight into direct gene targets of SSA, bioinformatic analysis
correlating splice site sensitivity to SSA treatment or SF3b155 knockdown and base
pairing potential with U2 snRNA of anchoring sites could be carried out. Moreover,
sequence comparison of those splice sites affected or not could suggest other
important sequence features mediating the sensitivity to the drug or to SF3b155 knock
down.

We have also shown that the presence of U2 bprs is not necessary for U2
snRNP recruitment and U2 snRNA base pairing with the pre-mRNA (Results, Chapter
). Moreover, RNase-mediated U2 snRNA inactivation affects also the interaction of
SF3b155 with the pre-mRNA, indicating that SF3b155 is not stabilizing the interaction
between inactivated U2 snRNA and the pre-mRNA. This unexpected base pairing was
detected in ADML, which contains a strong pY tract and an almost-canonical branch
point, but not in Fas —which has weaker 3’ splice site signals. This suggests that initial,
high affinity recognition of these sequences by U2AF65 and SF1, respectively, can

promote the interaction of U2 snRNA with the pre-mRNA even in the absence of
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canonical interactions. However, the Abprs U2 complex can assemble also in weak
splice sites, such Fas intron 5, indicating that U2 snRNP recruitment does not
necessarily require either U2 snRNA or SF3b155 interactions with the pre-mRNA.
Interestingly, Abprs U2 complex does not seem to be a precursor of the 3' A complex.
The latter is only moderately affected by SFldepletion, and its assembly can be
restored by addition of a functional, truncated form of SF1 lacking the C-terminal
proline-rich region (C4 SF1) (Guth et al., 2000; Rain et al., 1998). However, Abprs U2
complex does not assemble in SF1-depleted extracts and cannot be rescued by
addition of SF1 (data not shown). One interpretation of these result is that
immunodepletion of SF1 could deplete other factors important for Abprs U2 complex
assembly. The identification of this factor may help to identify SF1 co-factors involved
in U2 snRNP recruitment.

Splice sites are recognized by complex protein-protein, protein-RNA and RNA-
RNA networks, many of them mediated by RNA recognition motifs (RRMs). Our work
on SF2 RRM2 suggests that certain RRMs can have general inhibitory roles on splicing
(Chapter l1l). Using mutational analysis of our Fas minigene and electrophoretic
mobility shift assays, we could not find any cis-acting sequence that could be mediating
the effect of SF2 RRM2. Moreover, an SF2-Fas pre-mRNA interaction was not
detected by in vivo crosslinking followed by SF2 immunoprecipitation (CLIP) (Sanford
et al., 2008). Our data suggest that SF2 RRM2 may prevent the correct assembly of
the spliceosome, not only in Fas, but also in other substrates, indicating a more
general effect of this domain, perhaps by direct binding to a spliceosome component.
Consistent with this idea, SF2 has been identified in proteomic analysis of A and C
complexes and the 12S U2 snRNP (reviewed in Jurica and Moore, 2003). Moreover,
SF2 has also been described to bind to chromatin and pol Il and may affect splicing co-
transcriptionally.

If the effect of SF2 in splicing is general, why do introns show differential
sensitivity to SF2 RRM2 overexpression? As we have shown for SF3b155, pre-mRNAs
can be differentially affected to altered levels of core components of the spliceosome.
However, SF2 is involved in many different processes in the cell, including as diverse
functions as translation initiation efficiency, protein sumoylation or microRNA
processing (Michlewski et al.; Pelisch et al., 2010; Wu et al., 2010). Although we have
already discarded some of these pathways as mediators of the effect of SF2 on
splicing, such as sumoylation (Pelisch et al., 2010) and mTOR pathway activation
(Karni et al., 2008), others remain to be studied. Analysis of SF2 RRM2 wild type and
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mutant interacting partners might help to understand the mechanism by which SF2

inhibits splicing.

Splicing-modulation therapies to treat complex dise ases

The vast amount of cis- and trans-acting factors involved in splicing catalysis and
regulation affords the possibility to precisely fine tune the sequences present in the
final transcript. This high level of regulation contributes to the specific transcript
signature characteristic for each cell type in a given environment. Inevitably, however,
the enormous complexity achieved is a double-edged sword. Mutations either in
regulatory sequences, splicing factors or core components of the spliceosome are a
common cause of disease (Wang and Cooper, 2007; Lopez-Bigas et al., 2005).
Moreover, aberrant, disease-causing splicing patterns can be also due to
missregulation of several signaling pathways (reviewed in Shin et al., 2004).

Splicing-modulation therapies are mainly focused on altering specific alternative
splicing events to ameliorate the symptoms of certain monogenic diseases. For
example, increasing the levels of exon 7 inclusion of the SMN2 gene promotes the
expression of a functional SMN protein able to compensate for mutations in SMN1
(Hua et al., 2008; Hua et al.,, 2010), which cause Spinal Muscular Atrophy (SMA)
(Lefebvre et al.). Modulation of splicing to restore the reading frame in mutated genes
is another approach that could be used for example to treat Duchenne Muscular
Dystrophy (DMD), caused by mutations in the dystrophin gene (Disset et al., 2006).
Modification of SR protein expression, especially of the oncogenic SF2, or its
phosphorylation levels by inhibiting SR protein kinases, have been proposed to alter
splicing events important for cancer or retrovirus replication (Bakkour et al., 2007,
Fukuhara et al., 2006; Keriel et al., 2009; Muraki et al., 2004; Soret et al., 2005).

Cancer cells usually show aberrant splicing patterns that promote cell division,
resistance to apoptosis, angiogenesis or tumor invasion (reviewed in Venables, 2006).
Nevertheless, recent reports and results in this thesis suggest that direct targeting of
the splicing machinery, and not just a single splicing event, can be used as a novel
anticancer therapy. Spliceostatin A and pladienolide were the first molecules described
to interact directly with SF3b, a U2 snRNP component, inhibit splicing and display an
anti-tumor effect (Kaida et al., 2007; Kotake et al.,, 2007). Interestingly, both
compounds were isolated from the fermentation broth of different bacteria and their
functions in these organisms are still unknown (Kaida et al., 2007; Kotake et al., 2007).

Why are tumor cells more sensitive to drugs targeting the spliceosome than

normal cells? There are two main possibilities to explain this observation. First,
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because of their high metabolic rate, tumor cells may be more sensitive to splicing
inhibition and decreased transcript levels (Furumai et al.,, 2010). It is not clear,
however, how cells with a high metabolic rate would be more affected by splicing
inhibition. Alternatively, these drugs could be particularly affecting the splicing pattern
of specific genes important for cell cycle progression. Our data suggest that the latter
option is more likely to explain the mechanism of action of Spliceostatin A, becuase it
decreases the levels of certain cell cycle regulators (i. e. CCNA2, AURKA) by
promoting NMD-associated alternative splicing in these genes. Consistentl with this,
AURKA has been recently described to promote anti-apoptotic splicing of several
genes, partially by increasing the levels of SF2 (Moore et al., 2010).

Remarkably, the splicing factor SF2 is a proto-oncogene. Increased levels of SF2
have been observed in several types of cancers and can promote tumor growth in
nude mice (Karni et al., 2007), partially by activating certain anti-apoptotic splicing
patterns (Moore et al., 2010). We have shown that the non-canonical RRM2 of SF2 is
necessary and sufficient to promote the anti-apoptotic form of Fas. SF2 RRM2 is
sufficient to modify the splicing pattern and splicing efficiency of certain number of
events. It will be interesting to determine if SF2 RRM2 by itself can regulate the anti-
apoptotic program activated by SF2 and which is the exact contribution of the RRM2 to
the proto-oncogenic activity of SF2.

The next question is whether drugs targeting different components of the
spliceosome would all have antitumor activity. Both pladienolide and Spliceostatin A
bind the same U2 snRNP subcomplex and inhibit tumor progression (Kaida et al.,
2007; Kotake et al., 2007). It would be of interest to determine if pladienolide also
affects SF3b155 interaction with the pre-mRNA, thus altering U2 snRNA interaction
with the branch point. However, mutations in core components of the spliceosome,
such as Prp8 or Prp31, cause a dominant version of retinitis pigmentosa and only
photoreceptor neurons seem to be affected by the haploinsufficiency of these factors
(Mordes et al., 2007). Also mutations on the SMN1 gene, important for snRNP
maturation and translocation to the nucleus, cause spinal muscular atrophy (Lefebvre
et al.,, 1995). These observations indicate that an anticancer activity can only be
achieved by affecting the function of certain snRNP components, but not others.

High-throughput technologies to analyze tissue specific transcriptomes will help
to determine aberrantly expressed transcripts in tumors and other diseased tissues
(Wang et al., 2008). Comparative analysis of tumor samples treated or not with
Spliceostatin A could point to genes responsible of tumorigenesis, tumor progression
and metastasis for specific cancers. For example, meayamycin, a FR901464 derivative

that also inhibits splicing, greatly affected growth of some human breast, colon and
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prostate cancer cell lines, while its effect was rather minimal in lung and other prostate
cancer cell lines (Albert et al., 2009). The differential effects of this drug in several
types of tumors could indicate the existence tumor-specific splicing signatures, and
consequently tumor characteristics, pointing to different candidate genes for cancer-

specific therapy.
To conclude, the work of this thesis underscores the relevance of an adequate

balance of alternative splicing isoformsfor appropriate regulation of pivotal processes

such as cell division and apoptosis.
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MATERIALS AND METHODS

This section aims to implement the Materials and Methods sections of chapters |
and Il. Only the homemade buffers are included in this section, the commercial ones
being omitted. The concentrations shown are final concentrations (1X) unless

otherwise stated.

Materials

Nuclear extracts:

- Hela cell nuclear extract (Cilbiotech, Cat. No. CC-01-20-50).

Buffers for DNA precipitation:

- TNE: 20 mM Tris pH7.5, 1ImM EDTA, 100 mM NacCl.

Reagents for DNA staining:

- Ethidium Bromide: 1 pg/mi

- SYBR Safe DNA gel stain (Invitrogen, Cat. No. S33102), dilution 1/10000.
Buffers for enzymes:

- RQ1 DNase buffer: 40 mM Tris HCI pH 8.0, 10 mM NacCl, 6 mM MgCl,, 10 mM
CacCl..

- Protein Kinase buffer: 100 mM Tris 7.5, 12.5 mM EDTA, 150 mM NaCl, 1%
SDS).

Buffers for immunoprecipitation assays:

- Low-salt buffer: 150 mM NaCl, 50 mM Tris pH 8.0, 1% NP40.

- High-salt buffer: 500 mM NacCl, 50 mM Tris pH 8.0, 1% NP40.

Buffers for purification of recombinant proteins:

- Buffer X: 20 mM Tris pH 8.4, 1M NaCl, 0.2 mM EDTA, 1mM DTT.

- Protein elution buffer: 50 mM glutathione, 100 mM Hepes-KOH pH 8.0, 1 mM
DTT.

- Lysis buffer: 50 mM NaH,PO,, 800 mM NaCl, 1% Triton X-100, 10 mM b-
mercaptoethanol, 10% glycerol, protease inhibitors.

- Buffer D: 20 mM Hepes-KOH pH 7.9, 0.2 mM EDTA, 20% glycerol, 1 mM DTT,
0.01% NPA40.

Gel loading dyes:

- Agarose loading dye 6X: 20 mM Tris pH 7.5, 0.25% bromophenol blue, 0.25%
xylene cyanol, 30% glycerol.

- Sequencing gel-loading dye: 98% deionized formamide, 10 mM EDTA, 0.025%
xylene cyanol, 0.025% bromophenol blue.

- SDS loading buffer 4X: 200 mM Tris pH 6.8, 400 mM DTT, 4% SDS, 0.2%

bromophenol blue, 20% glycerol.
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Protein Gel staining solutions:

- Coomassie staining solution: 0.25% Coomassie Brilliant Blue, 10% acetic acid
and 50% methanol.

- Coomassie destaining solution: 15% methanol, 10% acetic acid.
Electrophoresis buffers:

- SDS gel electrophoresis buffer: 25 mM Tris base, 0.25 M glycine, 0.1% SDS.

- TBE: 89 mM Tris base, 89 mM Boric acid, 2 mM EDTA.

- Tris-Glycine: 50 mM Tris base, 50 mM glycine.

Other buffers:

- RNA elution buffer: 0.5 M NH4Ac, 10 mM MgAc,, 1 mM EDTA, 0.1% SDS.

- Semi-dry system Western Blot transfer buffer: 20% Methanol, 250 mM Tris
base, 2.5 M glycine, 1% SDS.

Methods

Protein Purification and analysis

Protein induction in bacteria

100 ml stationary phase cultures of BL21 E. coli previously transformed with the
desired contruct were diluted to 1 litre of LB medium with ampicilin (100 pg/ml) and
grown at 37° C with shaking until the cells reached an ODgn=0.6. Induction was
achieved by adding 0.1 mM IPTG to the culture and incubating for 3 hours at 37°C.

Production of His fusion proteins in bacteria

The cells were sedimented by centrifugation at 4000 rpm for 10 min at 4° C and
the resuspended in 20 ml of Lysis buffer. Cells were disrupted by sonicating 4'-5" in
intervals of 30” ON- 30" OFF and 40% amplitude. The lysates were centrifuged at
16000 g for 20’ at 4°C. The supernatant was loaded in Ni2+-NTA columns containing 1
mL of resin slurry pre-washed with 5 mL deionized water and 10 mL Lysis buffer. The
columns were washed three times with 5 mL Lysis buffer-10 mM imidazole and once
with 5 mL Lysis buffer-20 mM imidazole. His-tagged fusion proteins were eluted in
Lysis buffer-0.4M imidazole and 200 pl fractions were collected. The protein profiles of
the eluted fractions were estimated by Bradford assay. The fractions containing the
peak of protein concentration were dialyzed against 1 litre of buffer D 0.1 M KCI
overnight at 4° C. The proteins were shap frozen in liquid N, and stored at —80° C until
use.

The recombinant protein concentration was estimated by comparison with known
concentrations of bovine serum albumin (BSA). Different amounts of the protein of

interest or BSA were mixed with SDS loading buffer, boiled for 5 min and loaded on
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denaturing SDS 12% polyacrylamide gels (37.5:1 acrylamide to bis-acrylamide).
Electrophoresis was performed in SDS running buffer at 200 V for 45 min using Biorad
minigel system. The gel was then stained with coomassie staining solution and
destained in destaining solution, transferred to 3 MM paper and dried.

Production of GST fusion proteins in bacteria

The cells were sedimented by centrifugation at 4000 rpm for 10 min at 4° C and
the resuspended in 20 ml of buffer X. Cells were sedimented again by centrifugation at
2000 rpm for 7 min and the resuspended in the same volume of buffer X supplemented
with protease inhibitors. Cells were broken as described above and the lysates
centrifuged at 10000 rpm for 20 min at 4° C. The supernatant was incubated with 50
mg of Glutathione agarose beads slurry -prewashed with buffer X supplemented with
protease inhibitors- for 30 min at 4° C with shaking. The beads were sedimented by
centrifugation at 1000 rpm for 5 min and resuspended in 5 ml buffer X supplemented
with protease inhibitors and applied to a 10 ml Biorad plastic column holder and
packed by gravity. Beads were then washes with 10 mL of buffer X with protease
inhibitors and the 10 mL of buffer X without protease inhibitors. GST fusion proteins
were eluted in elution buffer and fractions of 200 pl were collected. Eluted proteins
were analyzed and stored as described above.

Western blotting

HelLa cell protein extracts were separated by polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane previously washed with western transfer
buffer for 1 h at 250 mAmp using Biorad© semi-dry system. Transferred membranes
were blocked with PBS + tween-20 0.1% (v/v) with 10% (w/v) milk for 1 h and
incubated with a specific primary antibody in PBS + tween-20 0.1% (v/v) with 5% milk
(w/v) for 1 hour. The membranes were washed three times with PBS + tween-20 0.1%
(v/iv) during 5 min and incubated again with the corresponding secondary antibody
coupled to horseradish peroxidase. The membrame was developed using Western
Lightning™ Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Inc.) and
exposed to photographic film.

Electrophoretic mobility shift assays

Recombinant proteinswere incubated in buffer D pH 8, 0.1 M KCI with 10 fmol of
2P radiolabeled RNA in the presence of 300 ng/ul of tRNA in a total volume of 9 pl.
After 20 min at 30°C, RNA-protein complexes were separated from free RNA by
electrophoresis on non-denaturing 5% polyacrylamide gels in 0.5X TBE. The gels
where initially run at 50 V for 15 min and then at 250 V for 2 hours at 4°C. The gel was

then transferred to 3 MM Whatman paper, dried and analyzed by Phosphorimager.
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RNA oligonucleotide affinity pull-down experiments

60 pg of commercial WT (5'-UAAAAUGUCCAAUGUUCCAACCUACAG/G-3) or
AG (5-UAAAAUGUCCAAUGUUCCAACCUAGAG/G-3) RNA oligonucleotides
(Integrated DNA Technologies) were oxidized at its 5’ end by incubating with 5 mM Na
m-periodate (Sigma, Cat. No. S-1147) and 0.1 M Na acetate pH 5.2, for 1 h at RT in
the dark. Oxidized oligonucleotides were EtOH precipitated and resuspended in 50 pl
0.1 M Na acetate, pH 5.2. 100 pl of 1:1 slurry of adipic acid dihydrazide-agarose beads
(Sigma, Cat. No. A-0802) pre-washed with 0.1 M Na acetate were added to the
resuspended RNA olinucleotides and left overnight at 4°C in a rotating wheel. The
beads were then washed three times with 2 M NaCl and three times more with buffer D
pH8, 0.1 M KCI. Subsequently, the washed bound beads-RNA oligonucleotides were
introduced in a 250-pl splicing reaction and incubated at 30°C for 40’. Beads were then
washed three times with 1 ml buffer D pH 8 with different KCI concentrations (100, 300
and 600 mM). Each washing step was followed by an 80 pl elution with buffer D pH 8
at the same concentration of the washes after. Eluted proteins were run in a 10% SDS
polyacrylamide gel and Coomasie stained for analysis. Differential bands between both
RNA oligonucleotides were cut and sequenced by mass spectrometry. Results were
confirmed by Western Blotting.

Coupled transcription-splicing assay

This assay was performed as described in (Das et al., 2006). Briefly, a PCR
product containing the CMV promoter followed by the minigene of interest was
generated and purified by column (Qiagen). 200 ng of PCR product was incubated with
15 uL Hela cell nuclear extracts, 0.5 mM ATP, 20 mM CP, 3.2 mM MgCl, and 0.5 uL
32P-UTP (3000 Ci/mmol, 10 mCi/mL) in a final volume of 25 pL. Reactions were
incubated 10’ at 30°. Then, transcription was stopped by adding 1 pL of alpha-amanitin
(10ng/pl) and a 5 pL-aliquot was extracted and kept on ice. The rest of the sample was
incubated for another 60’ at 30°C. Reactions were stopped by PK digestion and the
RNA species purified by ethanol precipitation. RNA species were subsequently
analyzed by electrophoresis in 8% denaturing polyacrylamide gels exposed to

Phosphorimager screens.
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