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Abstract

A significant proportion of disease-causing mutations affect pre-mRNA
splicing inducing skipping of the exon from the mature transcript. Using Fg
exon 5 and CFTR exon 12 models, I studied the effect of several natural
mutations on splicing in haemophilia B and cystic fibrosis, respectively, and
the role of Ui small nuclear RNA (snRNA) in the resulting splicing defects.
Using hybrid minigene systems, I established the pathological effect of
eighteen mutations. Sixteen were associated to exon skipping, one activated a
cryptic 5 ss and one did not affect splicing. Unexpectedly, in silico analysis did
not predict the effect on splicing of two 5’ ss mutations (+3G and +4G in CFTR
exon 12 and Fg exon 5, respectively) indicating the importance of functional
splicing assay for the diagnostic assessment of human genomic variations.

In minigene systems, loading of U1 snRNA by complementarity to the normal
or mutant 5’ ss corrected exon skipping caused by different types of mutations.
To improve specificity and reduce potential off-target effects, I engineered Ui
snRNA variants targeting nonconserved intronic sequences downstream of the
5’ ss. For each gene system, I identified an exon-specific U1 snRNA (ExSpeUr)
able to rescue splicing impaired by mutations at the polypyrimidine tract of
the acceptor splice site, at the consensus 5’ ss or at exonic regulatory elements.
I characterised, by deletion analysis, two weak intronic splicing silencers (ISS)
located in non conserved intronic sequences downstream of the 5" ss in CFTR
exon 12 and F9 exon 5, Interestingly these ISSs partially overlap with the
binding sites of ExSpeUis. By further site-directed mutagenesis and RNA
binding experiments, I showed that, while Fg exon 5 ISS binds to hnRNP
A1/A2, CFTR exon 12 ISS is possibly forming a regulatory RNA secondary

structure. Thus, part of the ExSpeUi-mediated splicing enhancement might be



due to interference with the corresponding ISS sequence.

Through splicing-competent c¢cDNA constructs, I demonstrated that the
ExSpeUi-mediated splicing correction of several Fg exon 5 mutations at the
polypyrimidine tract of the acceptor splice site and at the consensus 5 ss
results in complete restoration of secreted functional factor IX levels. Thus,
ExSpeUis constitute a promising novel therapeutic strategy to correct splicing

defects associated to defective exon definition in several human disorders.
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Povzetek

Pomemben del mutacij, povezanih z nastankom bolezni, prizadene
povezovanje (splicing) na nivoju pre-mRNA. To se najpogosteje zgodi z
izkljuditvijo eksona iz zrelega transkripta. V doktorskem delu sem z modeloma
Fg eksona 5 and CFTR eksona 12 prouceval vpliv ve¢ih naravnih mutacij, ki
prizadenejo povezovanje, pri hemofiliji B in cisti¢ni fibrozi. Poleg tega sem
ugotavljal vlogo male jedrne RNA (snRNA) Ui v nastalih nepravilnostih. Z
uporabo hibridnega minigenskega sistema sem ponazoril patoloski vpliv
osemnajstih mutacij. Sestnajst jih je bilo povezanih z izkljuéitvijo eksona, ena s
kripticnim 5 ss, medtem ko ena ni prizadela povezovanja. Proti pricakovanju
$tevilni programi za napovedovanje povezovanja niso pravilno napovedali
dveh mutaciji 5" ss (+3G v CFTR eksona 12 in +4G v Fg eksona 5), kar poudarja
pomembnost funkcijskega testiranja z ustreznimi testi pri diagnosti¢ni oceni
razli¢nih humanih genomskih variacij.

V minigenskem sistemu je dodajanje snRNA Ui skupaj z normalno ali
mutirano 5’ ss odpravilo izklju¢evanje eksonov, ki nastane zaradi razli¢nih vrst
mutacij. Da bi izboljsali specifi¢nost in zmanjsali potencialni izventar¢ni vpliv,
sem konstruiral serijo variant snRNA U, ki so ciljale neohranjena intronska
zaporedja navzdol od 5’ ss. Za vsak genski sistem sem identificiral eksonsko-
specificno snRNA Ui (ExSpeU), ki je bila sposobna vzpostaviti pravilno
povezovanje, prej onemogoceno zaradi mutacij v polipirimidinskem odseku
akceptorskega mesta za povezovanje, na konsenzusnem mestu 5 ss ali na
eksonskih regulatornih elementih. Z delecijsko analizo sem okarakteriziral dva
Sibka intronska utiSevalca povezovanja (intronic splicing silencers - ISS), ki se
nahajata na neohranjenih intronskih zaporedjih navzdol od 5 ss v CFTR

eksona 12 in Fg eksona 5. Zanimivo je, da se ti ISS delno prekrivajo z vezavnimi
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mesti ExSpeUis. Z usmerjeno mutagenezo in s testom vezave RNA sem
pokazal, da se ISS Fg eksona 5 veze s hnRNP A1/A2, medtem ko ISS CFTR
eksona 12 zelo verjetno tvori regulatorno sekundarno strukturo RNA. Ojac¢eno
povezovanja, ki ga povzro¢i ExSpeUis, je lahko vsaj delno tudi posledica
interference z odgovarjajoc¢imi zaporedji ISS.

S pomoc¢jo cDNA konstruktov, ki so kodirali komponente povezovanja, sem
pokazal, da lahko z ExSpeU1 popravimo povezovalne nepravilnosti Stevilnih
mutacij Fg eksona 5 na polipirimidinskem odseku akceptorskega mesta za
povezovanje in na konsenzusnem mestu 5’ ss. To se odraza v popolni povrnitvi
ustrezne ravni izlocanja funkcionalnega dejavnika strjevanja krvi IX. Zaradi
tega lahko ExSpeUis predstavlja obetavho novo terapevtsko orodje za
odpravljanje nepravilnosti pri povezovanju, ki so povezane z neustrezno

definicijo eksonov pri $tevilnih humanih bolezenskih stanjih.
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1. Introduction

Section 1.1.Pre-mRNA processing and overview of splicing

Nascent RNAs undergo several modifications and are subjected to diverse
regulatory controls before being exported from the nucleus to the cytoplasm as
functional, mature messenger RNAs (mRNAs). RNA processing is carried out
under the guidance of large macromolecular processing complexes which
rather than acting separately are in intimate contact with each other,
integrating all these functions and thus establishing genuine gene expression
factories (Maniatis et al. 2002).

As soon as transcription begins, the first nucleotide of the precursor
messenger RNA (pre-mRNA) is linked to a G through a 5'-5'-triphosphate bond
and further methylated to create a N7-methylguanosine cap (miG-cap)
(Shatkin 1976; Babich et al. 1980; Coppola et al. 1983) At the other edge of the
pre-mRNA, a string of A is attached upon cleavage of its 3'-end by the
polyadenylation machinery components (Proudfoot 1989). These
modifications stabilize the mRNA, prevent degradation by exonucleases,
ensuring proper mRNA export and promote translation. However, none of the
processes defines the final coding mRNA sequence. The information necessary
for the synthesis of proteins is scattered across the human genome, with the
coding segments (exons) being a minor proportion of the genetic information,
in fact account for no more than 1% of the entire genome (Lander et al. 2001).
Therefore the majority of the protein-coding genes are composed mostly by
non-coding, intervening sequences (introns). For example, an average human
protein-coding gene spans about 27 Kb, contains a mean of 8.8 exons with a
mean size of 145 nt., 3365 nt-long introns and 5" and 3" untranslated regions
(UTR) of approximately 770 and 300 nt., respectively (Lander et al. 2001).

Within the pre-mRNA, the shorter and less abundant exons must be



identified, defined, and assembled in a mRNA transcript which encodes
ultimately the whole protein sequence whereas the introns are removed. This
cut and paste reaction is called splicing. Recent findings indicate that almost
every multiexon gene in the human genome undergo at least one alternative
splicing event highlighting the central role that splicing plays in gene
expression (Wang et al. 2008; Pan et al. 2008). Furthermore, splicing is a very-
well conserved pre-mRNA processing mechanism, found from unicellular
eukaryotic organisms as Saccharomyces cereviseae to metazoans. It displays
increasing levels of regulation and complexity as the number and length of
introns in multicellular eukaryotes increases (Ast 2004a; Nilsen et al. 2010).
Thus, splicing constitutes not only a crucial step for accurate transfer of the
genetic information from DNA to RNA to protein, but also a step that allows
for regulation of gene expression as well as increased protein diversity through

alternative splicing decisions.

1.1.1. Exons and introns have characteristic sequence elements which distinguish

them

In order to find the short exons among the sea of intronic regions some signals
present at the exon/intron boundaries are crucial. In higher eukaryotes, these
elements are short consensus sequences surrounding the 3’ and 5" end of the
introns, which are known as 3' and 5' splice sites (ss), respectively. Their
sequences exhibit a variable degree of conservation nonetheless they are

fundamental for proper intron recognition and splicing catalysis.

1.1.1.1. 5" ss or donor splice site. The 5’ ss marks the exon/intron junction at the
5 end of the intron (Fig.1.1.1) and its sequence consensus is composed of g bp,
located on both sides of the exon/intron boundary: 3 bases on the exonic side,

and 6 on the intronic side. The 5' ss consensus sequence have been established



intron exon intron

BP PPT 3'ss 5' ss

YNYURAY (Y) NCAG|G  MAG|GURAGU

Figure 1.1.1. Schematic representation of exon-intron boundaries

The cylinders represent the exons and the grey line depict the introns. The branch-point (BP) and the
polypyrimidine tract (PPT) are illustrated by the rectangles (yellow and green, respectively). Below the
consensus sequences for each canonical signal are shown. The nearly invariant GU, AG at 5' and 3' ss,
respectively and the conserved A at the branch-point (BP) are underlined. The polypyrimidine tract (PPT)
is also represented. Y, polypyrimidines (U or C); R, purines (A or G); M, A or C.; N, any nucleotide.

long ago to be MAG|GURAGU (M indicates A or C; R indicates purines and
the | the exon/intron boundary) (Mount 1982; Shapiro et al. 1987). The
underlined GU dinucleotide is almost universally conserved as it is found in
more of 98% of human donor splice sites (Sheth et al. 2006). They are critical
for the splicing reaction as when one of these two nucleotides are mutated
splicing is abolished or blocked at intermediate steps (Aebi et al. 1987;
Lamond et al. 1987; Chanfreau et al. 1993). The remaining nucleotides
positions display variable conservation, with some bases at certain positions
being more conserved than others, likely reflecting their different role on the
splicing reaction (Roca et al. 2008; Carmel et al. 2004). Nevertheless the entire
consensus donor splice site determines the 5' cleavage site, rather than the
invariant GU dinucleotide (Aebi et al. 1987)

Recognition of the 5’ss involves a nearly perfect base-pairing with the 5'-tail of
Ui snRNA (Horowitz et al. 1994) and guides the early assembly of the
spliceosome machinery upon the intron. However a minority of 5'ss (<1%) has

a GC dinucleotide at the intron/exon boundary (Sahashi et al. 2007)

1.1.1.2. 3' ss, a composite signal. The intronic element that identifies the 3’ ss
usually appears several thousand bases downstream of the 5’ ss. It is composed

by three different moderately conserved elements: the branch point (BP), the



polypyrimidine tract (PPT) and the terminal conserved AG dinucleotide (Reed
1989) (Fig. 1.1.1). The BP is characterized by the presence of a conserved A
surrounded by a highly degenerated motif YNYURAY (Y=pyrimidine and R=
purine)(Reed et al. 1985)It is commonly found about 18-40 nucleotides
upstream of the AG dinucleotide (Ruskin et al. 1984; Reed et al. 1985) although
some exceptions can be found hundreds of nucleotides away (Reed 1989). The
recognition of the branch site involves a base-pairing with the Uz snRNP in
order to form the spliceosome A complex (Berglund et al. 1997).

The PPT is a run of pyrimidines (eight bases in the average intron) located
between the branch site and the terminal AG at the intron/exon junction
(Reed 1989). It can display variable pyrimidine content, length and distance to
the branch-point and the AG. The PPT is essential for efficient branch-point
utilisation and correct AG recognition as it has been shown that progressive
deletion of the polypyrimidine tract impairs splicing while elongating its
length can improve its efficiency (Roscigno et al. 1993)

The terminal AG dinucleotide or acceptor site defines the 3’ border of the
intron. This site is characterized by the short YAG/G sequence (Y pyrimidines;
the slash is the intron-exon boundary and the underlined nucleotides are
conserved). Even if it is essential for the second step of splicing reaction (see
below) no base-pairing interactions with snRNAs are involved in recognizing
this sequence (Wu et al. 1999). The sequences between the branch-point and
the acceptor site are commonly devoid of AG dinucleotides (Gooding et al.

2006).
1.1.2. Splicing reaction: a tale of two transesterifications
In chemical terms, the RNA splicing reaction is conserved among all intron-

containing organisms and consists of two consecutive transesterification steps

(Lamond 1993; Moore et al. 1993) (Fig. 1.1.2.). First, the 2’-hydroxyl group of the



conserved A residue at the BP attacks the phosphate at the 5’ ss. This leads to
cleavage of the 5" exon from the intron and the concerted ligation of the intron
5 end to the BP 2’-hydroxyl (Ruskin et al. 1985; Konarska et al. 1985). Two
reaction intermediates are then produced: a detached 5’ exon and an intron/3’
exon fragment in a lariat configuration containing a branched A nucleotide at

the BP. The following and second transesterification step is the attack on the

5'exon 3'exon
SRS I

— pGU a—mymAcp

lariat

Figure 1.1.2. Overview of a splicing reaction

Essential splicing signals are GU/AG dinucleotides at the exon-intron and intron-exon junctions,
respectively (5- and 3’-ss), a PPT (Y,) and the conserved A nucleotide at the BP. Splicing takes place in
two transesterification steps. In the first step, the 2’-hydroxyl group of the A residue at the branch site
attacks the phosphate at the GU 5’-splice site. This leads to cleavage of the 5'exon from the intron and
the formation of a lariat intermediate. In the following step, a second transesterification reaction, which
involves the phosphate (p) at the 3’ end of the intron and the 3 OH group of the detached exon, ligates
the two exons. This reaction releases the intron, still in the form of a lariat.



phosphate at the 3’ end of the intron by the 3’hydroxyl of the detached exon.
This ligates the two exons and releases the intron, still in the form of a lariat
(Konarska et al. 1985; Moore et al. 1993). This reaction is similar to the one
found in self-splicing group II introns (Fedorova et al. 2007). However, unlike
them, splicing of eukaryotic organisms require the assistance of numerous

assistant factors.

1.1.3. Splicing machinery: the spliceosome

The splicing reaction is orchestrated by the spliceosome, a large
multicomponent modular ribonucleoprotein (RNP) complex that recognizes
the exon-intron junctions, catalyzes the intron removal and joins the exons.
Five uridine-rich (U-rich) small nuclear ribonucleoproteins (snRNPs) form the
major building blocks of the spliceosome: Ui, U2, Ug, Us and U6 snRNPs.
Human spliceosomes also interact with a large number (from 150 to 300) of
non-snRNP proteins, including heterogeneous nuclear RNPs (hnRNPs) and
serine-arginine (SR) proteins (Wahl et al. 2009). A group of less abundant
snRNPs, Un, Uiz, Ugatac, U6atac, functionally analogous to the Ui, Uz, Uy
and U6 snRNPs, are components of the so-called minor spliceosome and
responsible for the excision of a rare class of introns, named Ui2-type. The Usg
snRNP is shared between the two machineries (Patel et al. 2003).

Each snRNA have a U-rich RNA molecule and a variable number of associated
proteins, which make up more than two-thirds of its mass. The snRNAs are
transcribed by RNA pol II, with the exception of U6 and U6atac which are
transcribed by RNA pol III. The U snRNPs undergo a complex maturation
process before becoming functional in the spliceosome. Sm class-snRNAs are
capped in the nucleus and exported to the cytoplasm, where the SMN complex
assembles the Sm seven protein core (Raker et al. 1996). Sm proteins (B/B', D,

D2, D3, E, F and G) are common factors of Ui, U2, U4 and Us, which bound to
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Figure 1.1.3. Biogenesis of U snRNPs

Ui, U2, U4 and Us are transcribed by RNA pol II and exported to the cytoplasm. There the Sm proteins
are loaded onto the Sm site, 5' and 3' ends are modified and the complexes are imported to the nucleus.
In the Cajal bodies scaRNA-guided modifications (2'-o-methylation and pseudouridynilation) take place,
probably including the association of U snRNPs-specific proteins On the other hand, U6 snRNA is
transcribed by RNA pol III and further maturation occurs initially in the nucleoplasm (Lsm proteins
assembly) and later on in the nucleolus (sequence modifications carried out by snoRNAs). U6 snRNP
assembly with U4 snRNP may take place in the Cajal bodies. Taken from Kiss (2004).

a conserved Sm motif on the each snRNA. The Sm proteins form a seven-

member ring core structure that encircles the RNA. All the Sm proteins share a

conserved Sm motif, consisting of two sets of conserved sequences (Sm1 and

Smz2) separated by a large loop region, which appear to be the sites of protein-

protein interactions necessary for the core structure to form. The Sm core is

essential for the biogenesis, transport and function of the snRNP particles.

Then the cap is hypermethylated to form the TMG cap structure exonuclease

(Mouaikel et al. 2002; Huang et al. 1999). Both TMG and the SMN complex

promotes the assembly of an import complex that facilitates the export back to

the nucleus of the U snRNP particles and their accumulation in Cajal bodies. It

is in these nuclear bodies where the small Cajal body-specific RNAs (scaRNAs)

carry out some sRNA-specific modifications such as pseudouridinylation and
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2'-O-methylation (Will et al. 2001).

Biosynthesis of U6 snRNA differs from the other spliceosomal U snRNAs in
many aspects. First, it is transcribed by RNA pol III and the entire maturation
process takes place in the nucleus, unlike the other snRNA which have a
cytoplasmic processing phase. Second, U6 snRNA has a Sm-like (Lsm) motif
which is bound by Lsm proteins, a protein family with high homology to Sm.
Third, the formation of its 3' end is a transcription termination event rather
than a RNA processing as the terminal poly (U) sequences acts as a
transcription termination signal, a mechanism share by all RNA pol III genes
(Paule et al. 2000). Fourth, as other RNA pol III transcripts it does not receive
a miG cap but rather contains a 5-monomethylphosphate cap. Fourth,
sequence modification in the forms of 2'-O-methylations and
pseudoridinylations are carried out by small nucleolar RNAs (soRNAs) rather
than small Cajal body-specific RNAs (scaRNAs) (Ganot et al. 1999; Tycowski et
al. 1998).

Besides Sm and Sm-like proteins, other particle-specific proteins associate
with snRNAs. The number of specific associated proteins vary greatly among
the U snRNAs, from only 3 for U1 snRNP to more than 20 for U2 snRNP
(Stanek et al. 2006). The association of the U snRNP-specific proteins is
believed to happen in the nucleus since it is known that import of some of
them (UiA and UiC for Ui snRNP; U2A' and U2B"for U2 snRNP) occurs
independently of snRNA nuclear import (Feeney et al. 1990; Jantsch et al. 1992;

Kambach et al. 1994).
1.1.4. Splicing reaction occur in a stepwise manner
Spliceosomal snRNPs have a critical role in the recognition of correct splice

sites within a multitude of similar sequences. The production of a spliced,

mature mRNA requires extensive specific and dynamic interactions of different
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Figure 1.1.4. The assembly of the spliceosome.

The spliceosome assembly onto the pre-mRNA occurs in a stepwise manner. Exons are noted by
cylinders, and introns by grey lines. Above the general splice signals on thre pre-mRNA are shown. The
E complex contains U1 snRNP bound to the 5'ss, SF1/mBBP bound to the BP, and U2AF complex loaded
onto the PPT (U2AF%) and the acceptor site (U2AF*). The A complex is formed after U2 snRNP takes
over theBP, displacing SF1/mBBP. The tri-snRNP U4/U6/Us then enters to form the B complex . Finally,
spatial rearrangements lead to the C complex, in which U6 snRNP replaces U1 snRNP at the 5' ss and
establishes contacts with U2 snRNP at the BP. Progression to catalytic steps of splicing gives rise to the
mature, spliced pre-mRNA.

nature, such as RNA-RNA basepairing, RNA-protein and protein-protein
binding and a lot of structural changes. Through biochemical assays distinct
intermediate complexes of the splicing reaction have been detected and
thoroughly studied. Thus it became evident that the spliceosome assembly
occurs in a stepwise manner, involving assembly/disassembly of different
snRNP particles and non-snRNP splicing factor on the pre-mRNA (Hong et al

1997; Das et al. 1999; Kent et al. 2005; Frendewey et al. 1985; Jamison et al. 1992;



Tardiff et al. 2006; Bindereif et al. 1987; Bringmann et al. 1986).

The assembly of the spliceosome (E -early- complex or commitment complex)
begins with the recognition of the 5' ss sequence by the U1 snRNP through its
5'-tail (Will et al. 1996; Rossi et al. 1996). U1 snRNP-associated proteins Ui-70k
and UiC stabilize this transient interaction. Another important step following
the U1 snRNP-5’ ss recognition is the recognition of the 3’ ss: the U2 Auxiliary
Factor (which is an heterodimer made of U2AF®/*) identifies the AG
dinucleotide at the intron/exon junction together with the PPT and SF1/mBBP
protein binds at the BP site. Mutual stabilization of contacts with the U2AF
bound to the 3' ss and the downstream U1 snRNP at the 5' ss can be mediated
by members of the serine/arginine-rich (SR) protein family (see below). The
establishment of multiple weak interactions from the 3' ss to the 5' ss defines
an exon, and constitutes the commitment step towards the splicing pathway
(Robberson et al. 1990; Berget 1995).

Subsequent to E complex formation, the A (prespliceosome) complex is built.
The recruitment of U2 snRNP to the BP site, in an ATP-dependent fashion,
with the concomitant displacement of SF1/mBBP from the BP site(Hong et al.
1997). U2 snRNP base pairing to the BP sequence is facilitated by the U2AF65
subunit bound at the PPT (Ruskin et al. 1988). This base-pair interaction is
further stabilized by heteromeric complexes of the Uz snRNP, namely SF3a
and SF3b (Gozani et al. 1996).

The transition from A to B complex are marked by the ATP-dependent
addition of the U4/U6 and Us snRNP, preassembled in U4/U6.Us tri-snRNP.
At this level all snRNPs are present, but the spliceosome is catalytically
inactive and requires a conformational and compositional rearrangement to
became active and promoting the first transesterification step of splicing.
During spliceosome activation, U1 and Uy are destabilized or removed, leading
to a B* complex (B activated complex) (Turner et al. 2004). Eight

evolutionarily conserved DExD/H-type RNA-dependent ATPase/helicases act
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at specific steps of the splicing cycle to catalyzed RNA-RNA rearrangements
and RNP remodelling events (Valadkhan et al. 2009).

The C complex is then formed, and the spliceosome undergoes the first
catalytic step. Subsequently additional rearrangements in RNPs network are
necessary prior to undergone to the second transesterification reaction (Wahl
et al. 2009).

When also the second catalytic reaction has occurred, U2, U5 and U6 are
released and these snRNPs are recycled for additional rounds of splicing.
Spliceosome assembly and function also appear to be regulated by protein
kinases and phosphatases. Phosphorylation/desphosphorylation cycles of
constitutive and alternative splicing factors have been observed during
assembly and catalytic steps (Xiao et al. 1997; Tripathi et al. 2010; Heyd et al.

2010; Stamm 2008; Shi et al. 2007; Tazi et al. 1993).

1.1.5. Alternative splicing

The use of different pairs of splice sites generates distinct mRNA isoforms
from a single gene, a phenomena known as alternative splicing. Although
initially alternative splicing was thought to be only a minor RNA processing
pathway (Sharp 1994)it has been recently estimated that about 95% of the
human genes show alternative splicing, with about 80% of these events
resulting in significant levels of different protein sequences (Wang et al. 2008;
Pan et al. 2008). Consequently alternative splicing generates protein isoforms
with different biological functions, displaying distinct protein domains,
subcellular localization or catalytic ability. This fact highlights the well-known
relevance of alternative splicing in many cellular processes such as sex
determination, cell differentiation, cell transformation or apoptosis (Black
2003; Tazi et al. 2009; Smith et al. 2000; Nilsen et al. 2010; Pajares et al. 2007).

Therefore, alternative splicing is a key regulator of gene expression that also
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Figure 1.1.5. Patterns of alternative splicing

Grey boxes represent constitutive exons and coloured boxes indicate alternative exons.

contributes to proteome complexity. In fact, the enormous contribution of
alternative splicing to the generation of proteomic diversity is believed to
constitute a driving force in metazoan evolution (Nilsen et al. 2010; Keren et al.
2010; Xing et al. 2006; Calarco et al. 2007).

Every conceivable pattern of splicing can be found in nature (Fig. 1.15). A
regulated exon can sometimes be included and sometimes excluded to
produce a final transcript with an alternative coding sequence. In addition,
introns that are normally excised can be retained in the mRNA or the position
of either 5' or 3' ss can be shifted to make exons longer/shorter. A regulated

exon that is sometimes included and sometimes excluded from the mRNA is

usually referred to as a "cassette” exon. In some cases, multiple cassette exons
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are mutually exclusive producing mRNAs that always include one of few
possible exon choices. All these individual patterns can be combined in a
single transcription unit to produce a complex array of splice isoforms(Black
2003; Smith et al. 2000) 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 (Chang et al. 2008)

The mechanisms that determine which splice sites are utilized and how this
selection is regulated in different cell types or developmental stages have been
heavily studied in recent years although it is clear that further studies will be
required to fully understand these processes. Most alternatively spliced exons
are thought to be controlled by multiple auxiliary cis-acting splicing sequences
(see below),whose activity depends on their location relative to the canonical
splice sites and the trans-acting factors that recognized them (Black 2003;
Cartegni et al. 2002). Indeed much effort has been made in identifying the
“combinatorial code” guiding alternative splicing choices, and recently a
splicing code has been proposed, based on genome-wide data generated by
splice-junction microarrays or RNA-seq studies (Castle et al. 2008; Barash et al.
2010). Furthermore, the complexity of the spliceosome assembly onto the pre-
mRNA and consequent catalysis reactions, together with the enormous
number of factors involved, allows for fine regulation at every stage of the
reaction (Park et al. 2004; Pleiss et al. 2007; Saltzman et al. 2011).

In addition, alternative splicing decisions are tightly coupled to epigenetics
factors such as RNA pol II elongation rate,nucleosome positioning and
chromatin remodellers (Kadener et al. 2002; Tilgner et al. 2009; Batsché et al.
2006). All these events are coupled not only in time but also functionally as
they influence each other and these interactions have an impact on exon
definition and fate (Das et al. 2006, 2007; Cramer et al. 1999; Luco et al. 20m1).

Moreover, environmental signals such as external stimuli or DNA damage

13



modulate alternative splicing either through posttranslational modifications
on trans-acting factors or alteration of epigenetic signals at the chromatin
level (Luco et al. 2010; Blaustein et al. 2005).

The emerging picture of alternative splicing events underscores its extreme
richness and consolidates the view that its regulation is at the heart of gene

expression and cell fate.

1.1.6. Auxiliary non-canonical cis-acting regulatory sequences are needed for

proper exon/intron discrimination

The degenerate and composite nature of the 5' and 3' ss allows for the
existence of a wide range of natural splice sites with varying levels of strength,
that is “likeness” to the consensus sequences. This intrinsic feature of the
splice sites allows for a great degree of regulation of the splicing process in the
form of alternative splicing. It has also an undesired consequence: pseudo
splice sites largely outnumber real splice sites and in many cases their strength
can surpass that of correct splice sites (Sun et al. 2000; Romano et al.
2007) Nevertheless, the splicing machinery is able to recognize the real splice
sites, although they are weak, distant from each other and surrounded by
several pseudo 5’ and 3’ ss: this fact put in evidence that these consensus
elements are not sufficient to define exon/intron junctions and recognition of
correct splice sites in vivo is the result of a combinatorial regulatory
mechanism that involved other cis-acting regulatory elements (Smith et al.
2000; Bruce et al. 2001).

In addition to the canonical signals reported above, there are other cis-acting
elements in pre-mRNA that regulate splicing process. Back in 1987 Mardon
and colleagues reported the first evidence that internal exonic sequences far
from 5 and 3’ss are fundamental for exon recognition (Mardon et al. 1987).

Since then a wide array of exonic and intronic sequence elements have been
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Figure 1.1.6. Auxiliary cis-acting elements in pre-mRNA splicing

Schematic representation of possible distribution of canonical and additional splicing cis-acting
elements.

In addition to canonical splicing signals (5' and 3' ss, BP and PPT), enhancer and silencer elements in
the exons (ESE; ESS) and/or introns (ISE; ISS) allow the correct splice sites to be distinguished from the
many cryptic splice sites that have identical signal sequences. The multiple, weak interactions between
the spliceosomal components bound at the canonical splice sites and the trans-acting splicing factors
loaded onto the auxiliary cis-acting splicing elements define whether an exon will be included or
skipped in the mature mRNA.

reported to regulate splicing in both constitutive and alternative exons
(Stamm et al. 1994; Horabin et al. 1993; Guo et al. 1993; Schaal et al. 1999; Q.
Wu et al. 1998; Tanaka et al. 1994; van Oers et al. 1994; Xiao et al. 2007;
Lavigueur et al. 1993).

These cis-acting elements can stimulate or inhibit the use of specific splice
sites: depending on their position and function, these elements are identified
as exonic splicing enhancers (ESE) and silencer (ESS) or intronic splicing
enhancer (ISE) and silencer (ISS) (Cartegni et al. 2002)and the distribution of
these regulatory elements are higher in real exon and introns (Sironi et al.
2004; Zhang and Chasin 2004). In spite of this, these elements are not always
well defined and their functions may overlap. In fact, in some systems it may
be more appropriate to talk about composite exonic regulatory elements of

splicing (CERES) as described for CFTR exon 9 and 12 (Pagani et al. 2003a, b).
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1.1.6.1. Exonic splicing enhancers. The ESEs were identified and extensively
studied as regulators of alternative splicing (Black 2003) but they are also
implicated in constitutive splicing events (Lavigueur et al. 1993; Schaal et al.
1999). Studies demonstrated that most of these regulatory sequences are
recognized by members of serine-arginine-rich protein family (SR) (Graveley
2000) and strongly contribute to the exon definition by recruiting splicing
factors and/or by interacting negatively on the action of nearby splicing
silencer elements (Cartegni et al. 2002). The majority of ESEs are located
within 100 nucleotides of the splice sites and may loose their activity when
located further away (Tian et al. 1994). Indeed proximity to the splice sites is
used as a measure of their strength: when an ESE has better functionality from
a greater distance from the splice sites, is referred as strong ESE (Graveley et
al. 1998). The initial classification of ESEs was based on the type of nucleotides
present in sequence cluster. The first ESE mapped was purine-rich, a alternate
run of As and Gs, nonetheless a run of either Gs or As doesn’t refer a ESEs
(Tanaka et al. 1994; Marcucci et al. 2007). Through interactions with a subset
of SR proteins, purine-rich ESEs recruit or strengthen the binding of basic
splicing factors to suboptimal splice sites and stimulate spliceosome assembly
(Graveley and Maniatis 1998; Lavigueur et al. 1993; Sun et al. 1993; Zuo et al.
1996; Roscigno et al. 1995). However, an exon sequence having one or more SR
binding sites does not necessarily function as an ESE (Zheng et al. 1999, 1998)
since SR proteins also bind splicing suppressors (ESSs) (Mayeda et al. 1999;
Zheng et al. 1998) .

The other class is the non-purine-rich ESE. This class comprises the exonic
AC-rich enhancer and exonic pyrimidine-rich enhancer. The AC-rich
enhancers were first identified by in vivo selection experiments and were found
to stimulate splicing both in vivo and in vitro (Coulter et al. 1997). AC-rich
ESEs have been shown to be involved in the regulated splicing of both viral

and cellular genes (Coulter et al. 1997; Gersappe et al. 1999; Zheng et al. 2000).
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In addition to these classes, exonic pyrimidine-rich enhancers have been
described in B-globin RNA (Schaal et al. 1999) and other mammalian RNAs
(Staffa et al. 1997; Dirksen et al. 2003).

The fact of that there is not a single consensus sequence that can describe all
the ESEs, making their identification difficult through sequence comparison or

even by their interacting factors.

1.1.6.2. Exonic splicing silencers. The ESS elements are less well characterized
than ESEs. They can be purine or pyrimidine-rich and bind a diverse array of
proteins. In general, splicing silencers mediate exon skipping by binding to
trans-acting factors that interfere with spliceosome activity mostly belonging
to the hnRNP family (Fairbrother et al. 2000). Some studies have suggested
exon splicing silencers to have a fundamental role in preventing pseudoexon
inclusion in mature transcripts (Sironi et al. 2004). Furthermore, a specific
subset of ESSs were also suggested to have distinct effects on the regulation of
intron retention events in alternative splicing (Wang et al. 2004).

1.1.6.3. Intronic splicing enhancers and silencers. Fewer large-scale screens have
been conducted for intronic elements and many more intronic elements are
expected to be identified in future studies. One of the best characterized is
represented by G triplets (GGG) or G runs (G,), that acts as ISE elements to
enhance recognition of adjacent 5' or 3' ss (McCullough et al. 1997). For
example, G runs in THPO genes shows that the intronic G motifs are involved
with 3’ ss definition by a combinatorial effect (Marcucci et al. 2007). In this
model, precisely the G7 and Gio motifs present in the intron 2 collectively
facilities the recognition of proper 3’ss by interacting with hnRNP H, whereas
deletion of these two G motifs activates the cryptic 3’ splice site.

The most studied intronic enhancer proteins are Fox-1 and Fox-2 that act at
UGCAUG motifs of the brain-enriched exons (Fagnani et al. 2007; Minovitsky

et al. 2005). Fox-1 proteins regulated splicing by antagonizing the repressive
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effect of hnRNP proteins or by regulation of the pre spliceosomal complex

formation (Zhou et al. 2008) .

1.1.6.4. Composite exonic requlatory elements of splicing, CERES. The presence
of the previously mentioned cis elements (enhancer and silencer) can certainly
explain most of the impressive flexibility widely displayed by the splicing
system. Mostly these pure ESEs/ESSs are defined by protein based score
matrices and followed by in silico prediction or in an in vitro system, which
hardly reflect the original cell environment. Moreover, the pure ESEs/ESSs
most of the time behaves pretty much like the original context even if it is in a
heterologous context. As a result, it is very hard to explain the effect of
overlapping ESEs/ESSs sequence on splicing regulation from a classical point
of view of ESEs/ESSs. Accordingly, these new types of regulatory sequences has
been renamed with the acronym of CERES (Composite Exonic Regulatory
Element of Splicing). In literature, nomenclature CERES has been used so far
in human CFTR exon 9 and 12 (Pagani et al. 2003a, b) and exon 10 of
Luteinizing hormone receptor type 1 and 2 (Gromoll et al. 2007) although this
kind of dynamic splicing regulatory sequences or similar are found in many
other exons, as SMN2 exon 7 (Singh et al 2004a). Site directed mutations in
CERES elements show that they are like an overlapping enhancer and silencer,
rather than individual ESEs or ESSs (Pagani et al. 2005; Raponi et al. 2007).
Moreover, these elements are also not predictable in computer-assisted
systems and its functionality is not reproducible in a heterologous context

(Raponi et al. 2007).

1.1.7. Trans-acting splicing factors

The non-snRNP splicing factors share similar structural features such as a

different number of RNA binding domains and/or protein binding domains.
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These proteins usually target short sequence elements adjacent to sites of
regulation. The non-snRNP RNA binding proteins can be involved in general
or tissue-specific splicing events (David et al. 2008). In particular, two families
of RNA binding proteins, hnRNP and SR proteins, have been found as
components of distinct regulatory complexes with functional specificity in
splicing (David et al. 2008; Chaudhury et al. 2010; Shepard et al. 2009).

The SR proteins are highly conserved and play multiple roles in splicing and in
general in RNA metabolism (Shepard et al. 2009; Huang et al. 2005; Graveley
2000). All SR proteins have a modular organization and contain a N-terminal
RNA-binding domain that interacts with the pre-mRNA and a C-terminal RS
domain rich in arginines and serines involved mainly in protein-protein
interaction; moreover the RNA binding and RS domains are modular
structures and they can be exchanged between different SR proteins (Cartegni
et al. 2002; Shepard et al. 2009).

SR proteins are required both for constitutive and alternative splicing events .
Two non-exclusive models have been proposed to explain the role of SR
protein in pre-mRNA splicing. One model is based o the ability of this splicing
factors to bind ESEs and through their RS domain to recruit and stabilize U1
snRNP and U2AF binding to the 5’ and 3’ ss respectively. The second model
proposes that a SR protein, bound to an ESE, can antagonize the negative
effect of a nearby silencer element (Cartegni et al. 2002; Sanford et al. 2005).
The activity of SR proteins is regulated through phosphorylation/
dephosphorylation cycles this post-translational modification appears to
influence the subcellular localization of the protein and its ability to bind the
RNA The RS domain phosphorylation is required for the translocation of SR
proteins from the cytoplasm to the nucleus (Stamm 2008; Sanford et al. 2005;
Blaustein et al. 2005; Misteli et al. 1997; Bourgeois et al. 2004).

The hnRNP proteins family is a class of several RNA-binding proteins that

associate with nascent pre-mRNA: these factors remain associated with pre-
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mRNA until its processing is completed and with mRNA during its export
from nucleus to cytoplasm (Hocine et al. 2010; Kohler et al. 2007) Some hnRNP
are extremely abundant (about 100 milion copies per nucleus), while others are
present in a lower amount (Kamma et al. 1995; Markovtsov et al. 2000).

The most prominent structural feature of hnRNPs is that they contain RNA-
binding motifs as well as auxiliary domains that have been shown mediate
protein-protein interactions (Dreyfuss et al. 1993; 2002).

The hnRNP proteins frequently mediate splicing repression, particularly
through binding to exonic splicing silencer (ESS) elements or by sterical
interference with other protein interaction (Cartegni et al. 2002; Zhu et al.
2001; Fisette et al. 2010).

Although many of the hnRNPs are localized in the nucleus, a subset of these
proteins shuttles continuously between nucleus and cytoplasm: this indicates a
role of these proteins in nuclear export and in other cytoplasm process (Pifiol-
Roma et al. 1993; Martinez-Contreras et al. 2006).

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 A1, which was first identified to counteract SF2 during 5’
splice site selection of the EiA premRNA (Mayeda et al. 1992). It also
modulates 3' ss choice as in the case of K-SAM exon in fibroblast growth factor
receptor-2 mRNA (Del Gatto et al. 1997)). Although hnRNP A1 exhibits the
highest binding affinitiy for the UAGGGY sequence element, it can also bind
other RNA sequences with lower efficiency. It is known that hnRNP A1 can
interact with itself, other hnRNPs proteins and spliceosomal U2 and Uy
snRNPs (Cartegni et al. 1996; Honoré et al. 1995). Thus it is believed that
hnRNP A1 negatively influences splicing through both direct binding to RNA
sequences and protein-protein interactions, forming large complex which
sterically interfere with spliceosome loading onto the pre-mRNA or reduces its

affiity for the canonical splice sites.
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Many other cases of hnRNPs antagonizing SR proteins and promoting exon
skipping have been reported over the last years (Okunola et al. 2009; Rooke et
al. 2003; Guil et al. 2003; Singh et al. 2004b; Jun Li et al. 2003; Dreumont et al.
2010). Alternative mechanisms by which hnRNP proteins promote exon
skipping consist in inhibiting intron or exon definition crosstalks (Izquierdo et
al. 2005; Sharma et al. 2008), direct competition with U2AF65 for the binding
to the PPT (Lin et al. 1995; Matlin et al. 2007) or looping of exons through
contacts between hnRNPs flanking these exons (Lamichhane et al. 2010;

Oberstrass et al. 2005).

1.1.8. 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 might act as cis-elements and their influence on splicing can occur
in multiple ways.

RNA duplexes can be recognized in a sequence-independent fashion by
double-stranded (ds) RNA binding proteins, characterized by a dsRNA-
binding motif (dsRBM) (Fierro-Monti et al. 2000). Proteins carrying dsRBMs
are classified in nine families with varied functions. some of which are well-
established and others are yet-unknown. One of these families is composed by
the dsRNA adenosine deaminase family, which is involved in the covalent
modification of dsRNA. These proteins promote the deamination of adenosine
to inosines (I) by the RNA editing process, which is dependent on pre-mRNA
secondary structures (Bass et al. 1988; U. Kim et al. 1994; Melcher et al. 1996).
These enzymes bind to the RNA via dsRBM and can decrease the stability of
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the structure by editing a A-U base pair into a less stable, non-canonical [-U
base pair (Patterson et al. 1995; Bass et al. 1988). The destabilization of the
helix can affect the recognition of splicing functional sequences by the
mechanisms previously mentioned. Another possibility is that editing
destabilize a double-stranded structure, thereby allowing access for proteins
and spliceosomal components to splice sites or cis-acting elements. RNA
editing could modulate splicing processing through base changes in cis-acting
signals (Schoft et al. 2007).

RNA secondary structures may hinder 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) On the other hand, they can stimulate splicing processing when
silencer elements are trapped within a RNA structure or vary the relative
distance between regulatory elements, consequently altering their ability to

modify splice site recognition (Buratti et al. 2004)..

1.1.9. U1 small nuclear RNA (U1 snRNA)

The human Ui snRNA gene (RNUi-1) is repeated many times in the human
genome as clustered repeat units of 45 Kb on chromosome 1 (Lund et al. 1984;
Bernstein et al. 1985). These genes have a short TATA-less promoter,
composed by a distal sequence element (DSE) that serves as a transcription
enhancer and a proximal sequence element (PSE), located in the core
promoter region upstream from the transcription start site (Fig. 1.1.7). The PSE
sequence is common to all human snRNA genes whereas the absence of a
TATA box specifies the recruitment of RNA pol II and its associated
transcription apparatus. The PSE is recognized by the snRNA activating
protein complex, SNAPc (snRNA activator protein complex), (Sadowski et al.

1993) which serves as a target for transcription activators and repressors, such
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as Oct-1,p53 and RB (Ford et al. 1998; Gridasova et al. 2005; Hirsch et al.
2000). SNAPc binding to the U1 PSE is necessary for the recruitment of general
transcription factors such as TBP (transcription factor 1IB), TFIIA, TFIIB, TFIIE
and TFIIF (Kuhlman et al. 1999). The DSE is typically located 200 bp upstream
of the transcription start site, and seems to be necessary for high-level
expression of snRNA. It is a compound element, having an octamer motif
recognized by the activators Oct-1 and Staf/SBF (Carbon et al. 1987; Schaub et
al. 1997). The transcriptional stimulatory activity of these factors relies on
multiple interactions with the general transcription machinery components
associated to the SNAPc (Ford et al. 1998; Mittal et al. 1996).

U1 snRNA gene transcript is not spliced and the 3’ end is not polyadenilated:
probably this feature prevent the association with the translation machinery
(Hernandez 2001). Nevertheless the snRNA gene-specific 3-box (9-19 bp
downstream the RNA-encoding region) is required for correct 3’-end
formation of U1 snRNA (Egloff et al. 2008).

The 3’-end formation occurs in a step manner: first there is the recognition of
the cis-acting 3’-box. The 3’-box is a 13-16 nucleotide long element that directs
the production of a 3-extended pre-snRNA which is subsequently processed,
leading to a formation of the mature 3’end after transport to the cytoplasm
(Kiss 2004; Huang et al. 1997). Moreover, recently a large complex termed
Integrator (constituted of Intn and Intg) has been shown to play a role in pre-
snRNA 3’-end formation (Baillat et al. 2005). Thus, these findings indicate that
the 3’-box is an RNA-processing element analogous to the polyadenilation
signal commonly found in protein coding genes (Egloff et al. 2008; Uguen et
al. 2003).

Recent works has demonstrated that the phosphorylation of the CTD (C-
terminal domain) of the large subunit of RNA polymerase II is necessary for
the 3’-box-dependent RNA 3’-end formation in vivo, indicating that processing

occurs co-transcriptionally (Medlin et al. 2003; Jacobs et al. 2004). In particular
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Figure 1.1.7. The structure of human U1 snRNA gene transcribed by RNA pol II.

The diagram shows the DSE and PSE cis-acting promoter elements and the 3’box cis-acting RNA-
processing element of pol II-transcribed Ui-snRNA gene boxed, with their position relative to the
transcription start site noted below. The start site of transcription is marked with an arrow above the
line.

it has been demonstrated that the CTD phosphorylation is fundamental for
recruiting Integrator complex which binding is crucial for a correct 3’-end

processing (Egloff et al. 2007).
1.1.10. U1 small nuclear ribonucleoprotein particle (U1 snRNP)

Mammalian U1 snRNP consists of the 164 bp long U1 snRN and ten different
associated proteins: seven Sm proteins (B, D1, D2, D3, E, F and G) and three U1
snRNP-specific proteins: Ui-70K, U1-A and Ui-C (Stark et al. 2001).

The U1 snRNA possess a characteristic cloverleaf secondary structure, where
four stem-loops are evident, in addition to the 5'-tail (Pomeranz Krummel et
al. 2009). The association of the two largest Ui-specific proteins Ui-70K and
Ui-A depends on the presence of stem-loop I and II, respectively (Fig. 1.1.8).
Deletion or sequence alteration of these stem-loops alter significantly binding
of Ui-7ok and Ui-A and may negative consequences on Ui snRNP assembly
and function (Hamm et al. 1990; Surowy et al. 1989; Yuo and Weiner 1989).
The smaller Ui-C protein is probably attached by protein-protein interaction
with the first 97 residues of Ui-70k (Nelissen et al. 1994).

The characteristic Sm site, to which the Sm proteins bind (sequence
AAUUUGUGQG) is located between stem-loop III and IV (Raker et al. 1999).

U1 snRNP guides the formation of the E complex, by recognizing and binding
to the 5' ss on the pre-mRNA substrate (Mount et al. 1983)). This interaction

occurs via short RNA-RNA interactions between the consensus 5' ss at the
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Figure 1.1.8. Schematic structure of U1 snRNP

The secondary structure of the U1 snRNA and the sites at which the proteins U1-70K and Ui-A bind the
RNA are represented. The Sm site is represented with the Sm proteins. Ui-7ok physically interacts with
Ui-C and Sm-D1/D2 (Pommeranz-Krummel et al 2009; Hernandez et al 2009).

exon/intron boundary and the 5'-tail of the U1 snRNP. The role of U1 snRNP in
5' ss recognition has been established long ago through different experimental
approaches including targeting Ui snRNP 5'-tail with RNA oligos or its
degradation by ribonucleases, all of which inhibit splicing processing (Mount
et al. 1983; Rinke et al. 1984; Black et al. 1985). Furthermore mutations at the 5'
ss can be suppressed through the introduction of compensatory changes into
the U1 snRNA 5'-tail, further highlighting the role of the U1 snRNP in 5' ss
recognition (Zhuang et al. 1986). Although 5' ss recognition can occur in
absence of a Ui snRNP s5'-tail (Du et al. 2002), the splicing efficiency is

compromised. UiC protein contributes to 5' ss recognition and its stabilizes
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Figure 1.1.9. Schematic representation of U1 snRNA 5’-tail that binds to 5’ss consensus sequence.

the RNA duplex between the 5' ss and the Ui snRNP 5'-tail (Du et al. 2002;
Pomeranz Krummel et al. 2009), enhancing the formation of E complexes
(Will et al. 1996).

U1A seems not to be required for splicing in vitro, as deletion of the stem-loop
IT or UiA depletion from nuclear extracts do not impact on U1 snRNP activity
(Heinrichs et al. 1990; Will et al. 1996).

In addition to UiC, Ui-70K plays an important role in U1 snRNP stabilization
and promotion of E complex formation. Ui-70k is known to interact with
several SR proteins such as ASF/SFz,, SC35 and ZRANB2 (Wu et al. 1993; Cao et
al. 1998; Jamison et al. 1995; Wang et al. 1998; Adams et al. 2001) through its RS
domain. These interactions are expected to facilitate U1 snRNP recruitment to
the 5' ss and subsequent formation of the E complex (Cho et al. 2011). The
importance of Ui-7ok behind U1 snRNP activity is further evidenced since it s
the only U1 snRNP-associated protein which is regulated by phosphorylation
(Tazi et al. 1993). Interestingly, Ui-7ok phosphorylation do not impede
spliceosome formation but blocks splicing catalysis (Mermoud et al. 1994).
Even though complementarity between the 5' ss and Ui snRNP 5'-tail is a

major determinant in identification of the 5' ss, but base-pairing alone is not
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sufficient to specify the site of nucleophilic attack (Zhuang et al. 1986; Siliciano
et al. 1988; Liao et al. 1990; Séraphin et al. 1988). Increased base pairing to a
mutant 5' ss can nevertheless maintain usage of cryptic splice sites located
nearby (Siliciano et al. 1988; Cohen et al. 1994). Furthermore, targeting U1
snRNPs to downstream regions of the 5' ss resulted in increased correct 5' ss
usage and protein synthesis (Cohen et al. 1994). Recently a group of natural 5'
ss with a shifted complementarity to U1 snRNP 5'-tail has been described,
supporting the notion that U1 snRNP is required for splicing commitment of a
5' ss but do not specify itself 5' ss activation and cleavage site. U5 and U6
snRNP contribute greatly to ensure proper 5' ss selection, as they interact
directly with the donor site sequence after U1 snRNP release from the pre-
mRNA. In addition, some cases of Ui-independent splicing have been
reported, in which an abundance of SR proteins compensate the absence of a
functional U1 snRNP 5'-tail (Tarn et al. 1994). However, the SR proteins
themselves cannot discriminate real from cryptic splice sites as the successive
interactions of Ui, Us and U6 snRNPs on the pre-mRNA do (Kandels-lewis et
al. 1993; Lesser et al. 1993; Tarn et al. 1994).
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Section 1.2. Defective splicing and disease

Considering the complexity of the pre-mRNA splicing process, it is not
surprising that splicing mutations are directly linked to aberrant splicing
processes. Thus the study of the network of interactions between defective
splicing and disease has came a central issue in the medical research field
(Faustino et al. 2003; Pagani et al. 2004; Buratti et al. 2006; Baralle et al. 2009;
Ward et al. 2010; Berasain 2010; Wessagowit et al. 2005, Wang et al. 2007;

Evsyukova et al. 2010; Garcia-blanco et al. 2004; David and Manley 2010)..

1.2.1. Pre-mRNA splicing and disease

Pre-mRNA splicing defects are likely to have an impact on medical practice
because they seem to have a role in almost all diseases with a genetic aetiology
(Tazi et al. 2009; Baralle et al. 2009).It is in fact now clear that substitutions
which had for a long time been regarded as harmless synonymous changes in
protein coding regions may have some very severe consequences on splicing
process, and thus on the appearance of disease (Pagani et al. 2004; Buratti et
al. 2006). Although the frequency of splicing mutations varies considerably
between individual genes, initial estimates considered that approximately 15%
of pathogenic mutations cause disease through the defect they introduce in
the splicing mechanism (Table 1.2.1).In addition, it has been demonstrated that
the pathological consequences of some nonsense mutations are not due to its
predicted aminoacid change but actually to their impact on splicing
(Vankeerberghen et al. 1998; Ohno et al. 2001; Aznarez et al. 2003). Thus the
primary mechanism of disease behind mos pathological exonic mutations is a
catastrophic splicing abnormality rather than a direct effect on coding
potential (Lopez-Bigas et al. 2005)

Nevertheless, the reason that the role of splicing mutations has been realized
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relatively late is because it has been difficult to show a clear correlation
between the suspected mutation and the disease (Wang et al. 2007; Baralle et
al. 2005). As research has progressed, it has became clear that genomic
variants —even if found in intronic region- should be considered as a potential
disease-causing mutation affecting splicing (Baralle et al. 2009)..

Numerous methodological developments have also aided researchers in the
task of building connections between splicing and disease. For example, the
refinement of minigene-based technologies for alternative splicing analysis
initially described about 25 years ago (Vibe-pedersen et al. 1984) has allowed a
relatively fast approach to identify splicing spoilers and to study their

underlying functional mechanism (Baralle et al. 2005; Cooper 2005).

Gene Disease/ Phenotype Splicing mutations (%)
ATM Ataxia telegectasia 18
BRCA:1 Breast cancer predisposition 9
CADM | Medium chain acyl CoA dehydrogenase deficiency 10
CFTR Cystic fibrosis 14
DMD Duchenne muscular dystrophy 9
HBA1/2 Blood disorders (thalassemias, anaemia etc.) 3
HBB Blood disorders (thalassemias, anaemia etc.) 10
HPRT | Hypoxantine-guanine phosphoribosyltr. I deficency 15
IKBKAP Dysautonomia, familial 33
MAPT Frontotemporal dementia and Parkinsonism 33
MLH: Colorectal cancer 18
MSH> Colorectal cancer 9
NF1 Neurofibromatosis type I 19
NE2 Neurofibromatosis type II 22
RHO Retinitis pigmentosa 3
SMN1/2 Spinal muscular atrophy 4
WT1 Wilms tumor 1

Table 1.2.1. Frequency of splicing defects in common human disease.
*The data are calculated from the public Human Gene Mutation Database (24/11/2008). Adapted from
(Baralle et al. 2009).

1.2.2. Mutations at canonical splice sites

Splicing signals are frequent targets of mutations in genetic diseases and
cancer. Most of them are single point mutations occurring in one of the first

two bases (GT) in intron, immediately downstream a 5’ ss, as well as AG in
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intron immediately upstream a 3’ss completely abolish splicing (Krawczak et
al. 2007)..

The degenerate nature of splice site consensus sequences makes assessment of
pathogenicity of a new genomic variants a difficult task. Except for the
mutations that destroy the invariant GT or AG dinucleotides on donor sites
and acceptor sites respectively, the presence of a GV on other positions it is
not always indicative of pathogenicity. For example, while single nucleotide
polymorphisms (SNP) display an even distribution over all base positions in
human 5' ss, pathological GVs tend to cluster at certain positions, particularly
-1 and +3 to +6 for donor sites and -3 for acceptor sites (Krawczak et al. 2007).
Pathological PPT mutations are less abundant than those affecting splice sites
and show a homogeneous distribution ((Krawczak et al. 2007).

At the 5’ ss, mutations affecting the GT residue at position +1 and +2 are the
most common, followed by mutations at position +5 (Pohlenz et al. 2002;
Krawczak et al. 2007, 1992). Mutations at these positions are thought to reduce
the complementarity between the donor splice site and the U1 snRNA 5'-tail,
which is one of the first step in the complex process of pre-mRNA splicing.
This results usually in exon skipping (Krawczak et al. 2007)although additional
events can take place, ranging from weak splice site recognition, cryptic splice
site activation, full intron inclusion or modification in RNA secondary
structure. It is important to highlight that despite weak splice site recognition
leads to a decreased exon inclusion yet some mRNA is produced, and protein
product is functional. On other cases, usually mature mRNA is not produced
or the protein product is nonfunctional. Therefore it is of crucial importance
to test each mutation to assess their effect on splicing processing and develop
better diagnostic tools and therapeutic approaches (Spurdle et al. 2008;
Tournier et al. 2008; Houdayer et al. 2008; Hartmann et al. 2008). For instance,
hybrid minigene system have been extensively used for evaluation of splicing-

associated mutations in many different gene models, such as CFTR, NF1, ATM
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Figure 1.2.1.Mutations affecting canonical or exonic regulatory elements can trigger pathological
aberrant splicing

and others (Pagani et al. 2004). At the same time, this method allows to
uncover novel regulatory elements, either intronic or exonic, which may

participate in splice site selection (Cooper 2005).

1.2.3. Mutations involving non canonical splicing regulatory sequences

Nucleotide substitutions that occur within cis-acting elements can be
classified as loss or gain of function splicing mutations if the splicing element
considered is destroyed/weakened or created/enhanced, respectively (Faustino
et al. 2003; Garcia-blanco et al. 2004) .These mutations in general can affect
ESE, ESS or CERES or intronic regulatory elements and have been identified
for several gene models (Covaciu et al. 2011; Drogemdiller et al. 2011; Whiley et
al. 2010; Fukao et al. 2010; Vidal et al. 2009; Skoko et al. 2008; Petkovic et al.

2007; Pagani et al. 2003a; Hovhannisyan et al. 2005).
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A well-studied example in which the effect of a splicing mutation on an exonic
regulatory sequence has been analyzed is represented by the spinal muscular
atrophy (SMA), a disease in which the severity of the pathology corresponds to
the degree of functional SMN protein deficiency. In humans there are two
SMN genes: the vast majority of SMA patients have deletions of SMN1 gene
and a single C to G substitution at position 6 in SMN2 exon 7. This mutation,
though it does not change the aminoacid coding, significantly alter the
splicing of pattern of the SMN2 pre-mRNA, causing frequent skipping of the
exon 7 that produces an inactive and unsuitable protein lacking the last 16
aminoacids (Monani et al. 1999; Lorson et al. 1999; Cooper et al. 2009). Two
models have been proposed to explain exon 7 skipping in SMN2: one is that
the mutation disrupt an ESE, which the splicing activator ASF2/SF2 binds
(Cartegni and Krainer 2002), and the other is that it creates an ESS to which
the splicing suppressor hnRNP A1 binds (Kashima et al. 2007).

Another example of mutation involving non canonical splicing regulatory
sequences is represented by the dystrophin gene. It has 78 introns and
mutations involving this gene are responsible of Duchenne muscular
dystrophy (DMD) disease. DMD is caused by loss of function mutations, and
while more than 65% of DMD mutations are genomic deletions, a large
number of exonic and intronic point mutations cause disease through aberrant
splicing (Cooper et al. 2009). It is interesting to note that a particular a T>A
substitution in exon 31 not only creates a premature termination codon, but
also introduce an ESS that binds to hnRNP Ai, resulting in partial exon
skipping: the mRNA lacking this exon lose coding for one spectrin-like repeat
but retain the correct reading frame to produce a partially functional protein,
giving a reason of the wilder for of the pathology of patients with this

particular mutation (Disset et al. 2006).
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1.2.4. Bioinformatic tools can predict pathogenicity of new GVs

Several bioinformatic tools have been developed over the last two decades,
exhibiting a notorious growth in number and quality after the completion of
the Human Genome Project.

As previously mentioned, an exonic GV can cause disease through an
alteration of the coding sequence or mis-regulation of exon splicing. The latter
likely occurs when the exonic GV affects ESE, which are oftenly undescribed
for many cases. The use of systematic evolution of ligands by exponential
enrichment (SELEX) has been utilized to identify sequences that can act as
ESEs in response to specific SR proteins characterizing SR-protein-specific
sequence motifs (Liu et al. 1998, 2000). The frequencies of individual
nucleotides at each position were used to derive score matrices in order to
predict the location of SR protein-specific putative ESEs and design an
ESEfinder web-based program (http://rulai.cshl.edu/tools/ESE/) (Liu et al.
2000, 1998; Cartegni et al. 2003). In order to identify enhancer sequences
additional ab initio computational approaches have also been developed. For
instance, the RESCUE-ESE (Relative Enhancer and Silencer Classification by
Unanimous Enrichment) identifies putative ESE motifs by selecting hexamers
that are enriched in exons against introns and weak against strong splice site
scores (Fairbrother et al. 2002, 2004). Similarly, the PESX approach (Putative
Exonic Splicing Enhancers/Silencers) allows the identification of putative
exonic splicing regulatory elements by comparing over-represented octamers
in internal non-coding exons versus unspliced pseudo exons and the g
untranslated regions of intronless genes. Oligonucleotides that are sufficiently
overrepresented in noncoding exons are selected as PESE elements (Zhang and
Chasin 2004; Zhang et al. 2005).

The first attempt to compute splicing sites strength has been reported more

than 20 years ago by Shapiro & Senapathy (1987). They developed a position-
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specific weight matrix (PSWM) for 3' and 5' ss that reflects the degree of
sequence conservation of the 3755 5' and 3' known splice sites at that time.
This approach assumes independence of each nucleotide position. For 5' ss
they used appropriate weights or frequency percentages in order to score every
8bp-lenght subsequence in the input sequence, based on the PSWM. For 3'ss
the method is somewhat more complicated, since scoring comprises the
NCAGG consensus around the invariant AG dinucleotide and the PPT. The
formula weights the PPT and the AG consensus equally. From these matrices,
the S&S score has been derived within a range o-100, being 100 the score of
consensus 5' or 3' ss sequences. are then given the maximal score, that is 100,
which decreases as input sequence varies from consensus. Therefore input
splice sites with high similarity to consensus sequences are considered strong
splicing sites and increasing dissimilarity is perceived as weakening of the
splice site strength (Shapiro et al. 1987). Although this intuitive reasoning is
commonly still considered valid, it is known that simple resemblance to
consensus sequences is not a reliable variable to predict splice sites
usage/strength. Weight matrix models (WMM) represent an extension to the
S&S score, since they take into consideration the relative importance of each
base at every position. Base position within the putative splice site sequence
are no longer considered as an independent factor, as the matrix quantifies the
relative likelihood of a given candidate splice site sequence with respect to the
background nucleotide distribution from a training set of splice sites signals.
Nevertheless they still fail to incorporate nucleotide interdependencies.
Weight array methods slightly increase the discriminative power of WMM by
using conditional probabilities for pairs of neighbouring nucleotides. Both
WMM and WAM strategies are integrated into the maximum decomposition
model (MDD) (Yeo et al. 2004) which is an iterative decision-tree approach
that captures the strongest dependencies, including those between non-

neighbouring positions. A least biased approach is constituted by the
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maximum entropy model (MaxEnt), which does not make assumptions based
on distribution but rather ponders consistency of the input sequence with a
set of known real and decoy signal sequences. This approach incorporates local
adjacent and non-adjacent positions into the calculation of the score, taking
into account a series of constraints estimated from the available data. In the
case of 3' ss, since the consensus motif is longer than the 5'ss MaxEnt initially
breaks up the input sequence into overlapping pieces and the final likelihood
is calculated from the appropriate ratio of individual segment distributions
using second-order marginal constraints in each segment.

The computational tools described so far require previous manual selection of
relevant information features. Machine learning techniques on the other hand
deduce classification functions or rules from a pool of training data sets
(known real and decoy splice signals). Neural network (NN) is a machine
learning approach that recognizes sequence patterns once it is trained with
sets of DNA sequences containing known real and decoy splice signals. Using a
backpropagation feedforward neural network with one hidden layer it
produces an output score between o and 1 for each candidate sequence (Reese
et al. 1997).

For 5' ss, some strategies have been developed based on U1 snRNP recognition
and duplex formation between donor site sequence and 5'-tail.
Thermodynamic calculation of the 5' ss:U1 snRNA duplex is quantified by its
free energy AG, and the output value reflects the contribution of hydrogen
bonding, base stacking, mismatches and Watson-Crick and wobble base pairs
(Carmel et al. 2004). Hydrogen bond formation is the principle of another 5' ss:
Ui snRNA based approach to estimate splice site strength. Hbond score
considers the formation of hydrogen bonds between 5'ss and the 11 nt of the U1
snRNA s5'-tail, taking into the calculation positions +7 and +8 of 5'ss (usually
dismissed in other splice site scoring tools) and the nucleotide

interdependence beyond neighbour bases (Freund et al. 2003).
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1.2.5. Corrective therapies for splicing defects

1.2.5.1. Antisense oligonucleotides and small molecules. 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 (Cooper et al. 2009;
Hammond et al. 2011). 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 SMA. ASOs designed to target an ISS
in intron 7 of SMN2 stimulates exon inclusion, and consequently have been
shown to significantly delay and reduce the phenotypic effects on a mild SMA
mouse model (Hua et al. 2008, 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)l 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.
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1.2.5.2. U snRNP-based therapies for splicing modulation. The use of modified U
snRNPs represents an alternative to ASO-based therapies for several reasons.
First, U snRNAs are naturally exported to the nucleus to target pre-mRNAs,
ensuring higher efficient delivery with respect to ASOs. Second, delivery of U
snRNAs in a proper delivery vector (i.e., adeno-associated virus, AAV) would
require few, if not only one, administrations to prospective patients. Third, the
antisense sequence is protected from degradation since it is integrated within
the U1 snRNA gene.

The U7 snRNP belongs to the family of small nuclear ribonucleoprotein
particles like U1 snRNP but it is not part of the spliceosomal complex. Uy
snRNP is a key player of the histone 3' end pre-mRNA processing (Miiller et al.
1997). The normal U7 snRNP has a low affinity Sm site which is responsible for
its low levels in the nucleus. Therefore in order to be used for splicing
modulation, the Sm site was replaced for an optimal site. This particle, named
U7 SmOPT exhibits improved nuclear accumulation levels and is no longer
functional for histone RNA processing (Grimm et al. 1993; Stefanovic et al.
1995). The natural anti-histone 3' end motif can be easily replaced for the
antisense target sequence of interest. Modified versions of U7 SmOPT have
been previously used to redirect alternative splicing events in several gene
models (Gorman et al. 1998; Goyenvalle et al. 2004; Madocsai et al. 2005;
Uchikawa et al. 2007; Asparuhova et al. 2007)

The 5'-tail of U1 snRNA have been also altered in order to deliver antisense
sequences. A modified U1 snRNA (with a 54 bp modified 5'-tail) targeting
mouse DMD gene exon 23 3' and 5' ss was systemically delivered using AAV
vectors to the dystrophin-deficient mouse model of DMD, mdx. Body-wide
dystrophin restoration was observed in treated mice, although heterogeneous
throughout the skeletal muscles (Denti et al. 2006). More recently,
investigators used U1 snRNA to correct splicing through exon skipping in

human DMD pre-mRNA in primary patient fibroblasts . The most efficient
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exon skipping was achieved from targeting splice site as well as exonic
regulatory regions of exon s51. Similarly, U7 SmOPT snRNA targeting SMN2
exon 7 in SMA patient-derived fibroblasts was able to induce exon 7 inclusion
in up to 80% of transcripts (Geib et al. 2009).

The use of modified U1 snRNPs suppress the impact of disease-associated
splice site mutations, complementing the loss of the normal U1 snRNP activity.
In these cases, the modified U1 snRNAs have few nucleotide changes in
comparison to the wt sequences and base pair exactly to the mutant donor
sites. These approaches are based on the previous notion that compensatory
changes suppress 5' ss mutants (Zhuang and Weiner, 1986). These approaches
have been proposed for the correction of splicing defects in human malignant
infantile osteoporosis (arOP)(Susani et al. 2004), coagulation factor VII (FVII)
deficiency (Pinotti et al. 2008, 2009), retinitis pigmentosa (Tanner et al. 2000;
Glaus et al. 2011), Fanconi anemia (Hartmann et al. 2010) and Bardet-Biedl
syndrome (Schmid et al. 2011). For several of these models, in addition to
correct pre-mRNA splicing processing, protein biosynthesis and function was
restored upon treatment with modified U1 snRNPs (Pinotti et al. 2009;

Hartmann et al. 2010).
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Section 1.3. Coagulation Factor IX deficiency

1.3.1. Fg gene and protein.

Coagulation factor IX gene (F9) is located on the X chromosome, on the long
arm, more towards the centromere at Xq28. The gene is approximately 34 kb
in length and contains only eight exons, the largest of which is only 1935 bp
(Fig. 1.3.1A).

The transcript is 2803 bases in length and comprises a short 57 UTR (29 bp), an
open reading frame plus stop codon (1383 bp) and a 3’ UTR (1390 bp) (Fig.
1.3.1B).

The open reading frame encodes a pre-pro-protein in which the signal
sequence (pre-sequence) directs factor IX for secretion, the pro-sequence
provides a binding domain for vitamin K dependent carboxylase, which
carboxylates glutamic acid residues in the adjacent Gla domain, and the
remainder represents the factor IX zymogen (Anson et al. 1984).

Activation of factor IX involves cleavage of two peptide bonds, one on the C-
terminal side of arginine 145 (a-cleavage) the other on the C-terminal side of
arginine 180 (-cleavage) (Fig. 1.3.1C). These cleavages are caused by activated
factor XI generated through the intrinsic pathway or via tissue factor/activated
factor VII complex of the extrinsic pathway. The activation cleavages generate
an N-terminal light chain and a C-terminal heavy chain, held together by a
disulphide bond between cystein residues 132 and 279 (Fig. 1.3.1D) (Bowen

2002).

1.3.2. Role of coagulation factor IX in the coagulation cascade.

Coagulation factors VIII and IX, whose deficiency are known to cause

haemophilia A and B respectively, circulate as inactive precursors that are
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activated at the time of haemostatic challenge, via the intrinsic or extrinsic
pathways (Zdziarska et al. 2009).

Factor VIII is a cofactor with no enzymatic activity per se; factor IX is a serine
protease with an absolute requirement for factor VIII as cofactor. Upon
activation, and in presence of calcium ions and phospholipid surfaces, factor
VIII and factor IX form an active complex, which activates factor X (Fig. 1.3.2).
Subsequent stages of the cascade then proceed, culminating in the deposition

of fibrin, the structural polymer of the blood clot (Bowen 2002).

1.3.3. Molecular basis of the haemophilia B

The mutations causing haemophilia B have been localized and characterized in
several hundreds of patients. What is clear is that the enormous number of
mutations that have been elucidated is that the molecular basis of haemophilia
is extremely diverse.

Point mutations (single nucleotide substitutions) are the most common gene
defect and are present in approximately 9o% of patients. Deletions are the
second most common gene defects are present in approximately 5-10% of
patients. Insertions and other rearrangements are quite rare within the
haemophilia B population (Bowen 2002)

The point mutations that occur in haemophilia B comprise missense mutation
(these change a codon so that a different aminoacid is encoded), nonsense
point mutation (these change an aminoacid codon into a translation stop
codon), and mRNA splice site point mutations (these corrupt a true mRNA
splice site, or create a novel one) (Ketterling et al. 1999; Koeberl et al. 1990).

In particular mutations that destroy or create mRNA splice sites are associated
with variable severity of haemophilia: this depends on whether some correct
transcripts can be processed (mild to moderate disease) or whether there is a

complete loss of correct mRNA processing (severe disease). Exon skipping is a
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Figure 1.3.1. Schematic representation of factor IX gene, mRNA and protein

A, Genomic organization of Fg gene. Exon and intron number and size are reported above and below,
respectively.

B, Factor IX mRNA showing the relative size and location of the ORF.

C, The newly synthesized factor IX protein molecule comprising a pre-pro signal sequence and a mature
peptide of 415 aminoacids.

D, Activated factor IX comprising a N-terminal light chain and a C-terminal heavy chain held together
by a disulphide bond between cysteine residues 132 and 279. Gla, Gla domain; EGF, epidermal growth
factor-like domain; Act, activation peptide released after proteolitic cleavage; catalytic, the serine
protease domain.

possible consequence of a mutation affecting splicing: the outcome depends
on whether the skip is in frame or results in a frame shift (Tavassoli et al.
1998).

In haemophilia approximately 30% of point mutations arise from CG
transitions while the remaining 70% do not occur a CG sites and may arise, for
example, as a result of nucleotide misincorporation during DNA replication
(Bowen 2002).

In general nonsense mutations are associated with severe forms of

haemophilia; exon skipping is a further possibility arising from a nonsense
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mutation and it is also extremely detrimental: an in frame skip will result in a
protein lacking the aminoacids encoded by skipped exon, an out of frame skip
will result in a frame shift (Dietz et al. 1993; Liu et al. 2001; Ketterling et al.
1999).

Deletions of factor IX gene include whole gene deletions, partial gene
deletions at 5’ or 3’ end or within the gene, and microdeletions of one to
several base pairs. A deletion, in general, has a high probability of destroying
genetic function, removing domains of a protein, or introducing a frame shift,
all of which are extremely detrimental. Therefore is not surprisingly that
deletion are associated with severe forms of the disease (Cooper et al. 1994;

Giannelli et al. 1996).

INTRINSIC PATHWAY |

Kallikrein €——— Pre-kallikrein

t

Factor Xl ™ Factor Xlla
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Factor IX ———> Factor IXa/Factor Vllla FactorV

FactorX ———> Factor Xa/Factor Va

| EXTRINSIC PATHWAY

R

Tissue factor/
______________ Factor Vlla

Factor Vil

Factor Il ——» Factorlla
(prothrombin) (thrombin)

|

Fibrinogen =  Fibrin

Figure 1.3.2. Schematic showing the intrinsic and extrinsic pathways of coagulation cascade
leading to fibrin formation.

A deficiency of coagulation factor VIII or factor IX compromises the activation of coagulation factor X,
the ensuing reactions are inefficient and haemophilia results.
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Section 1.4. Cystic fibrosis

1.4.1. General aspects of cystic fibrosis

Cystic fibrosis (CF), also known as mucoviscoidosis is an autosomal recessive
genetic disease that mostly affects the entire body causing progressive
disability and early death. The frequency of the disease differs among ethnic
groups. However, it is more common in the Caucasian with a incidence of 1 in
every 3300 whilst within Hispanics the occurrence is 1 in 9500 and it is an even
rarer disorder in native Africans and native Asians, where it is estimated to
occur in less than 1 in 50000 individuals (Goss et al. 2004)..

CF is an extremely heterogeneous disease both for the age of onset and for the
clinical features. A number of individuals escape detection in the first decade
or two of life, often because symptoms are mild. However, the typical patient
with CF generally shows symptoms like thick production of mucus, which
causes an obstructive chronic lungs disease, exocrine pancreatic insufficiency,
intestinal obstruction of ileum in the newborns (meconium ileus) and sterility
in 95% of men and in 10% of women(Kerem et al. 1996; Koch et al. 1993).
Although several organs are affected in CF, the underlying principle
mechanism of pathogenesis is considered to be the loss of epithelial
plasmamembrane chloride conductance. Decrease in salt and fluid secretion is
responsible for the blockage of exocrine outflow from the pancreas and the
accumulation of heavy and dehydrated mucus in the airways. Later onset, due
to the favourable condition or loss antimicrobial activity in the airway surface,
causes respiratory infections by pathogens like Pseudomonas aeruginosa,

Staphylococcus aureus and Aspergillus fumigatus (Goldman et al. 1997).

1.4.2. Molecular basis for CF

The gene CFTR (Cystic Fibrosis Transmembrane conductance Regulator) that
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encodes the protein is located at the human chromosome 7 (region q31). This
was the first gene identified by positional cloning (Riordan et al. 1989). The
mRNA encoded from the gene is of 6kb and contains 27 exons. CFTR is a
membrane associated glycoprotein of 169 kDa in size and consists of 1480
amino acid (Gregory et al. 1990). Structurally the protein has two nucleotide
binding domains (NBD1 and NBD2), one regulatory domain (R) and two
hydrophobic transmembrane domain (each consist of six membrane spanning
segments) (Riordan et al. 1989) The NBD1 subdivision of the protein is
encoded by exon g through exon 12. In particular, exon 12 encodes amino acid
spanning 560 to 588 towards the C terminal of the NBD1 (Lewis et al. 1995;
Pagani et al. 2003a; Slomski et al. 1992). In brief, the protein functions to
regulate the channel through phosphorylation of the R and NBDs. The
proposed mechanism is that partial phosphorylation of the R domain cause the
dimerization with NBDi1, which leads to the opening of the gate at the
transmembrane domain. Whereas, complete phosphorylation of the R domain

cause the closing of the gate by interacting with the NBD2 (Bompadre et al.

exon 4 56a6b 7 n 3 14amb 15 16 17a17b 18 19 21 2223 24
Length, bp (sb) (m)(mg) (2 6)(90)(!&4)( 26) (247) (9)) (18)) (192) (95) (87)  (724) (un))(y!)(xsl) (80) (151) (228) (1m) (24)) hsl:) (90)  (173)(106) (242)
!
Intron 13 15 17 819 20 2 24 25 26
length, kb (u) (16) (217) (3!)(0 9)(1 l)(34) (17) (65) (106) (zx) (z s)(x 5) (z 3)(77) (o 7) (2.9) (3. 7)(09) (2.8) (12.8) (u7) (mz) (n 7) (o 6)(1.3)
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B
|
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134 bp) (4724 bp) (1270 bp)
o 1488 aa

‘ |

MSD-1 NBD-1 R NBD-2 MSD-2

Figure 1.4.1. Schematic representation of CFTR gene, mRNA and protein

A, Genomic organization of CFTR gene. Exon and intron number and size are reported above and below,
respectively.

B, CFTR mRNA showing the relative size and location of the ORF.

C, CFTR protein. MSD-1 and MSD-2, membrane-spanning domain 1 and 2; NBD-1 and NBD-2, nucleotide
binding domain 1 and 2; R, regulatory domain.
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20053, b). Mutation to any of these functional domains produces defective
proteins and leads to disease.

The symptoms among CF patients differ a lot and it is hard correlate the
phenotypic symptoms with the genotype. However, phenotypic symptoms can
be categories in three groups. In the first one, we can include the symptoms
that are common to most CF patients, regardless of the type of mutations. An
example is the abnormal electrolyte composition of sweat that is common to
virtually all patients with classical CF. In the second category there are features
which show a good correlation between genotype and disease phenotype. This
category is best represented by the pancreatic function of the patients. The
third category of phenotypic features includes symptoms that do not show
significant correlation with genotype, such as the pulmonary status of CF

patients, in which the severity of the disease is strongly affected by
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Figure 1.4.2. Model of CFTR protein structure

Model showing proposed domain structure of CFTR protein. MSD-1 and MSD-2, membrane-spanning
domain 1 and 2; NBD-1 and NBD-2, nucleotide binding domain 1 and 2; R, regulatory domain; PKA,
cAMP-dependent protein kinase. Taken from Sheppard and Welsh, 1999.
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environmental and secondary genetic factors (CF modifiers) (Zielenski 2000;
Zielenski and Tsui 1995).

The number of mutations in the CFTR gene causing these symptons is growing
every day. The complete list of mutation identified up to now can be found at
the world web access http://www.genet.sickkids.on.ca. In most of the cases,
the pathological effect of single base substitution in CFTR gene were
considered to be based on the change in coding sequence (or were mis-
classified as benign polymorphism databases). Nowadays, several examples
have been shown that many of these changes affect splicing pattern of the
gene instead changing the specific amino acids (Pagani et al. 2000, 2003a;

Zielenski et al. 1995; Vankeerberghen et al. 1998)
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Section 1.5. Aim of the thesis

Adequate splicing processing relies on a multitude of weak interactions
between spliceosomal and trans-acting splicing factors, bound to canonical
and less-defined splicing regulatory elements. The initial recognition of the
donor splice sites by the U1 snRNP is a key event defining and committing the
exon to splicing catalysis. The degenerate nature of the donor splice site
sequences allow for some local mismatches to the U1 snRNP base pairing.
Thus the pathological impact of new genomic variants is not a straightforward
process and should be assessed through splicing functional assays.

In this thesis work, I have explored the impact on exon processing of several
disease-associated mutations in CFTR exon 12 and Fg exon 5 and the
involvement of U1 snRNP on the defective splicing defect.

Using different minigene systems and modified U1 snRNPs the following
aspects have been investigated: :

-the impact on pre-mRNA processing of several mutations affecting different
splice signals (PPT, exonic regulatory elements and donor splice sites);

-the role of U1 snRNP complementarity in aberrant splicing pattern;

-the potential therapeutic effect of modified U1 snRNPs, targeted to intronic
regions at a distance from the 5' ss, on mutation suppression and recovery of
functional protein biosynthesis;

-the characterization of new intronic splicing silencer elements in CFTR exon

12 and Fg exon 5 and their potential mechanism of action
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2. Results

Section 2.1. In silico analysis of splice site strength of CFTR exon 12 and Fg

exon 5 disease-associated variants.

In order to evaluate the effect on splicing of genomic variants (GVs) I studied
coagulation factor IX gene (Fg) exon 5 and cystic fibrosis transmembrane
receptor gene (CFTR) exon 12. | have evaluated ten different natural mutations
associated with factor IX deficiency and eight mutations associated with cystic
fibrosis as reported in the corresponding databases (Table 2.1.1).

In the case of CFTR exon 12, I focused on two exonic mutations, c.1696G>A
(p-A566T) and c.1731C>T (p.Y577Y) and six mutations occurring within exon 12
donor splice site sequence: c1766G>A, (p.S589N), ca766G>T (p.S589I),
€.1766+2T>C, c.1766+3A>C, c.1766+3>G and c.1766+5G>A. For simplicity’s sake,
[ will refer to the exonic mutations according to their relative location to the
CFTR exon 12 3' splice site: 17A and 52T, respectively. Similar criteria will be
applied to the donor site mutations, which will be named according to their
relative location to the g' splice site (5' ss): -1A, -1T, +2T, +3C, +3G and +5A,
respectively. Exonic mutations 17A and 52T were chosen as examples of
mutations that affect exonic splicing regulatory elements. In fact, they are
located in two previously described regulatory elements in CFTR exon 12, the
Composite Exonic Regulatory Element of Splicing (CERES) 1 and 2,
respectively (Pagani et al. 2003a, 2005). 52T is a synonymous mutation found
in a patient with a severe cystic fibrosis phenotype, while 17A is a missense
mutation found in an individual with mild CF (Table 2.1.1; CFTR Mutation
Database). Alternatively, five mutations located at the CFTR exon 12 donor
splice site have been associated to severe CF phenotype and one (+3G) to mild
form of the disease.

Concerning Fg exon 5, I have focused on mutations within polypyrimidine
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(PPT) and donor splice site sequences. Specifically, within the PPT region I
studied the c.17660T>G and c.17661T>G mutations, located upstream to the
acceptor site of Fg exon 5 at positions -9 and -8 respectively. These mutations
will be further referred to as -9G and -8G. Both of them are found in patients
with mild haemophilia B (Montejo et al. 1999), Haemophilia B mutation
database). Within the donor splice site sequence, the mutations investigated
consist of three synonymous variants at position c.17896 (A>G, A>C and A>T),
in addition to the variants ¢.17897G>T, c.17897+1G>A, c.17897+2T>C,
c.17897+4A>G and c.17897+13A>G (Table 1). These donor site mutations,
according to their relative position to the 5' ss, will be further referred to as
-2G, -2C, 2T, 1T, +1A, +2T, +4G and +13G. Concerning the pathological
relevance of these variants, individuals carrying mutations in positions -2, -1T,
+1A and +2C are affected with severe haemophilia B, mutation +4G has been
found in patients with moderate phenotype and mutation +13G on individuals
suffering from mild to moderate phenotype (Haemophilia B Mutation
Database). To our knowledge these mutations were not investigated for their
impact on Fg exon 5 aberrant splicing.

To understand the effect of these mutations on exon processing, I first
analysed the strength of normal and mutated splice sites in terms of consensus
values by using several in silico methods and the results are shown in Table
2.1.2. Analysis with in silico programs shows that the scores of CFTR exon 12
wild-type (wt) donor site are not very different from the optimal consensus
(CV=1=100%). In contrast, the scores of Fg exon 5 wt were significantly reduced
(Table 2.1.2). For example, considering the NN tool the CFTR exon 12 wt has a
score of 0.99 whereas the Fg exon 5 wt has only 0.21. Sequence inspection
showed that both wt splice sites deviate from the consensus and have some
reduced complementarity to the U1 snRNA. The CFTR exon 12 wt donor site
shows two mismatches at position -3 (an A) and at position +4 (a T). The Fg

exon 5 wt deviates at three positions: it has a C at position 3, a T at position 5

49



and an A at position 6 (Fig. 2.3.1A and 3.4A). The scores for both CFTR exon 12
and Fg exon 5 donor site mutations exhibit a great variability and based on this
analysis it is difficult to clearly predict the effect of some mutations on
splicing. This is particularly evident for Fg exon 5, as the wt donor site itself
has a very low score, and accordingly should not be used. Considering the
mutations that abolish the nearly invariant GU dinucleotide (conserved in
almost ~99.24% of human donor sites) (Burset et al. 2000), it is expected for
the prediction tools not to recognize the donor splice sites at all (some of them
are built assuming only Uz dependent GU donor sites; see Materials &
Methods) or to assign them the lowest scores (CV=0). In accordance with
these expectations, 10 out of 11 prediction tools used report null score for the
+2C mutations in CFTR exon 12, (see Table 2.1.2). Conversely, calculation of
free energy (AG) confers it a score similar to non-GU mutations as this tool do
not give any preference to nucleotide position. Similarly, 7 out of the 1
prediction tools report the lowest scores or were unable to recognize any
donor site for the +1A and +2C mutations in Fg exon 5.

The interpretation of score predictions for mutations +3G in CFTR exon 12 and
+4G in Fg exon 5 donor sites can be puzzling. In fact, concerning the +3G
mutant in CFTR exon 12, 7 out of 11 bioinformatic tools exhibit score values
similar to the corresponding wt donor site. The seven prediction tools that
suggest no significant effect on splicing include the most used programs like
Neural Networks (NN), Shapiro and Senapathy (S&S), maximum entropy
(MaxEnt) and weight matrix models (WMM). On the other hand, the
mutation +4G on Fg exon 5 donor site significantly reduces the score for 8 out
of 10 bioinformatic tools, including NN, MaxEnt, S&S or WMM.

Mutation +13G of Fg exon 5 occurs downstream the donor site but, according
to sequence change and all prediction tools used, it creates a cryptic donor site
with higher (S&S, MaxEnt, MDD, MM, WMM, NN) or equal (AST, AG,

SplicePort, Hbond, HSF) strength of the natural one.
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Mutation Sequence AA, change Reported clinical features Reference
CFTR exon 12
Exonic mutations
wt AAAGATG
17A AAAGATA 566, Ala to Thr Mild CF disease, pancreatic CFTR Mutation
sufficiency Database

wt GGATAC Healthy individuals

52T GGATAT 577, Tyr to Tyr Severe CF CFTR Mutation
Database

Donor site mutations
wt AAGgtatgt
-1A AAAgtatgt 589, Ser to Asn Severe CF (Stanziale et al. 2005;
Mérelle et al. 2006)

1T AATgtatgt 589, Ser to Ile Severe CF CFTR Mutation
Database

+2C AAGgcatgt NA Severe CF, steatorrhea; pancreatic (Choe et al. 2010)

insufficiency
+3C AAGgtctgt NA Severe CF (Kinnunen et al. 2005)
+3G AAGgtgtgt NA Mild CF, pancreatic sufficiency (Cremonesi et al.
1992)

+5A AAGgtatat NA Severe CF CFTR Mutation

Database

Po ypyrimigine tract mutations

wt tgettettttagATG
-8G tgctgettttagATG NA Mild severity Haemophilia B
Mutation Database
-9G tgegtettttagATG NA Mild severity (Montejo et al. 1999)
Donor site mutations

wt CAGgtcata

2T CTGgtcata 127, Ala to Ala Severe

-2C CCGgtcata 1277, Ala to Ala Severe Haemophilia B
-2G CGGgtcata 1277, Ala to Ala Severe Mutation Database
-1T CATgtcata 128, Val to Leu Severe

+1A CAGatcata NA Severe

+2C CAGgccata NA Severe

+4G CAGgtcgta NA Moderate

wt tgaataaga
+13G tgagtaaga NA Mild-moderate (Koeberl et al. 1990;

Ketterling et al. 1999)

Table 2.1.1. Genotype-phenotype correlation of genomic variants of CFTR exon 12 and Fg exon 5
analyzed in this thesis.
Severity of cystic fibrosis (CF) in patients is determined for each patient considering presence of specific
phenotypic clinical components and their time course (Zielenski 2000) For coagulation factor IX
deficiency, the clinical severity is determined by the plasma level of factor IX: severe, <o.01 [U/ml;
moderate, 0.01-0.5 IU/ml; mild, >0.05 - <o0.40 IU/ml (Haemophilia B database:
http://www.kcl.ac.uk/ip/petergreen/haemBdatabase.html). Polypyrimidine tract and donor site
mutations are named after their position with respect to 3' and s5'ss, respectively; cDNA names are
described in Section 2.1. (-) or (+) denotes position from exon/intron junction. Uppercase letters
represent exonic sequences and lowercase letters indicate the intronic sequences. Natural mutations are

coloured. NA, not applicable.
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Finally, the PPT transversions -8G and -9G shows a mild reduction of the Fg

exon 5 3' splice site (3’ ss) score with all the prediction tools.

Sequence |S&S |MaxEnt|MDD| MM |WMM| NN [ AST | AG | SplicePort | Hbond | HSF

CFTR exon 12
Donor site mutations
wt AAGgtatgt [88.7] 9.79 [13.48 [10.03| 9.76 [0.99]89.78]-5.4 117 15.8 [90.24 8
-1A AAAgtatgt 763 6.93 [ 9.28 [ 6.35] 6.59 [0.48]77.86]-1.7 -0.02 11 |79.66 7
-1T AATgtatgt |75.9| 5.87 | 8.78 532 5.64 |0.23|77.26[-0.6 -0.4 1m1r (79.37 7
+2C AAGgcatgt |70.4[ 2.03 | 5.72 [2.28 [ 2.01 |ND [72.66(-13 ND ND ND 7
+3C AAGgtctgt [78.6] 6.43 [10.58]5.57| 524 | 0.2 [79.63]-3.7 0.12 1.5 |85.22 7
+3G AAGgtgtgt [85.4| 6.64 [13.28]6.72 | 8.38 [0.84]84.81]-5.1 0.47 12.4 [89.08 8
+5A AAGgtatat [74.3| 7.84 [11.08 [6.68] 6.31 [0.46]77.93]|-4.1 0.27 12.3 [78.08 7
consensus| ttttctttccagG | 100 | 12.05 |------ 13581773 [ 1 | 100 | --- | ---mmm |- 100 | ---—---
wt tgcttettttagA [ o1.4| 9.23 | --—---- 11.07 [ 12.29 [0.94(86.42( --- ND |- 82.09( ---—---
-8G tgctgettttagA|88.6] 8.5 | ---—--- 10.1 | 10.28 |0.85]83.86] --- ND |- 80.97( ---—---
-9G  |tgcgtcttttagA|88.3| 9.04 |---—--- 10.04| 1019 [0.86]83.39]---- ND  [--—--—-- 79.8 [ -——--
Donor site mutations
wt CAGgtcata [69.9 3 7.98 [ 3.54 | 3.31 [0.21]72.54]-3.3 -0.54 1.9 [80.32 6
-2T ClGgtcata | 62 | -2.79 |3.98 | .03 | 1.27 o 64 | 1 -1.33 83 |[75.77 6
-2C CCGgtcata |61.7| -1.46 [3.68 | 23 | 096 | o [63.33(-1.3 -1.13 83 |[75.57 5
-2G CGGgtcata | 62 | -1.86 [ 4.68 [ 1.79 | 1.03 [0.01]63.38]-31 -1.29 8.5 [75.47 6
-1T CATgtcata |571| -1.52 [-3.92[-5.04| -0.81 [ o [60.02] 15 -1.54 4 69.46 5
+1A CAGatcata |51.6| -518 | -0.2 |-4.64] -4.88 | o [55.42] 11 ND ND ND 5
+2C CAGgccata [51.6| -4.75 | 0.22 |-4.21| -4.45 | o [55.42]-1.7 ND ND ND 5
+4G CAGgtcgta [59.1| -0.49 | 5.68 [0.92] 0.93 [0.01| 62.4 |-4.4| -0.64 1.8 |[71.98 5
+13G tgagtaaga |74.1| 5.4 8.28 | 518 | 4.25 [0.41[69.59(-2.8 -0.53 12 |80.25 5

Table 2.1.2. Bioinformatic predictions of score values for CFTR exon 12 donor splice sites and Fg
exon 5 acceptor and donor splice sites.

Predictions were always made using default settings. The last column denotes the number of putative
base pairs between U1 snRNP and donor site sequence should be formed according to 5' ss sequence.
Polypyrimidine tract (PPT) and donor site mutations are named after their position with respect to 3' and
5' ss, respectively; cDNA names are described in Section 2.1.(-) or (+) denotes position from exon/intron
junctios. Uppercase letters represent exonic sequences and lowercase letters indicate the intronic
sequences. Natural mutations are coloured. ND, not detected. S&S, consensus value based on sequence
composition of splice sites (Shapiro and Senapathy, 1987); MaxEnt, based on maximum entropy
principle; MDD, maximal dependance decomposition; MM, inhomogenous first-order Markov models;
WMM, weight matrix models (Yeo & Burge, 2004); NN, neural networks (Reese et al 1997); AST, Analyzer
Splice Tool; AG, free energy calculation of U1 snRNA and donor site sequence base pairing (Carmel et al
2004); SplicePort (Dogan et al 2007); Hbond, estimation of H-bonds formed between Ui snRNA and
donor site sequence (Freund et al 2003); HSF, Human Splice Finder (Desmet et al 2009). Haemophilia B
database is available at http://www.kcl.ac.uk/ip/petergreen/haemBdatabase.html. CFTR Mutation
Database can be consulted at http://www.genet.sickkids.on.ca/app.
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Section 2.2. Effect of CFTR exon 12 and Fg exon 5 variants on pre-mRNA

splicing in hybrid minigenes.

In order to assess whether the mutations listed in Table 2.1.1 impair pre-mRNA
processing, I performed a splicing functional assays. For this purpose I used a
modified version of the previously described pTB hybrid minigene that has
been reported to reproduce the in vivo splicing pattern of several gene systems
(Pagani et al. 2000, 2002, 2003a; Amaral et al. 2004; Baralle et al. 2003). The
minigene | engineered is a derivative of pTB, which is a modified version of the
a-globin-fibronectin-EDB (Extra Domain B) minigene. It contains the exons 1,
2 and 3 of the a-globin and part of the fibronectin gene. Its transcription is
under the control of a minimal a-globin promoter and the SV40 enhancer
(Pagani et al. 2003b). Both CFTR exon 12 and Fg exon 5 along with part of their
intronic flanking region (IVS 1 and IVS 12, and IVS4 and IVSs, respectively)
were cloned using a unique Ndel restriction site, which is located in the large
fibronectin intron (see Materials & Methods). HeLa cells were transfected with
the wt and mutated forms of CFTR (Fig. 2.2.1A) or Fg (Fig.2.3A) minigenes and
the spliced mRNAs were analysed through RT-PCR using alphaz,3 and braz
oligonucleotides specific for the minigene sequence therefore excluding the
possibility of amplifying endogenous mRNA. The PCR products detected upon
transfection of the wt minigenes showed the presence of two mRNA bands: the
upper one corresponds to exon inclusion (CFTR exon 12: 333 bp; Fg exon 5: 375
bp) and the lower one to exon exclusion (247 bp). The identity of the bands
was verified by direct sequencing after elution of the bands from the gel.
Quantitative analysis of band intensity showed that CFTR exon 12 wt is mostly
included in mature mRNA, with a mean value of ~80% of exon inclusion (Fig.
2.21B and C, lane 1). The low level of CFTR exon 12 skipping in this minigene
system is similar to the exon skipping observed in vivo in normal bronchial

epithelial tissue as previously reported (Pagani et al. 2003a, 2005). Exonic
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mutations 17A and 52T reduced exon 12 inclusion to ~11% and ~8.6%,
respectively (Fig. 2.21B and C, lanes 2 and 3), in agreement with previous
reports (Pagani et al. 2003a, 2005). Interestingly, all the seven donor splice site
mutations analysed induced nearly complete exon skipping (Fig. 2.2.1B and C,
lanes 4-9), indicating their potential pathological effect and involvement in the
disease pathogenesis.

In the case of Fg exon 5, I first compared the pFIX ex5 wt minigene splicing
pattern with the splicing pattern in liver tissue. As shown in Fig. 2.2.2, in both
the minigene and the liver exon 5 is not completely included, showing some
degree of exon skipping in the mature mRNAs. These results indicated that Fg
exon 5 minigene successfully mimics the in vivo splicing pattern. Fg exon 5
PPT mutations -8G and -9G and donor splice site mutations at positions -2, -1,
+1 and +2 triggered exon skipping (Fig. 2.2.3B, C, lanes 2-7). The -2 mutants
showed very low amount of exon inclusion (less than 3%) whereas the other
mutants exhibited complete exon skipping. Surprisingly, and in contrast to the
majority of the prediction programs, the mutation at position +4 displayed a
normal splicing pattern, with a slight increase of the percentage of exon 5
inclusion if compared to the wt minigene (Fig 2.3B and C; compare lane 1 with
lane 8). A possible explanation could be that this variation might create a
novel cryptic GU donor site 3 bp downstream of the normal site. Therefore, to
rule out this possibility, I performed direct sequencing analysis and detected
the correct usage of the natural donor site. Thus, this mutation did not induce
aberrant splicing, neither exon skipping nor formation of a cryptic 5 ss.
Transfection of the +13G minigene apparently showed complete exon inclusion
(Fig. 2.2.3B, lane 9), however direct sequencing of the band and further
analysis with FAM oligonucleotide on capillary electrophoresis indicated that
the mutation activates the usage of a cryptic 5’ ss 13 bp downstream the normal
5 ss (see below and Section 2.6, Fig. 2.6.2). All in silico tools have assigned to

the cryptic 5' ss a score value similar to that of the natural Fg exon 5 donor
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splice site or higher (Table 2.1.2).
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Figure 2.2.1. Effect of exonic and donor site mutations on splicing of CFTR exon 12.

A, Schematic representation of pCF exi2 minigene. Dashed lines (- - -) illustrate possible splicing
outcome. Arrows represent primers for PCR amplification. For exonic mutations, sequence variation
(below wild-type sequence) and nucleotide position (with respect to 3'ss; above) are shown; for donor
splice site mutations, sequence variation (below wild-type sequence) and position (above) are shown. (-)
or (+) denotes position from exon/intron junction. Uppercase letters, exonic sequences; lowercase,
intronic sequences. The donor splice site sequence is bolded.

B, Analysis of spliced transcripts. HeLa cells were transfected with o.5 pg of pCF exi2 wt or mutant
minigenes and splicing pattern evaluated by RT-PCR with alphaz,3 and braz primers. Amplified
products were resolved on a 2% agarose gel. The identity of the bands is indicated on the right side of
the panel. M, molecular weight marker (1kB, Invitrogen).

C, Quantification of exon 12 inclusion of exonic and 5' splice site mutations. Exon inclusion percentage
was estimated using Image] software and is expressed as means + SD, based on at least three
independent experiments done in duplicate.

56



pFIX ex5 we Liver FIX ¢cDNA
in vitro n vivo

exon 5 inclusion

exon 5 exclusion

80+2.4

Figure 2.2.2. Comparison between the levels of Fg exon 5 splicing in vivo and using a hybrid-
minigene system.

A, Hela cells were transfected with 0.5 pg of pFIX ex5 wt minigene and splicing pattern evaluated by RT-
PCR with alpha2,3 and braz primers. Details of the minigene are shown in Fig. 2.2.3A. Amplified products
were run on 2% agarose gel and the analysis of PCR products showed 2 bands: the upper one corresponds
to exon 5 inclusion and the lower one to exon 5 exclusion. The percentage of exon 5 inclusion (+SD) is
indicated.

B, Human liver Fg cDNA in vivo amplified using FIXi40 and FIX279 primers.
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Figure 2.2.3. Effect of polypyrimidine tract and donor splice site mutations on splicing of Fg
exon 5.

A, Schematic representation of pFIX ex5 minigene. Dashed lines (- - -) illustrate possible splicing
outcome. Arrows represent primers for PCR amplification. Sequence variation (below wild-type
sequence) and position (above) are shown; (-) or (+) denotes position from exon/intron junction.
Uppercase letters, exonic sequences; lowercase, intronic sequences. Factor IX exon 5 donor splice site
sequence and acceptor site are bolded.

B, Analysis of spliced transcripts. HeLa cells were transfected with o.5 pg of pFIX ex5 wt or mutant
minigenes and splicing pattern evaluated by RT-PCR with alphaz,3 and braz primers. Amplified
products were resolved on a 2% agarose gel. The identity of the bands is indicated on the right side of
the panel. M, molecular weight marker (1kB, Invitrogen).

C, Quantification of exon 5 inclusion of 5' splice site mutations. Exon inclusion percentage was
estimated using Image] software and is expressed as means + SD, based on at least three independent
experiments done in duplicate. *, cryptic site usage, see section 2.6.
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Section 2.3. Effect on splicing of modified U1 snRNAs complementary to

donor splice site mutations.

The wt donor splice sites of CFTR exon 12 and F9 exon 5 show several
mismatches with the 5' end of U1 snRNA. In fact, CFTR exon 12 donor splice
site has an uridine at position +4, which differs from consensus adenine and a
G in position -3 (Fig. 2.3.1A). F9 exon 5 donor splice site presents three
mismatches: a C, a U and an A at positions +3, +5 and +6, respectively (Fig.
2.3.4A). To understand if 5’ ss mutations impair their interaction with Ui
snRNA, I have evaluated the role of Ui snRNA in exon recognition by
introducing compensatory changes within the 5'-tail of U1 snRNA. I created
several U1 snRNAs with perfect complementarity to each wt or mutated 5' ss
sequence, as illustrated in Fig. 2.3.1 for CFTR exon 12 and in Fig. 2.3.4 for Fg

exon 5.

2.3.1. Effect of modified U1 snRNA on CFTR exon 12 splicing

In the first experiment, I evaluated the role of the natural CFTR exon 12 +4 A>T
variation on splicing. This was done through co-transfection of UiCFwt: this U1
has an adenine complementary to the uridine present at position +4 of wt CF
exon 12 donor site (Fig. 2.3.1B). UiCFwt was co-transfected with CFTR exon 12
wt or mutant minigenes as illustrated in Fig. 2.3.2. Co-transfection of UiCFwt
with pCF ex12 wt improved exon inclusion. The percentage of exon inclusion
increased from approximately 80% to 95% (Fig 3.2A and B, lane 1 and 3). This
effect is specific for the compensatory changes introduced, since over-
expression of normal U1 snRNAs (U1 wt) did not change the splicing pattern
(Fig. 2.3.2A and B, lanes 1-3). U1CFwt also exhibited a positive effect on the two
exonic mutations 17A and 52T, rising exon inclusion levels from 10% to ~32%

and ~45%, respectively (Fig. 2.3.2A and B, lanes 4-7). On the contrary, the
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complete exon skipping of the mutations -1A, -1T +3C and +5A, was not
affected by co-transfection of UiCFwt (Fig 3.2, lanes 8-13 and 16-17). The only
donor site mutant recovered in part by UiCFwt was the +3G mutant (Fig.3.2A
and B, lane 15). In this case, the UiCFwt forms a non-Watson-Crick bond
between the mutant guanidine in position +3 on the pre-mRNA and the
corresponding uridine of the UiCFwt (Fig. 2.3.1A). This complementarity is
possibly involved in the positive response observed. On the contrary, the other
5' ss variants maintained a mismatch between the corresponding mutation site
on pre-mRNA and UiCFwt. In these cases the compensatory change in
position +4 was not sufficient for splicing rescue. These data indicate that the
compensatory change in position +4 of UiCFwt improved exon inclusion of the
wt context, of the exonic mutations and only partially of the +3G variant.

Subsequently, I tested additional modified U1 snRNAs complementary to each
5 ss variants, as listed in Fig. 2.3.1C. These modified U1 snRNAs have the
compensatory T at position +4 as in UiCFwt along with an additional
nucleotide substitution to compensate each mutation. For example, UiCF -1A
has two nucleotide substitutions in comparison to the normal U1 snRNA: an
adenine (instead of the normal uridine) to complement the natural uridine at
position +4 of CFTR exon 12 5' ss and an uridine to compensate the mutant
adenine at position -1 (Fig. 2.3.1C). Co-transfection experiments showed that
compensatory UiCF -1A, -1T, +3C, +3G and +5A enhanced exon inclusion of
their corresponding mutant minigenes with different efficiency: to 65.7%,
18.2%, 33.3%, 73.2% and 10.1%, respectively (Fig. 2.3.3A and B, lanes 5, 7, 9, 11
and 13). Thus, these data indicate that, in CFTR exon 12, defective binding of U1
snRNA is involved in exon skipping induced by the -1A, -1T, +3C, +3G and +5A

mutations.
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2.3.2. Effect of modified U1 snRNAs on FIX exon 5 splicing

I tested a modified U1 snRNA fully complementary to the Fg exon 5 wt donor
splice site. UiFIXwt carries three base changes within its 5'-tail which base
pairs at positions +3, +5 and +6 of Fg exon 5 5' ss (Fig. 2.3.4A). Co-transfection
of UiFIXwt with Fg exon 5 wt minigene improved exon inclusion, from 75% to
nearly complete inclusion. Over-expression of U1 wt did not change Fg exon 5
wt splicing pattern (Fig. 2.3.5A and B, lanes 1-3). Co-transfection of UiFIXwt
with -2 mutant minigenes also led to complete exon inclusion, regardless of
the base change under analysis (Fig. 2.3.5 B and C, lanes 3-8). In contrast,
UiFIXwt did not revert exon skipping caused by mutations -1T, +1A and +2C
(Fig. 2.3.5 B and C, lanes 10-15). Furthermore, I also explored the effect of
UiFIXwt on exon 5 skipping caused by the PPT mutations -8G and -9G. As
shown in Fig. 2.3.5C and D, UiFIXwt improved exon inclusion greatly, reaching
~75% for the PPT mutant minigenes. Afterwards, I engineered additional
modified U1 snRNAs, complementary to each Fg exon 5 donor site mutation
(Fig. 2.3.4C). Upon co-transfection, UiFIX -2C, -2G and -2T rescued exon
inclusion of their corresponding mutant minigenes (Fig. 2.3.6, lanes 3-8),
whereas UiFIX -1T, +1A and +2C failed to affect the splicing pattern (Fig 3.6,
lanes 9-15). The exon skipping observed for the three mutants in position -2
was rescued by the corresponding compensatory Ui snRNAs (-2C, -2G, -2T),
which are fully complementary to the mutant sites and also by UiFIXwt, which
has a mismatch in position 2 (Fig. 2.3.5 and Fig. 2.3.6, lanes 3-9). Thus, I
investigated which positions of U1 snRNA might be preferentially required to
rescue the -2 mutants. In order to do so, I created two new modified Ul
snRNAs: UiFIX 3C to compensate the position 3, and UiFIXA5T6 to
compensate the positions +5 and +6 (Fig. 2.3.7A). Co-transfection experiments
with -2 mutant minigenes showed that UiFIX 3C promoted exon inclusion

(Fig. 2.3.7 B and C, lanes 6-9). Conversely, UIFIX A5T6 did not increase exon 5
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inclusion of these mutants (Fig. 2.3.7B and C, lanes 10-12).Although U1FIX 3C
was capable of promoting exon inclusion in -2 mutant context, its effect was
not as efficient as the one of UiFIXwt (compare Fig. 2.3.5A and B. lanes 4-9
with Fig. 2.3.7A and B, lanes 6-9). Therefore, substitutions A and T at positions
+5 and +6 are by themselves inactive, although required along with
substitution 3C in order to achieve full exon inclusion in -2 mutants.

Taken together, these results revealed that loading of Ui snRNAs
complementary to the mutated donor site can recover several exon skipping-
causing mutations. This was particularly effective for the exonic mutations
(17A and 52T) in CFTR exon 12 and for the PPT mutations (-8G and -9G) in Fg
exon 5. In the case of donor site mutants, the rescue efficiency depends on the
type of mutation. In fact, exon skipping caused by donor site mutations -1A,
-1T, +3C, +3G and +5A within CFTR exon 12 and mutations -2C, -2G and -2T
within Fg exon 5 were corrected (although with variable efficacy) while Fg

exon 5 -1T, +1A and +2C failed to be rescued.
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Figure. 2.3.1. Complementary between modified Ui-snRNAs and CFTR exon 12 donor site
mutants.

A, Base pairing of wt and mutant CFTR exon 12 donor sites with normal U1 snRNA (Uiwt).

B, Base pairing of CFTR exon 12 wt and mutant donor sites with UiCFwt. UiCFwt bears an adenine
(bold, U1 5'-tail) which base pairs with a guanidine present at position +4 of wt CFTR exon 12 donor site.
This substitution allows the formation of a Watson-Crick bond.

C, Complementarity of mutant CFTR exon 12 donor sites with corresponding compensatory U1 snRNA.
Each compensatory U1 contains an adenine at position +4 plus an additional change (bold, U1 5'-tail) for
each CFTR exon 12 donor site mutation (bold, donor site sequence). Straight line, Watson-Crick bond;
Dashed line, non Watson-Crick bond. Bolded bases within U1 5' end represent introduced changes
within normal U1 snRNA 5' end: bolded bases within donor site sequences represent mutations.
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Figure 2.3.2. Effect of UICFwt on CFTR exon 12 exonic and donor site mutants

A, Splicing pattern analysis. CFTR exon 12 wt, exonic (17A and 52T) and donor site mutant minigenes
were transiently transfected into HeLa cells and the total RNA analyzed by RT-PCR using alphaz,3 and
braz primers. PCR amplification products were separated on 2% agarose gel and the two splicing
possibilities are indicated on the right of the gel. UiCFwt is able to correct exon skipping due to exonic
mutations 17A and 52T and donor site mutation +3G, but is ineffective in other donor site mutant
contexts.

B, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Figure 2.3.3. Effects of the compensatory U1 snRNAs on CFTR exon 12 donor site mutants

A, Splicing pattern analysis. The minigenes were transiently transfected into HeLa cells and the total
RNA analyzed by RT-PCR using alphaz,3 and braz primers. PCR amplification products were separated
on 2% agarose gel and the two splicing possibilities are indicated on the right of the gel. Splicing defects
caused by all donor site mutations are corrected in presence of a compensatory U1 snRNA, although with
variable efficacy .

B, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using ImageJ software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Figure 2.3.4. Complementary between modified U1 snRNAs and Fg exon 5 donor site mutants.

A, Base pairing of Fg exon 5wt and mutant donor sites with normal U1 snRNA (U1 wt).

B, Base pairing of Fg exon 5 wt and mutant donor sites with UiFIXwt. UiFIXwt was created by
introducing three substitutions (a cytosine, an adenine and a thymidine; bold, U1 5'-tail) within normal
U1 snRNA to increase base pairing to Fg exon 5 wt donor site. These substitutions allow the formation of
Watson-Crick bonds.

C, Complementarity of Fg exon 5 mutant donor sites with corresponding compensatory U1 snRNA. Each
compensatory Ui

contains the aforementioned substitutions for UiFIXwt plus an additional change (bold, U1 5' end) for
each Fg exon 5 donor site mutation (bold, donor site sequence).

Straight line, Watson-Crick bond; Dashed line, non Watson-Crick bond. Bolded bases within U1 5'-tail
represent introduced changes within normal U1 snRNA 5' end: bolded bases within donor site sequences
represent mutations.

66



pFIX ex5
wit -2C -2G 2T -1T ~1A +2C
M - wt FIXwt - FIXwt - FIXwt - FIXwt - FIXwt - FIXwt - FIXwt Ul
e — — — o— — — -
- - - - m— G G S GE——— — L1
R 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

100

5 75
E 50
E
”
e
(l — o— — — -— — — -— —
1 2 3 4 5 6 7 8 9 0 11 12 13 14 15
Al ~ , ~
C pFIX ex5
-8G 9G
M . FIXwt - FIXwt Ul
—

(L (0
e T R —

1 2 3 4

Figure 2.3.5. Fg exon 5 mutant minigenes co-transfected with UiFIXwt.

A, Splicing pattern analysis of the RT-PCR products derived from RNA of transfected HelLa cells,
separated on 2% agarose gel. wt and donor splice site mutant Fg exon 5 minigenes were transfected
alone (0.5 pg) or with UiFIXwt (0.5 pg) and the splicing pattern evaluated with alpha2,3 and braz
primers. pFIX ex5 wt was also transfected with U1 wt as a control (lane 2). UiFIXwt is able to correct
exon skipping caused by mutations at position -2, but it is inactive in other donor site mutant contexts.
B, Quantification of splicing pattern analysis in A. Exon 5 inclusion percentage was estimated using
Image] software and is expressed as means + SD, based on at least three independent experiments done
in duplicate

C, Splicing pattern analysis of RT-PCR products derived from Fg exon 5 polypyrimidine tract (PPT)
mutant minigenes transfected either alone or with UiFIXwt, as in B. UiFIXwt is able to correct exon
skipping caused by the PPT mutations -8G and -9G, rising F9 exon 5 inclusion levels greatly.

D, Quantification of splicing pattern analysis in C. Exon 5 inclusion percentage was estimated using
Image] software and is expressed as means + SD, based on at least three independent experiments done
in duplicate
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Figure 2.3.6. F9 exon 5 donor site mutant minigenes co-transfected with compensatory U1FIX
snRNAs.

A, Splicing pattern analysis of the RT-PCR products derived from RNA of transfected HeLa cells,
separated on 2% agarose gel. Donor splice site mutant Fg exon 5 minigenes were transfected alone (0.5
pg) or with their corresponding compensatory U1FIX (0.5 pg) and the splicing pattern evaluated with
alphaz,3 and braz primer. Compensatory UiFIX for mutations at position -2 were able to to correct
exon skipping. Compensatory U1FIX for mutations -1T, +1A and +2C did not change splicing pattern.

B, Quantification of splicing pattern analysis in A. Exon 5 inclusion percentage was estimated using

Image] software and is expressed as means + SD, based on at least three independent experiments
done in duplicate.

exon inclusion (%)

9 10 11 12

68



A

& . guccagucaua-5'
X+

cgghecsgnanra=s FIXex5-2C CCGgucaua
FIXex5-2C CCGgucaua i A oo »

-3-2-11123456

cgguccauuauua-5'

FIXex5-2C CCGgucaua

56

pFIX ex5

wt -2C  -2G -2T wt 20 -2G  -2T wt -2C -2G 2T

M - - - 3C 3C 3C 3C T5A6 T5HA6  T5A6  T5A6 UIFIX
. e em— " — s s —
- — - - ’-——-———_—— ol Ll
1 2 3 4 5 6 7 8 9 10 11 12
C
100
75
&£
k:
Z 50
<
; 25
(3
1 2 3 4 5 6 7 8 9 10 11 12

Figure 2.3.7. Effect of U1FIX 3C and T5A6 on mutants at position -2.

A, Complementarity between modified U1 snRNAs and Fg exon 5 -2C mutant donor site. U1FIX 3C base
pairs to a cytosine at position +3 while U1FIX T5A6 base pairs with a thymidine at position +5 and an
adenine at position +6.

B, Splicing pattern analysis. Fg exon 5 wt and mutant -2C, G and T minigenes were transfected into HeLa
cells with the indicated modified U1 snRNAs and splicing pattern was evaluated by RT-PCR with alpha2,3
and braz primers. Amplified products were separated in electrophoresis on 2% agarose gel.

C, Quantification of exon 5 inclusion. Exon 5 inclusion percentage was estimated using Image]J software
and is expressed as means * SD, based on at least three independent experiments done in duplicate
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Section 2.4. Effect of Exon Specific U1 snRNAs (ExSpeUis) on CFTR exon 12

mutations

To gain further insight into U1 snRNP role on exon recognition and to identify
a possible unique U1 snRNA acting on multiple splicing defect on the same
exon, | prepared a set of modified U1 snRNAs, we named exon-specific U1
snRNA (ExSpeU1). These ExSpeUis have a modified 5'-tail allowing for binding
to intronic sequences in the proximity of the 5" ss (Fig. 2.4.1 and 5.1). Cohen
and colleagues (1994) have shown that Ui snRNAs base pairing at distance
from the 5’ ss can rescue exon inclusion induced by artificial donor site
mutations. Based on these observations, I used a similar strategy for correcting
the splicing defects induced by the CFTR exon 12 and Fg exon 5 mutants. The
list of all modified U1 snRNAs and their binding regions is schematically
reported in Table 2.4.1 and Figure 4.1, for CFTR exon 12 and in Table 2.5.1 and
Figure 5.1, for Fg exon 5. This section reports the analysis on CFTR exon 12
whereas the experiments with Fg exon 5 are described in the next section. I
produced five ExSpeUis for CFTR exon 12 namely U1iCF 1, 9, 11, 15 and 33, whose
target sequences (listed in Table 2.4.1) spanned from position +1 to position
+44, downstream of donor site (Fig. 2.4.1). These ExSpeUiCFs were co-
transfected into Hela cells with CFTR exon 12 wt, exonic and donor site

mutant minigenes and the resulting splicing pattern are shown in Fig. 2.4.2,

U1snRNA  Target sequence (5 to 3') Length

CF1 guauguucuuuga 13 bp
CFo uuugaauaccuuacu 15 bp
CFu ugaauaccuuacuuau 16 bp
CF1s5 uaccuuacuuauad 14 bp
CF 33 caugcuaaaauaa 13 bp

Table 2.4.1. List of exon-specific U1CF snRNAs created, their target sequence and length.

The table lists a set of ExSpeU1CFs tested on CFTR exon 12 exonic and donor site mutations. The specific
sequence of intronic flanking regions which 5'-tails of these ExSpeU1CFs are targeted to are reported in
the second column, and their length are shown in the third. Donor splice site sequence is bolded.
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4.3 and 4.4. In wt context, ExSpeU1CF 1, 9, 11 and 15 improved exon recognition,
rising CFTR exon 12 inclusion levels from 80% to almost 100% (Fig. 2.4.2, lanes
1-6). Similarly, ExSpeUiCF 1, 9, 1 and 15 also stimulated exon 12 inclusion in
17A and 52T mutant context, although with variable efficiency (Fig. 2.4.2, lanes
8-12 and 15-18). Among all the tested ExSpeU1CFs, U1CF 11 showed the greatest
stimulating effect, rising exon inclusion up to ~75% for both exonic mutations
(Fig. 2.4.2, lanes 11 and 17). U1CF 33 had an opposite effect, inhibiting exon 12
inclusion both in wt minigene and in the two exonic mutants. In wt context,
UiCF 33 reduced CFTR exon 12 inclusion from 80% to 50% (Fig. 2.4.2, compare

lane 1 to 7). This inhibitory effect was also observed for 17A and 52T mutants,

CF 15
- uggaaugaauauu

®acuuauggaaugaaua

‘ aaacuuauggaauga
“cauacaagaaacu

Ssguacgauuuuauu
5'-AAGguauguucuuugaauaccuuacuuauaaugcucaugcuaaaauaaaagaaaga-3"'

Figure 2.4.1. Binding regions of Exon-Specific Ui1CF snRNAs

Schematic representation of the positions where the ExSpeUiCFs bind. Exonic sequences are

represented in capital letters and sequences in lowercase are part of the IVSi2 flanking region. CFTR

exon 12 donor splice site sequence is bolded.

although less evident, likely because these mutants presented lower basal
levels (~10%) of exon inclusion (Fig. 2.4.2, lanes 13 and 19). Figures 4.3 and 4.4
show the effect of UiCFs on the 5' ss mutants. In these cases, co-transfection of
the ExSpeU1CFs showed variable impact on exon inclusion depending on the
minigene tested (Fig. 2.4.3 and 4.4). ExSpeU1 CF1 reverted exon skipping in -1A
and -1T minigenes (Fig. 2.4.4, lanes 3 and 15) inducing ~ 50% of exon inclusion
but had minimal or null effect in the +3C, +3G and +5A mutants (Fig. 2.4.3,
lanes 3 and 9 and Fig. 2.4.4, lane 9). ExSpeUiCF g increased exon 12 inclusion

in +3G and +5A mutants to ~28% and 10% respectively (Fig. 2.4.4, lanes 10 and

16) but had no effect on the other 5’ ss mutations. ExSpeU1CF 15 did not affect
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the splicing pattern of all tested 5' ss mutants (Fig.4.3, lanes 6 and 12; Fig. 2.4.4,
lanes 6, 12, and 18).

Interestingly, ExSpeUiCF 1u exhibited a marked enhancement of exon 12
inclusion in all 5' ss mutants (Fig. 2.4.3, lanes 5 and 11; Fig. 2.4.4, lanes 5, 1 and
17). Specifically, UiCF 11 induced ~50% of exon inclusion in -1A, +3C and +3G
mutants, ~40% in +5A mutant and ~20% in -1T mutant. Therefore UiCF n
emerged as an exon-specific U1 snRNA (ExSpeUi) able to correct CFTR exon 12
skipping caused by exonic and donor site mutations.

The mutation +3G creates a new GU pair within the CFTR exon 12 donor site
whose sequence becomes AAG|gtgtgt (Table 2.1.1). Since this new GU pair is
located next to the canonical one, I confirmed with direct sequencing that the

correct GU pair is used upon co-transfection with ExSpeUiCF 1.
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Figure 2.4.2. Effects of exon-specific U1ICF snRNAs on splicing pattern of pCF exi2 wt, 17A and

=

exon inclusion (%)

IS

52T minigenes

A, Splicing pattern of CFTR exon 12 wt, 17A and 52T minigenes co-transfected with plasmids encoding
for ExSpeU1CF snRNAs (UiCF 1, 9, 11, 15 and 33) is visualized on a 2% agarose gel after RT-PCR. UiCF 1,
9, 11 and 15 reduced CFTR exon 12 skipping indicating that their binding near 5 ’ss favoured exon
definition. On the contrary, co-transfection with UiCF 33 reduced exon inclusion in the three minigene
contexts.

B, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Figure 2.4.3. Effects of exon-specific UiCF snRNAs on splicing pattern of pCF exi2 -1A and 1T
minigenes

A, Splicing pattern of CFTR exon 12 -1A and -1T minigenes co-transfected with plasmids encoding for
ExSpeU1CFs sRNAs (UiCF 1, 9, 11, 15 and 33) is visualized on a 2% agarose gel after RT-PCR. U1CF 1and 1
reduced CFTR exon 12 skipping in both mutant contexts, while UiCF 9, 15 and 33 showed negligible or
no effect.

B, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Figure 2.4.4. Effects of exon-specific U1CF snRNAs on splicing pattern of pCF ex12 +3G, +3C and
+5A minigenes

A, Splicing pattern of CFTR exon 12 +3G, +3C and +5A minigenes co-transfected with plasmids encoding
for ExSpeU1CF snRNAs (U1iCF 1, 9, 11, 15 and 33) is visualized on a 2% agarose gel after RT-PCR. UiCF n
reduced CFTR exon 12 skipping in all three mutant contexts. In +3G mutant context, UiCF 1 and 9
stimulated exon inclusion though less efficiently as UiCF 11. U1CF 15 and showed negligible or no effect
in all three mutant contexts.

B, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using ImageJ software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.

75



Section 2.5. Effect of Exon-Specific U1 snRNAs on Fg exon 5 mutations.

To identify a unique U1 snRNA correcting the splicing defects of Fg exon 5
mutations, | first tested different Fg exon-specific U1 snRNAs through co-
transfection experiments on the pFIX exs5 -2C minigene. A total of eleven Fg
exon 5-specific U1 snRNAs (ExSpeU1FIX) binding in the proximity of the donor
splice site were tested (Fig. 2.5.1). Analysis of the splicing pattern revealed that
the majority of U1FIXs were able, although with different efficiency, to correct
exon 5 skipping (Fig. 2.5.2). In particular, ExSpeU1FIX 1, 9, and 10 rescued very
efficiently the aberrant splicing of the -2C mutation, leading to a percentage of

inclusion of about 95-100% (Fig. 2.5.2, lanes 5, 7 and 8).

U1snRNA  Target sequence (5 to 3') Length

FIX -7 ccagcaggtca 1 bp
FIX1 gtcataatct 9 bp
FIX 7 tctgaataaga 13 bp
FIX 9 tgaataaga 9 bp
FIX 10 gaataagat 9 bp
FIX 13 taagatttt 9 bp
FIX 16 gatttttta 9 bp
FIX 22 ttaaagaaa 9 bp
FIX 33 ctgtatcta 9 bp
FIX 38 ctgaaactt 9 bp
FIX 63 aacctacta 9 bp

Table 2.5.1. List of exon-specific UIFIX snRNAs created, their target sequence and length.

The table lists a set of ExSpeUiFIX snRNAs tested on exonic Fg exon 5 -2C mutation. The specific
sequence of intronic flanking regions which 5'-tails of these ExSpeU1FIXs are targeted to are reported in
the second column, and their length are shown in the third. Donor splice site sequence is bolded.

Generally, the percentage of exon 5 inclusion progressively decreased as
binding of the ExSpeU1FIXs moved downstream (U1FIX 13, 16, 22, 33, 38 and 63;
Fig. 2.5.2, lanes 9-14). Base pairing of ExSpeU1FIXs between position +1 and +18
had the strongest stimulatory effect on -2C mutant exon 5 inclusion whereas
downstream binding progressively decreased the efficacy. Of the three most
active ExSpeUiFIXs, I chose UiFIX g for further analysis on the other Fg
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mutants: the two additional synonymous mutations at position -2, the
mutations -1T, +1A and +2C and the PPT mutations -8G and -9G. Co-
transfection of ExSpeU1FIX 9 completely rescued the exon skipping caused by
-8G and -9G PPT mutations and by -2 (-2G and -2T) mutations (Fig. 2.5.3, lanes
1-10). However, the splicing defects present in the -1T, +1A and +2C minigenes
were not corrected by co-transfection of ExSpeUiFIX g (Fig. 2.5.3, lanes 11-16).
Interestingly, the Fg9 exon 5 mutants rescued by UiFIX g were also similarly
rescued by UiFIXwt (Fig. 2.3.5) or U1FIX 3C (Fig. 2.3.7). Exon skipping due to
mutations -1T, +1A and +2C could not be reverted by modified U1 snRNAs,

either directed to the mutant 5' ss or loaded at a certain distance from the 5'ss.

&cuaaaaaau
@auucuaaaa
&cuuauucua

@acuuauucu

& X
agacuuauucu @ FIX 38 ——
g
& @caguauuag gacauagac &
ggucgucca aauuucuuu uuggaugua

5'-CCAGCAGgucauaaucugaauaagauuuuuuaaagaaaaucuguaucugaaacuucagcauuuuaacaaaccuacauaauuuuaau-3"

Figure 2.5.1. Binding regions of exon-specific UlFIX snRNAs
Schematic representation of the positions where ExSpeU1FIX bind. Exonic sequences is represented in
uppercase letters and part of the IVSs flanking region in lowercase letters. Fg exon 5 donor splice site is

bolded.
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Figure 2.5.2. Effects of exon-specific UIFIX snRNAs on splicing pattern of pFIX ex5 -2A>C
minigene

A, Splicing pattern of Fg exon 5 -2C minigene co-transfected with plasmids encoding for ExSpeU1FIX
snRNAs (UiFIX -7, 1, 7, 9, 10, 13, 16, 22, 33, 38, 63) is visualized on a 2% agarose gel after RT-PCR. All
ExSpeUiFIXs reduced Fg exon 5 skipping indicating that their binding near 5’ ss favoured exon
definition. This stimulatory activity loose strength as ExSpeU1FIXs binding sites move away from 5' ss.
UiFIX 1, 9 and 10 exhibited the highest stimulatory activity, which is clearly evidenced from the
histogram in B.

B, Quantification of exon 5 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Figure 2 5.3. Effect of ExSpeU1FIX g on splicing pattern of polypyrimidine tract and donor site
mutations in Fg exon 5

A, Splicing pattern of polypyrimidine tract (PPT; -8G, -9G) and donor site (-2G, -2C, -2T, -1T, +1A, +2C)
mutant minigenes co-transfected with ExSpeU1FIX g is visualized on a 2% agarose gel after RT-PCR.
U1FIX g promotes exon inclusion in presence of mutations at the PPT and position -2 at the donor splice
site of Fg exon 5. Exon skipping caused by donor site mutations -1T, +1A and +2C is not corrected by
ExSpeUrFIX o.

B, Quantification of exon 5 inclusion. Exon inclusion percentage was estimated using ImageJ software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Section 2.6. Analysis of Fg9 exon 5 +13G mutation and the effect of

compensatory U1 snRNAs.

As previously shown in Section 2.1, the naturally occurring mutation +13G in
the intronic region flanking Fg exon 5 creates a cryptic splice site downstream
the canonical site (Table 2..2 and Fig. 2.2.3, lane 9). To test whether
preferential usage of natural 5' ss can be enhanced using modified U1 snRNAs,
I performed co-transfection experiments with ExSpeU1FIX g (Table 2.5.1 and
Fig. 2.5.1), whose 5-tail binds between position +9 and +17 overlapping the
mutation. Interestingly, the A to G mutation did not disrupt the
complementarity between the ExSpeUiFIX g and the target sequence, which
covers the region where the cryptic 5 ss is located (Fig. 2.6.1). To evaluate the
efficacy of ExSpeUrFIX g9 and quantify the percentage of exon inclusion, I
carried out a denaturing capillary electrophoresis of fluorescent-labelled RT-
PCR products (Fig. 2.6.2). As shown in the graphic, the experimental
procedure quantified the amount of normal and aberrant transcripts produced
in the presence or absence of the ExSpeU1FIX 9. The mutant +13G minigene
produced a low amount (about 3%) of normal transcript (peak 2) and
exhibited prevalent usage of the cryptic 5" ss (peak 3). Co-transfection with
ExSpeUrFIX g increased the level of normal transcript up to about 41%. As a

control, co-transfection of Uiwt did not affect the splicing pattern (Fig. 2.6.2).
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Figure 2.6.1. Complementarity between U1FIX g and its target region for Fg9 exon 5 wt
and mutant +13G.

Uppercase letters represent exonic sequence and lowercase letters intronic sequence. Fg

exon 5 donor splice site is bolded; position +13 is underlined. Vertical lines symbolize
Watson-Crick (continuous) and non-Watson-Crick (dashed) bonds.
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Figure 2.6.2. Splicing pattern analysis of Fg exon 5 +13G mutant minigene co-transfected with
exon-specific UIFIX g through capillary electrophoresis

Quantification graphic of normal and aberrant splicing after separation on a denaturing capillary system
(Automated ABI-3100) of fluorescently labeled RT-PCR products obtained from total RNA of HeLa cells
expressing:

A, pFIX exon 5 wt;

B, pFIX exon 5 +13G

C, pFIX exon 5 +13G co-transfected with Uiwt

D, pFIX exon 5 +13 G co-transfected with UFIX 9

The pattern of splicing was evaluated by RT-PCR using alpha2,3 and bra2™M primers. Bra2™M primer was
fluorescently labeled. The amplified PCR products were then evaluated by capillary electrophoresis in
the presence of a ROX standard.

On the middle panel of the figure the electrophoresis spectra of 1 uL of 1:100 diluted RT-PCR reaction is
shown. Each peak represent a transcript amplified using the above mentioned oligo. Peak 1is a transcript
of 247 bp (which does not include Fg exon 5) while peak 2 is a transcript of 375 bp (which includes Fg
exon 5) and peak 3 is 13 bp longer than peak 2 (388 bp) due to the use of the cryptic site at position +13.
On the right side, the quantification of the relative abundance of the peaks is illustrated. On the left
side, splicing pattern analysis with corresponding outcomes are depicted. Red dashed lines, exon 5-
transcript (peak 1); green dashed lines, exon +5 transcript (peak 2); blue dashed lines, cryptic donor site
usage (peak 3).
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Section 2.7. Identification of intronic splicing silencers (ISS) downstream

the 5'ss of Fg exon 5 and CFTR exon 12.

The exon-specific U1FIXs that bind between position +1 to +18 downstream of
Fg exon 5 donor site showed the most significant effect on exon inclusion (Fig.
2.5.2). Similarly, the ExSpeUiCF 9, 11 and 15, binding from position +1 to +28,
modulated exon inclusion in the CFTR exon 12 system (Fig. 2.4.2). The positive
effect of these ExSpeUis on exon processing might be due to their direct
interference with intronic splicing regulatory elements located downstream
the splice site. To test this hypothesis, I engineered several mutant minigenes
with a set of consecutive intronic deletions downstream the donor sites, as
illustrated in Fig. 2.7.1 and Fig. 2.7.2 for CFTR exon 12 and in Fig. 2.7.3 for Fg
exon 5. Concerning the CFTR exon 12 minigene, I introduced six deletions in
the wt context: from position +12 to +15 (A12-15), from position +17 to +23 (A17-
23), from position +24 to +34 (A24-34), from position +34 to +44 (A34-44),
from position +45 to +55 (A45-55) and from position +55 to +65 (A55-65).
These mutants were evaluated upon transfection into Hela cells and the
percentage of exon 12 inclusion was analysed by RT-PCR. In comparison to the
wt CFTR exon 12, the A12-15 and A17-23 mutants increased the percentage of
exon inclusion. In fact, the percentage of exon inclusion was increased from
80% to 100% (Fig.7.1B,C, lanes 2 and 3). The other deletion mutants did not
affect the splicing pattern (Fig. 2.7.1B,C lanes 4-7). Similarly, deletion of A12-15
and A17-23 in 17A context induced exon inclusion (Fig.7.1D, lanes 2 and 3)
whereas the other deletions had no effect on pre mRNA splicing (Fig.7.1D,E
lanes 4-7). In this case, the 10% exon inclusion of 17A was increased to 50% for
A12-15 and 25% for A17-23. Therefore, these observations suggest that, in the wt
and 17A contexts, the intronic sequence from position +12 to +23 acts as a weak
intronic splicing silencer (ISS). However, when the Ai2-15 and the A17-23 were

evaluated in the context of donor splice site mutants, the deletions did not
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modify the splicing outcome (Fig. 2.7.1D and E). Indeed, the -1A and +3G
mutants showed complete exon skipping and the presence of the A12-15 or A17-
23 deletions did not change the splicing pattern (Fig. 2.7.2). These data

indicate that the ISS in position +12 to +23 downstream to the 5’ ss can

A

Wi AAGgtatgttctttgaataccttacttataatgctcatgctaaaataaaagaaagacagactgtcc

A12-15 AAGgtatgttcttt----accttacttataatgctcatgctaaaataaaagaaagacagactgtcce
A17-23 AAGgtatgttctttgaata--—-—---- tataatgctcatgctaaaataaaagaaagacagactgtcc
A24-34 AAGgtatgttctttgaataccttactt-———-------- tgctaaaataaaagaaagacagactgtcc

A34-44 AAGgtatgttctttgaataccttacttataa-———------- aaaataaaagaaagacagactgtcc
A45-55 AAGgtatgttctttgaataccttacttataatgctcatgect-—----=---- aaagacagactgtcc
A55-65 AAGgtatgttctttgaataccttacttataatgctcatgctaaaataaaag----------- tgtcc
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Figure 2.7.1. Serial intronic deletion mutagenesis analysis downstream of CFTR exon 12 donor
splice site

A, CFTR exon 12 wt donor splice site sequence (bolded) and downstream intronic region. Serial intronic
deletion mutants sequences are shown below. These mutants were created by overlap extension PCR,
using specific oligonucleotides complementary to up- and downstream sequences of the deleted region.
Uppercase letters, exonic sequence; lowercase letters, intronic sequence. Dashes represent the deleted
bases.

B, Splicing pattern analysis of pCF ex12 wt deletion mutants (A12-15, A17-23, A24-34, A34-44, A45-55 and
As55-65). These minigenes were transfected into HeLa cells and subsequently RT-PCR was performed on
total RNA. PCR products are visualized after 2% agarose gel electrophoresis. In this wt context, deletion
of bases +12 to +23 downstream of CFTR exon 12 donor splice site promoted exon inclusion (lanes 2 and
3). Deletions from base +24 to +65 did not affect wt splicing pattern (lanes 4-7).

D, Splicing pattern analysis of pCF exiz 17A deletion mutants (A12-15, A17-23, A24-34, A34-44, A45-55
and As5-65). These minigenes were transfected into HeLa cells and subsequently RT-PCR was
performed on total RNA. PCR products are visualized after 2% agarose gel electrophoresis. In this 17A
context, deletion of bases +12 to +23 downstream of CFTR exon 12 donor splice site promoted exon
inclusion (lanes 2 and 3). Deletions from base +24 to +65 did not affect wt splicing pattern (lanes 4-7).

C and E, Quantification of exon inclusion. Exon inclusion percentage was estimated using Image]J
software and is expressed as means + SD.
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modulate the CFTR exon 12 splicing in the wt context and in the two exonic
variants but not when the 5’ ss donor site is mutated. Concerning the FIX exon
5, | engineered a set of consecutive 3 or 4 bp deletions, starting from the
sequences targeted by the most effective ExSpeUiFIXs, UiFIX 9 and 10. I
deleted the sequences spanning from base +8 to +10 (A8-10), from +11 to +13
(An-13), from +15 to +19 (A15-19) and from +19 to +24 (A19-24) as illustrated in
Fig. 2.7.3A. The four resulting mutant minigenes were transfected into HelLa
cells and the percentage of exon 5 inclusion was analysed by RT-PCR (Fig.
2.7.3B). The data showed that deletions from base +11 to +13 and from base +15
to +19 significantly increased the percentage of exon 5 inclusion in the wt
context (Fig. 2.7.3B, lanes 3 and 4). In contrast, deletions from base +8 to +1
and from base +19 to +24 had no effect on the splicing outcome (Fig. 2.7.3B,
lanes 2 and 5). These results indicated that the sequence gaauaagauu
downstream to the exon 5 donor splice site acts as an intronic splicing silencer
(ISS). Altogether these mutagenesis experiments demonstrated the presence of
intronic splicing silencer elements downstream to the 5’ ss in both CFTR exon
12 and Fg exon 5. They are located in a position that corresponds to the target

sequence of most of the active ExSpeUis.
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A

-1A AAAgtatgttctttgaataccttacttataatgctcat
-1A A12-15 AAAgtatgttcttt----accttacttataatgctcat
-1A A17-23 aaagtatgttctttgaata-—----- tataatgctcat

+3G AAGgtgtgttctttgaataccttacttataatgctcat
+3G A12-15 AAGgtgtgttcttt----accttacttataatgctcat
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Figure 2.7.2. Effect of deletion mutants A12-15, A17-23 in presence of CFTR exon 12 donor splice
site mutations -1A and +3G

A, CFTR exon 12 donor splice site region in presence of mutation -1A or +3G (coloured) and downstream
intronic region. Deletion mutants Ai2-15 and A17-23 are shown below. These mutants were created by
overlap extension PCR, using specific oligonucleotides complementary to up- and downstream
sequences of the deleted region. Donor splice site sequence is bolded. Uppercase letters, exonic
sequence; lowercase letters, intronic sequence. Dashes represent the deleted bases.

B, Splicing pattern analysis of pCF ex12 -1A and +3G deletion mutants A12-15 and A17-23. These minigenes
were transfected into HeLa cells and subsequently RT-PCR was performed on total RNA. PCR products
are visualized after 2% agarose gel electrophoresis. Deletions A12-15 and A17-23 did not affect splicing
pattern of neither mutant -1A nor +3G. (lanes 2-3, 5-6).

C, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using ImageJ software
and is expressed as means * SD, based on at least three independent experiments done in duplicate.
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Wi CAGgtcataatctgaataagattttttaaagaaaatctgtatctgaaacttcagcatttta

A8-10 CAGgtcataatct---taagattttttaaagaaaatctgtatctgaaacttcagcatttta
Al1-14 CAGgtcataatctgaa----attttttaaagaaaatctgtatctgaaacttcagcatttta
A15-19 CAGgtcataatctgaataag-—---- ttaaagaaaatctgtatctgaaacttcagcatttta
A19-24 CAGgtcataatctgaataagatttt-——----- gaaaatctgtatctgaaacttcagcatttta
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Figure 2.7.3. Serial intronic deletion mutagenesis analysis downstream of Fg exon 5 donor splice
site

A, Fg exon 5 wt donor splice site sequence (bolded) and downstream intronic region. Serial intronic
deletion mutants sequences are shown below. These mutants were created by overlap extension PCR,
using specific oligonucleotides complementary to up- and downstream sequences of the deleted region.
Uppercase letters, exonic sequence; lowercase letters, intronic sequence. Dashes represent the deleted
bases.

B, Splicing pattern analysis of pFIX ex5 wt deletion mutants (A8-10, Au-14, A15-19 and A19-24). pFIX exs5
wt and the deletion mutant minigenes were transfected into HeLa cells and subsequently RT-PCR was
performed on total RNA. PCR products are visualized after 2% agarose gel electrophoresis.

Deletion of bases +1 to +24 downstream of Fg exon 5 donor splice site promoted exon inclusion (lanes 3
and 4). In contrast, deletions from base +8 to +10 and +19 to +24 did not affect wt splicing pattern (lanes
2 and s5).

C, Quantification of exon 5 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Section 2.8. Co-transfection of ExSpeUis with ISS deletion mutants in

CFTR exon 12 minigenes.

To verify that the splicing rescue mediated by the ExSpeUis is due to their
direct base-pairing with the target intronic sequences, I performed co-
transfection experiments of selected ExSpeUis along with intronic deletion
mutants. In the previous section (Section 2.7), I have shown that deletion of
sequences ranging from positions +12 to +15 downstream of the 5' ss improved
CFTR exon 12 inclusion in the wt context and in the exonic mutant 17A (Fig.
2.7.1B and D, lanes 2 and 3). Deletion A12-15 abolished most of the ExSpeU1CF
1 complementarity, but preserved the complementarity of ExSpeUiCF 15, as
shown in Fig. 2.8.1A. These features make pCF exi2 17A Ai2-15 the ideal
minigene candidate to test whether ExSpeUis activities depend on base pairing
to their target sequences. Therefore, I co-transfected pCF exi2 17A Ai2-15
minigene with ExSpeU1CF 11 and U1CF 15 (Fig. 2.8.1).

ExSpeUiCF 11 did not change the splicing pattern of pCF exi2 17A A12-15
minigene pre-mRNA (Fig.8.1B, lane 5) whereas ExSpeUiCF 15 stimulated exon
12 inclusion (Fig. 2.8.B, lane 6). These data confirm that binding of
ExSpeU1CFs to their target sequences induce exon inclusion.

In comparison to the other ExSpeUi1CFs, ExSpeUiCF 33 had the opposite effect
on exon processing. In fact, UiCF 33 inhibits CFTR exon 12 inclusion (Fig.
2.4.2). To test whether its splicing inhibition was dependent on base pairing to
+33 to +44 sequences, | co-transfected UiCF 33 with CFTR exon 12 wt deletion
mutant A34-44. UiCF 33 still promoted exon skipping (Fig. 2.8.2, compare
lanes 2 and 4). Therefore, the inhibiting effect on exon inclusion displayed by
ExSpeUiCF 33 does not depend on its target intronic sequences. Subsequently,
to understand if the splicing inhibition played by ExSpeU1CF 33 was specific to
CFTR exon 12 I co-transfected UiCF 33 with the unrelated pFIX exs5 wt

minigene. The pFIX exon 5 wt shares with pCF exi2 wt the pTB minigene
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context, and the two minigenes differ in the central region corresponding to
the exons and to approximately 300 bp of flanking introns. Upon co-
transfection neither ExSpeUiCF 11 nor UiCF 33 induced changes on splicing
pattern of Fg exon 5 wt (Fig. 2.8.3A). Consequently, the ExSpeUiCF 33 effect is
restricted to the CFTR exon 12. ExSpeUiCF does not play a general inhibitory
effect on exon processing. The observed inhibition of CFTR exon 12 inclusion
could be due to specific binding of UiCF 33 to intronic or exonic CFTR exon 12

sequences.
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Figure 2.8.1. Exon-specific U1CF snRNAs act through base pairing to their target sequence

A, Sequence of CFTR exon 12 17A exonic mutant and deletion mutant 17A A12-15 deletion mutant, donor
splice site sequence (bolded) and downstream intronic region. Target sequence o ExSpeUiCF u is
partially deleted in A12-15 mutant. On the other hand, thymidine at position 15 is replaced by thymidine
at position +11, thus maintaining ExSpeUiCF 15 target sequence. Uppercase letters, exonic sequence;
lowercase letters, intronic sequence. Mutant adenine is coloured and dashes represent the deleted bases
in the intronic deletion mutant

B, Splicing pattern analysis of pCF exi2 17A and 17A A12-15. These minigenes were transfected into HelLa
cells and subsequently RT-PCR was performed on total RNA. PCR products were visualized after 2%
agarose gel electrophoresis. UiCF 1 positive effect on 17A mutant is lost when bases +12 to +15 are
absent, as it is the case in the pCF exi2 17A A12-15 minigene (compare lane 2 and 5). UiCF 15 target
sequence is preserved in the pCF ex12 17A A12-15 minigene and consequently it showed the same activity
as in the pCF ex12 17A minigene (compare lanes 3 and 6).

C, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Figure 2.8.2. Inhibitory activity of UiCF 33 on splicing is independent of base pairing to region
+34-+44 downstream of CFTR exon 12 5'ss

A, Splicing pattern analysis of pCF exiz wt (lanes 1 and 2) and wt A34-44 (lanes 3 and 4) transfected
either alone or in presence of a plasmid encoding for UiCF 33 (see Table 2.4.1 and Fig. 2.4.1 for its target
sequence and location). RT-PCR was performed on total RNA as describe before and splicing products
were resolved on a 2% agarose gel electrophoresis. Deletion of U1CF 33 target sequence did not abolish
its inhibitory activity on CFTR exon 12 inclusion as it promoted exon skipping in wt context (compare
lane 2 and 4).

B, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using Image]J software
and is expressed as means * SD, based on at least three independent experiments done in duplicate.
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Figure 2.8.3. U1CF 33 did not affect pFIX ex5 wt splicing pattern

A, Splicing pattern of Fg exon 5 wt minigene transfected alone (lane 1) or with plasmids encoding for
UiCF u (lane 2) or UiCF 33 (lane 3) is visualized on a 2% agarose gel after RT-PCR. Neither UiCF 11 nor
UiCF 33 induced changes in Fg exon 5 wt splicing pattern. Since pCF exi2 and pFIX ex5 minigenes share
the pTB construct backbone, this result indicates that UiCF 33 splicing inhibitory activity is specific for
the CFTR exon 12 fragment.

B, Quantification of exon 5 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Section 2.9. HnRNP A1/Az2 binds to ISS in Fg exon 5 but not to CFTR exon 12
ISS.

Deletion analysis in Fg exon 5 and CFTR exon 12 showed an intronic splicing
silencer located downstream of the donor splice sites. Interestingly, the
survival of motor neuron 2 (SMN2) exon 7 has a similar intronic splicing
silencer downstream its 5’ss (Singh et al. 2006). As reported in Fig. 2.9.1, SMN2
ISS shares some sequence similarity with Fg exon 5and CFTR exon 12. As SMN
2 exon 7 ISS activity is mediated through binding of hnRNP A1/A2, a well-
known trans-acting splicing factor (Hua et al. 2008), I tested whether this
splicing factor might bind to the ISS in Fg exon 5 and CFTR exon 12. For this
purpose, I performed a RNA pulldown assay followed by Western blot (WB)
analysis using CFTR exon 12 A12-15 RNA and the Fg exon 5 A15-19 RNA probes
(depicted in Fig. 2.9.1A). I used a polyclonal antibody that recognizes both
hnRNP A1 and Az. Pull-down assay revealed that hnRNP Ai1/A2 binds
efficiently to the normal Fg exon 5 but not to the RNA lacking the ISS with
deletion of the bases +15 to +19 (Fig. 2.9.1, lanes 1-3). On the contrary, hnRNP
A1/A2 dis not bind to the CFTR exon 12 ISS (Fig. 2.9.1B, lanes 4 and 5).
Therefore, hnRNP A1/A2 displayed differential binding properties of the two
ISS: it bound to the ISS in Fg exon 5 factor but not the ISS in CFTR exon 12

and, the ISS deletion in Fg exon 5 reduced its binding .
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CFTR exon 12 GAAAGgtatgttctttgaataccttacttataatgctcatgctaaaa
FIX exon 5 AGCAGgtcataatctgaataagattttttaaagaaaatctgtatctg

SMN2 exon 7 AAGGAgtaagtctgccagcattatgaaagtgaatcttacttttgtaa
| J | J
5'ss ISS

FIX ex5 wt CAGgucauaaucugaauaagauuuuuua
FIX ex5 A15-19 caGgucauaaucugaau------ uuuua

CFTR ex 12 wt AAGguauguucuuugaavaccuuacuuaua

CF ex 12 A12-15 AAGguauguucuuu----accuuacuuaua
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45 kDa___ . — Al
35kDa | A—— — A2

1 2 3

Figure 2.9.1. hnRNP A1/A2 bind to Fg exon 5 ISS

A, Schematic representation of CFTR exon 12, Fg exon 5 and SMN2 exon 7 donor splice sites and
downstream intronic regions. These three unrelated exons have an intronic splicing silencer region
(coloured) located right downstream of their donor splice sites (bolded). Uppercase letters are exonic
sequences; lowercase letters, intronic sequences.

B, Western blot against hnRNP A1/A2 upon RNA pulldown using Fg exon 5 wt, A15-19 and CFTR exon 12
wt and A12-15 probes. hnRNP A1/A2 binds to the intronic splicing silencer located downstream of Fg
exon 5 donor splice site. When bases +15 to +19 are absent, hnRNP Ai/A2 binding is impaired. Donor
splice sites are bolded, ISS sequences are coloured and dashes represent the deleted bases. NE, nuclear
extract.
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Section 2.10. Fine mapping of CFTR exon 12 ISS reveals a potential role of

RNA secondary structure on donor site accessibility.

To further investigate the functional properties of the ISS located in CFTR
exon 12, I carried out a site-directed mutagenesis of the element (Fig. 2.10.1A).
In the pCF ex12 wt minigene, I introduced several point mutations across the
entire CFTR exon 12 ISS, from position +12 to +23 (Fig.2.10.1A). Upon
transfection of the ISS mutant minigenes into HeLa cells, I analysed the
resulting splicing pattern. Substitutions from positions +13 to +19 clearly
altered the splicing pattern (Fig. 2.10.1, lanes 3-10), while no changes were
observed for substitutions in position +12 and from position +20 to +23 (Fig.
2.10.1, lanes 3, 11-16). Consistent with the presence of an ISS, substitutions from
position +16 to +19 increased CFTR exon 12 inclusion from ~80% to almost
100%, (Fig. 2.10., lanes 5-10). However, two nearby mutations showed an
opposite effect. The substitution of an A for a C at position +13 led to complete
CFTR exon 12 skipping and the T to C substitution at position +15 reduced
exon inclusion to 50% (Fig. 2.10.1 lanes 3 and 4).

To understand why these mutations had a silencing effect distinct from the
other nearby substitutions, I considered the possibility that some mutations
might affect the RNA secondary structure. To this aim I analysed a stretch of
60 bp covering both upstream and downstream sequences around CFTR exon
12 ISS using RNA mfold, a web-based bioinformatic tool designed for RNA
secondary structure predictions (Markham et al. 2008). (Fig. 2.10.2). The
predicted RNA secondary structure showed a single stem-loop spanning from
position -3 to +20 that include the donor splice site. Most of the 5’ ss is part of
the stem and the core GU of the donor site base pairs to positions +16 and +17.
Bases from +12 to +20, which compose most of the CFTR exon 12 ISS, are
predicted to constitute the rest of the stem-loop structure.

Interestingly, the majority of the mutations that induce exon inclusion are
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predicted to disrupt the stem-loop structure, whereas the mutations that
induce exon skipping strengthen the stem. Mutation +13C generates a new
bond with the G located at position +5, which in turn facilitated the formation
of a non Watson-Crick bond between a U in position +6 and a G in position
+12. This results in a longer and more stable stem structure which might limit
the accessibility of the 5' ss recognition by Ui snRNP (Fig. 2.10.3A). This
observation could explain the complete exon skipping detected upon
transfection of pCF ex12 +13C minigene (Fig. 2.10.1B, C, lane 3). Mutation +15C
was also predicted to affect RNA secondary structure. In this case, the
predicted structure consists of a long stem, which bears a bulge between
position +2 and +5 of CFTR exon 12. The C at position +15 was predicted to
interact with the wt G at position +5 (Fig. 2.10.3B). This in turn facilitate the
formation of three Watson-Crick bonds: between two U in positions +6 and +7
and a two A in position +14 and +13, respective and a between a C at position
+8 and a G at position +12.

On the other hand, substitutions at positions +17, +18 and +19 introduced
mismatches into the stem, turning the whole stem-loop into a less stable
structure (Fig. 2.10.4). Importantly, all these substitutions promoted exon
inclusion (Fig. 2.10.1B, lanes 7-10). In position +16, I replaced the wt A with
either a mutant G or a mutant T (Fig. 2.10.1A and B). Mutation +16T created a
mismatch while mutation +16G can form a non-Watson-Crick bond (Fig- 10.4A
and B). These observations are consistent with the fact that, although both
substitutions promoted exon 12 inclusion, the former had a stronger impact on
exon inclusion, as can be distinguished in Fig. 2.10.1B and C (lanes 5 and 6).
Finally, bases +20 to +23 were not predicted to be involved in the stem-loop
structure (Fig. 2.10.4F), and did not alter the wt splicing pattern (Fig. 2.10.1B,
lanes 11-16). Altogether these observations indicate that a stem-loop structure

at CFTR exon 12 5' ss might be involved in splicing regulation.
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Figure 2.10.1. Mutagenesis of CFTR exon 12 intronic splicing silencer element (ISS)

A, Schematic representation of the CFTR exon 12 wt 5' ss and downstream intronic sequences, where 1SS
is coloured and 5' ss is bolded. Below are shown the point mutations introduced by overlap extension
PCR mutagenesis into the ISS. Numbers above ISS indicate base position from 5' ss (bolded).
Substitutions in red caused exon 12 skipping, those in green promoted exon inclusion and those bolded
did not affect splicing pattern as shown in B.

B, Splicing pattern analysis of CFTR exon 12 ISS mutants. ISS mutant minigenes (0.5 ug) were
transfected into HeLa cells and subsequently splicing products were analyzed by RT-PCR on total RNA
using alphaz,3 and braz oligonucleotides. PCR products were loaded onto a 2% agarose gel and
visualized after electrophoresis. ISS mutants displayed mixed effects on splicing pattern, ranging from
complete (+13C, lane 3) or partial (+15C, lane 4) exon 12 skipping to increased exon inclusion (+16G and
T, +17A, +18A and G, +19G; lanes 5-11) or simply showing no effect (+20A and G, +21G, +22A and T, +23G;
lanes 12-16).

C, Quantification of exon 12 inclusion of ISS mutants. Exon inclusion percentage was estimated using
Image] software and is expressed as means + SD, based on at least three independent experiments done
in duplicate.
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Figure 2.10.2.Predicted stem-loop structure for CFTR exon 12 wt 5' ss and downstream intronic
region

A sequence stretch of 60 bp around CFTR exon 12 wt donor splice site was subjected to RNA mfold
analysis. CFTR exon 12 ISS is predicted to form part of an stem-loop structure spanning from base -3 to
+20. The invariant GU pair is embedded in the stem structure, forming Watson-Crick bonds with AC
pair at positions +16 and +17. Bases +12 to +20, which form part of the CFTR exon 12 ISS, are predicted to
constitute part of the loop (bases +12 and +13) and the stem (+14 to +20). Bases +21 to +23 would not
belong to an RNA secondary structure. Exonic sequences are in upper case letters and intronic
sequences in lowercase. Position of bases with respect to CFTR exon 12 5'ss is indicated. Coloured
numbers indicate the position of the ISS sequence.
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Figure 2.10.3. Predicted RNA secondary structure for CFTR exon 12 mutants +13C and +15C

A sequence stretch of 60 bp around CFTR exon 12 donor splice site including either substitution +13C (A),
or +15C (B) within ISS was subjected to of RNA mfold analysis.

A, The predicted RNA secondary structure for mutant +13C is more stable than wt stem-loop(compare
with Fig. 2.10.2) since the mutant cytosine at position +13 creates a bond between with the wt G at
position +5. This in turn facilitates the formation of a non Watson-Crick bond between wt G at position
+12 with U at position +6.

B, The predicted structure for mutant +13C consists of a long stem which bears a bulge between position
+2 and +5 of CFTR exon 12. The cytosine at position +15 is predicted to interact with the wt guanidine at
position +5. This in turn facilitates the formation of three Watson-Crick bonds: between two U in
positions +6 and +7 and a two A in position +14 and +13, respective and a between a C at position +8 and
a G at position +12.
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Figure 2.10.4. Predicted RNA secondary structure for CFTR exon 12 ISS mutants

A sequence stretch of 6o bp around CFTR exon 12 donor splice site including several substitutions
within the ISS element was subjected to RNA mfold analysis.

A, Mutation +16G is predicted to maintain wt stem-loopstructure since the mutant G is able to form a
non Watson-Crick bond with the wt U at position +2.

B, C and D, Mutations +16T, +17A and +18G introduce mismatches into the stem structure and their
predicted RNA secondary structure stability is lower than wt one.

E, Mutation +19G shortens stem and its predicted stability is lower than wt one.

F, Mutation +23G do not alter the predicted wt stem-loopstructure.

ISS mutations are shown in uppercase letters.
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Section 2.11. Effect of antisense oligonucleotides targeted to the Fg exon 5

and CFTR exon 12 ISS.

In CFTR exon 12 and Fg exon 5, most of the enhancing effect of the ExSpeUis
occurred when they target the ISS sequences suggesting that part of their
activity could be due to a direct interference with these intronic inhibitory
elements.

[ first designed 2'-O-methoxyethyl-phosphorothiate antisense oligonucleotides
(ASO) (synthesized by Daniela Perrone, University of Ferrara) to target CFTR
exon 12 and Fg exon 5 ISSs, namely ASO™ and ASO® respectively (Fig.
2.11.1A). For each ISS, I designed two ASOs, one of 20 bp and another of 25 bp,
which cover the entire ISS sequence. Next I analysed their effect on exon
processing in both Fg exon 5 donor site mutant -2C and CFTR exon 12 exonic
mutant 17A minigenes in a co-transfection experiment. Two different ASO
concentrations, 1 and 10 pM were tested for both mutant minigenes. As a
positive control, I also co-transfected, together with ASO 10-27, the SMN2 exon
7 minigene, pSMN2, which was previously described to promote exon
inclusion by targeting SMN2 exon 7 ISS (Hua et al. 2008).

In control experiments ASO10-27 (10 pM) induced a significant increase in the
percentage of SMN2 exon 7 inclusion, rising it to almost 100% (Fig. 2.11.1B,
lanes 1 and 2). In the Fg exon 5 minigene, neither ASO™*, nor ASO*_ affected
significantly the splicing pattern of the Fg exon 5 -2C minigene. In the CFTR
exon 12 system, the addition of ASO“™®,  did not affect the pattern of splicing
of pCF ex12 17A minigene (Fig. 2.11.1C, lanes 2-5). On the other hand, ASO“® |
at a moderate effect on pCF exi2 17A minigene splicing pattern. At the
concentration of 10 pM, ASO“™ _increased significantly exon 12 inclusion
levels of two folds, rising it from 10% to 20% (Fig. 2.11.1C, lane g). The slight
increase in exon 12 inclusion in presence of ASO“™® _ prompted me to test

additional concentrations, ranging from 10 to 75 pM (Fig. 2.11.2A). A modest
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rise in CFTR exon 12 inclusion was observed with increasing ASO“R
concentration, peaking at 50 pM (~27%; Fig. 2.11.2A,B lane 5) while adding 75
M ASO“® _did not further improve in CFTR exon 12 inclusion (~21%; Fig.
2.11.2A,B lane 6) . Both 50 and 75 pM  ASO® _ treatments also caused
aberrant splicing events, as evidenced by the presence of higher molecular
weight bands, which were more pronounced at 75 pM concentration (compare
Fig. 2.11.2A, B lanes 5 and 6 with Fig. 2.11.1C lane 10). Sequencing analysis of
these high molecular bands confirmed the occurrence of intron retention.
Thus, only ASO“™  had a positive mild effect on exon inclusion, with an

apparent dose-dependent efficacy.
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Figure 2.11.1. Effect of antisense oligonucleotides directed to Fg exon 5 and CFTR exon 12 ISSs

A, Antisense oligonucleotides (ASO) were designed to target downstream sequences of Fg exon 5 and
CFTR exon 12 donor splice sites, (ASO™ and ASO"®, respectively) corresponding to ISSs. Sequences of
Fg exon 5 -2C and CFTR exon 12 17A mutants are depicted; donor splice site sequences are bolded, and
ISSs are coloured. Mutations -2C and 17A are underlined. Uppercase letters, exonic sequences; lowercase
letters, intronic sequences.

B and C, Splicing pattern analysis of pFIX ex5 -2C (B) and pCF exi2 17A (C) minigenes, transfected either
alone or with increasing amounts of ASOs (1, 10 and 100 pM) into HeLa cells. Subsequently splicing
products were analyzed as described previously. Fg exon 5 and CFTR exon 12 wt minigenes were also
transfected alone as controls. Only ASO“™® _ induced a modest although significant rise of CFTR exon 12
inclusion at 10 pM. M, molecular weight marker (1kB, Invitrogen). Below each agarose gel picture, the
histogram of the quantification of exon inclusion is shown. Exon inclusion percentage was estimated

using Image] software and is expressed as means + SD, based on at least three independent experiments
done in duplicate. *, p<0.05.
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Figure 2.1.2. ASO™ _ slightly promoted CFTR exon 12 inclusion

A, Splicing pattern analysis of pCF ex12 17A, transfected either alone or in presence of increasing amounts
(10, 25, 50 and 75 pM) of ASO™* _into HelLa cells. Subsequently splicing products were analyzed as
described previously. CFTR exon 12 inclusion levels increased modestly with higher concentrations of
ASOT® . At 50 and 75 uM some aberrant splicing events were observed (lanes 5 and 6). M, molecular
weight marker (1kB, Invitrogen).

B, Quantification of exon 12 inclusion. Exon inclusion percentage was estimated using Image] software
and is expressed as means + SD, based on at least three independent experiments done in duplicate.
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Section 2.12. Use of ExSpeUiFIX 9 to rescue protein production and

activity on a Fg exon 5 splicing competent cDNA expression vector

The previously reported results have clearly shown that ExSpeUis can correct
aberrant splicing in the context of CFTR exon 12 and F9 exon 5 hybrid
minigenes (see Section 2.7-8). To understand if ExSpeUis can also rescue
protein synthesis, I designed a splicing competent Fg cDNA expression vector
(pSC-FIX exon 5) as illustrated in Fig. 2.12.1. This expression vector includes
exon 5 and its flanking intronic sequences inserted in the factor IX cDNA.
Correct splicing processing of the upstream and downstream introns flanking
exon 5 give rise to full-length F9 mRNA coding for normal coagulation factor
IX. In this system, a unique Ndel restriction site is located in the intronic
sequences to allow efficient subcloning of exon 5 wt or mutant cassettes (see
Materials and Methods). As previously shown, UiFIXwt and ExSpeUiFIX g
rescued splicing at donor site mutants -2C, -2G and -2T and at the PPT
mutants -8G and -9G (see Section 2.4). Based on these results, I engineered
five mutant Fg exon 5 splicing competent expression vectors: pSC-FIX exon 53¢
, exon 526 and exon 52T (bearing donor site mutations -2C, -2G and -2T,
respectively) and pSC-FIX exon 57776 and exon 577796 (carrying PPT mutations
-8G and -9G, respectively). These five constructs were co-transfected with each
modified U1 snRNAs into BHK cells, and splicing pattern analysis was carried
out by RT-PCR. Amplification of pSC-FIX exon 5t transcripts using a forward
oligonucleotide annealing on Fg9 exon 4 (FIXex4F) and a reverse
oligonucleotide binding to exon 6 (FIXex6R) showed the presence of two
bands, one corresponding to exon 5 inclusion (604 bp) and one to exon 5
skipping (475 bp) (Fig. 2.12.1B, lane 1). In particular, the quantification of the
bands intensity revealed ~15% of exon inclusion for pSC-FIX exon s5*. This
percentage is significantly lower than the one found in normal liver (~80%) or

the one obtained by the pFIX ex5 wt minigene (~75%); (compare Fig. 2.12.1B
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Figure 2.12.1. Rescue of FIX full-length pre-mRNA and protein secretion by UiFIXwt and ExSpe U1FIX
9 in BHK cells.

A, Schematic representation of a splicing competent Fg exon 5 expression vector (pSC-FIX exon 5). Dashed
lines (- - -) illustrate possible splicing outcome. Arrows represent primers for PCR amplification. For a detailed
description of pSC-FIX exon 5 construction, see Materials & methods.

B, Analysis of spliced transcripts. BHK cells were transfected with o.5 pg of pSC-FIX exon 5*t, pSC-FIX exon
5186 pSC-FIX exon 57196, pSC-FIX exon 52¢, pSC-FIX exon 53¢ or pSC-FIX exon 57T either alone or with
UiFIXwt or ExSpe U1FIX 9. Splicing pattern was evaluated by RT-PCR withFIXex4R and FIXex6F primers and
amplified products were resolved on a 2% agarose gel. The identity of the bands is indicated on the right side
of the panel. In presence of either UiFIXwt or UiFIX 9, exon 5 inclusion was increased notably, reaching
similar levels in the three mutant contexts evaluated.

C, Quantification of exon 5 inclusion was estimated using Image]J software and is expressed as means + SD.

D, Western Blotting against factor IX protein on supernatant of BHK cells transfected with pSC-FIX exon 5*,
pSC-FIX exon 5186, pSC-FIX exon 5196, pSC-FIX exon 53¢, pSC-FIX exon 53 or pSC-FIX exon 53T either
alone (lanes 2, 3, 6 and 9) or with UiFIXwt (lanes 4, 7, 10) or ExSpeU1FIX g (lanes 5, 8, 11). As a control, pooled
normal pooled (PNP, lane 1) from healthy patients was used for WB. In presence of UiFIXwt or ExSpeU1FIX g
secreted full-length factor IX protein is rescued in all three mutants contexts.
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with Fig. 2.2.3). Therefore, it can be speculated that context-dependent factors
could be involved in the lower efficiency of recognition of wt exon 5 observed
with the pSC-FIX minigene. As expected, splicing pattern of pSC-FIX exon 5T
8G, exon 57PT9C, exon 5-*¢, exon 53¢ and exon 52"minigenes resulted in complete
exon 5 skipping (Fig. 2.12.1B, lanes 2, 5, 8, 11, and 14 respectively). In the five
mutants, co-transfection of either UiFIXwt or EXSpeUiFIX g significantly
ameliorated splicing, with ~70-80% of exon included in the final mRNA (Fig.
2.12.1B, lanes 3-4, 6-7, 9-10, 12-13, 16-17). Thus, an important amount of normal
full-length F9 mRNA is produced upon UiFIXwt or ExSpeUiFIX 9 co-
transfection. Given that the factor IX protein is normally secreted, it can be
recovered from the culture supernatants and quantified. Therefore, I analysed
Fg exon 5 levels in cell culture supernatants using a polyclonal antibody
against factor IX protein. In this experimental approach, alternative splicing of
exon 5 can give rise to two factor IX proteins: the functionally normal one,
which includes exon 5 (~60 kDa), and a shorter one, which is inactive and
corresponds to transcripts without exon 5 and lacking the EGF-2 domain (~51
kDa). In fact, skipping of exon 5 maintain in frame the protein-coding
sequence leading to a 43 aminoacids shorter product. As control, I used pooled
normal plasma (PNP) from healthy patients, which contains normal levels of
factor IX protein. As can be appreciated in Fig. 2.12.1D, pSC-FIX exonz"t
generated both factor IX protein forms: normal factor IX protein (lane 2, upper
band) and truncated factor IX protein (lane 2, lower band). Normal, full-length
proteins were more abundant than truncated factor IX proteins, in contrast to
Fg splicing pattern, where the latter was more abundant (compare Fig.12.1B,
lane 1 with Fig. 2.121D, lane 2). Possibly, part of the truncated protein is
degraded in the cytoplasm or is inefficiently secreted due to aberrant folding
providing an explanation for the discrepancy observed between WB analysis
and splicing pattern results. On the other hand, transfection of pSC-FIX exon

5PPT8G - exon 57PT9¢) exon 53¢ exon 52%¢ and exon 52T minigenes led to the
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production of only the ~51 kDa form (Fig. 2.121D, lanes 3, 6, 9, 12, 15,
respectively).

Strikingly, for the three pSC-FIX exon 5 mutants the presence of either
UiFIXwt or UIFIX 9 completely restored the full-length factor IX protein (Fig.
2.12.1D,lanes 4-5, 7-8 and 10-11,13-14, 16.17). To quantify the secreted factor IX
protein levels I carried out a sandwich ELISA assay. The antibody used cannot
discriminate between the full-length active isoform and the shorter inactive

form. The analysis showed an ~2-3 fold increase of factor IX protein levels in
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Figure 2.12.2. Rescue of secreted FIX protein levels by modified U1FIX snRNAs in BHK cells
supernatant

ELISA assay showing concentration of secreted factor IX protein in supernatant of BHK cells transfected
with pSC-FIX exon 5%, pSC-FIX exon 5"778¢ pSC-FIX exon 5"°™9¢, pSC-FIX exon 526, pSC-FIX exon 5¢
or pSC-FIX exon 52" either alone or with UiFIXwt or UiFIX 9. Presence of modified UiFIX snRNAs
increased notably factor IX protein levels in BHK cells supernatant.

supernatants of cells transfected with pSC-FIX exon 5 mutant vectors and
UiFIXwt or UiFIX g (Fig. 2.12.2). Finally, I tested secreted factor IX protein
activity through a factor IX-specific activity assay (see Materials and Methods).
As expected, no factor IX activity was detected when pSC-FIX exon 5786, exon
57PT96 exon 53¢, exon 52¢ and exon 52T were transfected alone, since truncated
factor IX protein undergoes structural rearrangements that greatly impair its
proper folding and secretion. Factor IX activity was recovered nearly to wt

levels in cell supernatant where mutant expression vectors were co-transfected
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with either UiFIXwt or ExSpeU1FIX g (Fig. 2.12.3). Taken together these results
demonstrated that UiFIXwt and exon-specific UiFIX g are able to correct Fg
exon 5 aberrant splicing caused by both PPT and donor splice site mutations at
positions -2 in a splicing competent expression vector system, re-establishing

protein synthesis, secretion and activity.
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Figure 2.12.3. Rescue of secreted FIX protein specific activity by modified U1FIX snRNAs in BHK

cells supernatant

Factor IX specific activity of secreted factor IX protein in supernatant of BHK cells transfected with
pSC-FIX exon 5%, pSC-FIX exon 578 pSC-FIX exon 5"79¢ pSC-FIX exon 52¢, pSC-FIX exon 53¢ or
pSC-FIX exon 57T either alone or with UiFIXwt or UiFIX 9. Presence of modified UiFIX snRNAs

recovered notably factor IX protein specific activity in BHK cells supernatant.
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3. Discussion

Section 3.1.CFTR exon 12 and F9 exon 5 mutations induce aberrant

splicing

In this thesis work, I have used two gene models, CFTR exon 12 and Fg exon 5,
to analyse the effect on pre-mRNA splicing of several disease-associated
genome variants (GVs) and to evaluate the role of U1 snRNP in the resulting
splicing defects. I have studied three major types of mutations: transversions
within the polypyrimide tract (PPT), mutations in exonic regulatory elements
and mutations that affect the consensus 5’ ss.

To understand the effect of these mutations on splicing I used the minigene
splicing approach. I have used as backbone for the heterologous minigene the
pTB construct, which has been previously validated for the CFTR exon 12
(Pagani et al. 2000, 2002, 2003a) and for other gene systems (Baralle et al.
2003; Zhang et al. 2004; Esperante et al. 2008; Goina et al. 2008; Skoko et al.
2008; Pastor et al. 2009; Raponi et al. 2009). This backbone was also useful for
the study of Fg exon 5, as the pFIX ex5 wt minigene is processed in vitro as
efficiently as it is in vivo. Actually, in both cases the exon 5 wt is alternatively
spliced, with approximately 20% or the exon excluded from the mature mRNA
(Fig. 2.2.2).

Minigene experiments showed that several mutations induced exon skipping.
In Fg exon 5, the two PPT transversions (-8T>G and -9T>G) and the donor
splice site mutations in position -2 (A to G, C and T), -1T, +1A and +2C (Fig. 2.
2.3B, lanes 1-7) induced exon skipping. Notably, the +4G did not change the
pattern of splicing (Fig. 2.2.3B, lane 8) whereas the +13G activated a cryptic
donor site (Fig. 2.2.3B, lane 9). In CFTR exon 12, all mutations either in the
exon (17A and 52T) or at the donor site induced exon skipping (Fig. 2.2.2.1B,

lanes 1-9). Exclusion of CFTR exon 12 from the mature mRNA maintains the
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reading frame but produces an aberrant protein lacking part of the NBD-1,
with severe folding and secretion abnormalities (Slomski et al. 1992; Tzetis et
al. 2001). In turn, skipping of Fg exon 5 also maintains the reading frame and
will lead to a formation of a protein lacking a fundamental EGF-2 domain, with
consequent loss of functionality of the protein (Wilkinson et al. 2002; Schmidt
et al. 2003). Similarly, the new cryptic site due to the A to G substitution at
position +13 downstream the 5 ss will create a pathological transcript 13 bp
longer than the wt one with a shift of the reading frame and the production of
a truncated protein (Ketterling et al. 1999).

It is noteworthy that without an appropriate splicing assay the synonymous
mutations located at position -2 of Fg9 exon 5 ss might be erroneously
identified as benign variants. This analysis highlights the importance of the
minigene-based strategy as diagnostic tool to evaluate the effect of genomic

variants on splicing.
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Section 3.2. Bioinformatic predictions do not always correlate with

functional splicing assays

Several in silico tools have been designed to predict the impact of GVs
occurring within donor and acceptor splice sites and establish their
pathogenicity. Most of the available bioinformatic prediction tools assign a
score value to the input sequence, which is regarded as a predictor of splice
site strength or “quality” (i.e., consensus donor site sequence has the
maximum score). Therefore, I have evaluated the score predictions for the
aforementioned CFTR exon 12 donor site mutations and F9 exon 5 PPT and
donor site mutations using 11 web-based tools (see Table 2.1.2). For exonic GVs,
some bioinformatic programs such as ESEFinder (Cartegni et al. 2003),
RESCUE-ESE (Fairbrother et al. 2004) or PESX (Zhang et al. 2004) can be used
to estimate whether they creation or disrupt putative exonic splicing
regulatory sequences. | have subjected CFTR exon 12 exonic mutants 17A and
52T sequence to analysis with these softwares but no clear correlation between
their impact on splicing and the predicted sites was found (data not shown), in
agreement with previous studies (Raponi et al. 2007).

The very low score (0.21) of the normal wt Fg exon 5, could itself be considered
pathological (Table 2.1.2). However, despite the low score the exon 5 wt is
predominantly included in the mature mRNA (Fig. 2.2.3, lane 1). It is likely that
the natural A at position +5 of Fg exon 5 wt donor site penalizes its score, since
it is known that a G is conserved at that position in the ~78% of U2-dependent,
human 5" GT splice sites (Sahashi et al. 2007; Roca et al. 2008). Additionally,
the C at position +3 significantly deviates from consensus, with only ~3% of
conservation (versus ~60% of consensus A) as well as the A at position +6
(~17% vs. ~48% of consensus T). Consequently, other mechanisms might
compensate for its weak donor splice site. It is well-known that both exonic

and intronic cis-acting regulatory sequences play a key role in exon definition
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(Mardon et al. 1987; Cartegni et al. 2002). In addition, it has been proposed
that the presence of a strong 3' ss modulates the impact of GVs occurring in 5'
ss(Liu et al. 20m1). This is supported by previous observations showing that
secondary mutations that promote a better agreement with the consensus
sequence on acceptor sites suppressed the effect of primary mutations on
donor splice sites (Carothers et al. 1993). Furthermore, the near equal
contribution of both acceptor and donor splice sites to the definition of
constitutive and alternative exons has been recently proven through minigene-
based analysis and a genome-wide survey (Shepard et al. 2o11). Indeed, Fg exon
5 wt 3' ss score is very similar to the consensus (Table 2.1.2). It is reasonable
that this strong Fg exon 5 acceptor site compensate for the weak donor splice
site, although other exonic and/or intronic splicing regulatory elements might
also be involved. Further studies will be required to identify additional splicing
regulatory sequences involved in Fg exon 5 definition.

Despite the low score of Fg exon 5 wt 5' ss, the impact of most of the donor site
mutations were consistently predicted. Score predictions for the invariant GT-
destroying mutations (CFTR exon 12 +2C and Fg exon 5 +1A and +2C), PPT (Fg
exon 5 -8G and -9G) and donor site mutations (CFTR exon 12 -1A, -1T, +3C, +5A
and Fg exon 5 -2T, +2G, +2C and -1T) and the cryptic donor splice site created
by mutation +13G in F9 exon 5 agreed with the minigene experiments.
However, two interesting cases exhibited a clear discrepancy between score
predictions and splicing functional assays: mutations +3G on CFTR exon 12 and
+4G on Fg exon 5.

Mutation +3G within CFTR exon 12 donor site caused complete exon skipping
(Fig. 2.2.1), notwithstanding its score values were only slightly reduced for g
out of 11 in silico tools (Table 2.1.2). Based on nucleotide frequencies, human 5'
ss have either an A (59.5%) or a G (34.6%) (Sahashi et al. 2007) at position +3.
Thus, the pathogenicity of the +3G variant on CFTR exon 12 cannot be

explained simply by conservation at this position. As a matter of fact the

114



bioinformatic tools (S&S, MDD, AST, HSF; Table 2.1.2) that assigned it a score
value very similar to wt sequence are based on position-specific weight
matrices (PSWM) which take into account relative nucleotide frequencies on
each donor site position. In addition, a G at position +3 should be able to base
pair with the corresponding pseudouridine on the Ui snRNP 5'-tail, which
explains why the scores of Hbond (hydrogen bonding) and AG
(thermodynamical stability of 5' ss:U1 snRNP duplex) are high. Based on
statistical analysis it has been proposed the A to G transitions at position +3
are associated to aberrant splicing when located in weak donor sites (Madsen
et al. 2006) and are usually accompanied by nonconsensus nucleotides at
positions +4 and +5 (Roca et al. 2008). A similar observation was previously
anticipated (Ohno et al. 1999), stating that in presence of a +3G variant normal
splicing can take place when at least two of three nucleotides at positions +4 to
+6 are complementary to the Ui snRNA. Furthermore, mutant human 5’ ss
containing an aberrant splicing-causing +3G along with a consensus +5G are
most frequently accompanied by a nonconsensus T at position +4 (82.6%)
(Guédard-Méreuze et al. 2009). Indeed CFTR exon 12 5 ss contains a T at
position +4 and a consensus G at position +5. The results of splicing functional
assays with pCF exon 12 +3G fully agree with these previous observations.

On the other hand, mutation +4G on F9 exon 5 had no effect on splicing
though its score value is low and similar to other Fg exon 5 donor site mutants
that cause exon skipping. Interestingly, only SplicePort, Hbond and AG
methods assigned it a score similar to wt sequence. A G in position +4
although conserved only in ~12% of human donor sites (Sahashi et al. 2007;
Roca et al. 2008) is still able to establish non-Watson-Crick bonds with the
corresponding pseudouridine of Ui snRNP 5'-tail, which could explain the
accurate performance of Hbond and AG methods. It remains unclear its
association with the Fg deficiency (Haemophilia B Mutation Database).

Probably the presence of a guanidine in this position is classifiable as a rare
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single nucleotide polymorphism (SNP), perhaps in linkage disequilibrium with
another pathological mutation in the Fg gene.

In an effort to distinguish neutral from splicing-disrupting GVs, Ketterling and
colleagues (1999) proposed the “5-6” hypothesis. They classified donor splice
sites in two categories: poorly conserved, with five or six matches to the
consensus sequence and highly conserved, with at least seven matches. They
argued that GVs occurring in poorly conserved donor splice sites (apart from
invariant GT dinucleotide) would abolish splicing, while those affecting highly
conserved donor sites would exhibit a moderate effect. This hypothesis was
derived from a large analysis of eighty splicing-related mutations on Fg gene
and in consequence, it might be useful in our case to predict the effect of Fg
exon 5 mutations. However, both the effect of Fg exon 5 mutation +4G and all
the CFTR exon 12 mutations do not fit with this hypothesis. Fg exon 5
mutation +4G reduces the number of base pairings with U1 snRNP from six to
five and contrary to what the “5-6” hypothesis predicts, exon splicing is not
affected (Fig. 2.2.3B, lane 8). In addition, since CFTR exon 12 wt bears seven
matches to the donor site consensus sequence it should be considered as a
highly conserved 5' ss and consequently GVs should cause at most moderate
reductions of exon inclusion. However, all the donor site mutations caused full
exon skipping (Fig. 2.2.1B).

Another proposal to distinguish neutral from splicing-disrupting GVs has been
suggested upon the evaluation of six web-based tools, including NN and
MaxEnt as in this thesis work, on 39 retinoblastoma 1 gene (RB1) variants
(Houdayer et al. 2008). They arbitrary chose a 20% cut-off value as predictor of
positive and deleterious effect of the variant. Using this threshold value, they
observed a correlation between in silico predictions and in vitro splicing assays
in 84% of the RB1 variants, with no false positives. Unfortunately, using such a
cut-off value for the data presented in this thesis would have not improved

correlation with splicing functional assays results, because predictions listed in
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Table 2.1.2 present great variability.

Based on the data presented here, only 2 out of 11 bioinformatic predictions are
in concordance with the splicing functional assays for mutants at donor sites.
SplicePort and Hbond correctly predicted that mutation +3G on CFTR exon 12
created a defective splice site and that mutation +4G in Fg exon 5 did not
modify the score in comparison to the wt donor site. Interestingly, SplicePort
browses for splicing signals and motif sequences across a 160 bp input
sequence, thus considering neighbouring splicing regulatory elements around
splicing signals (Dogan et al. 2007) In turn, Hbond score is built upon
calculation of hydrogen bonding formation between the U1 snRNP 5'-tail and
the 5' ss, taking into account a 11 bp, longer sequence, including positions +7
and +8 of the 5' ss. Thus, the only splice site prediction tools that correctly
predicted consequence of donor site variants are those which are not built
solely on sequence composition analysis, confirming previous observations
(Thanaraj 2000).

The poor performance of splice site prediction tools scores have been reported
by several publications (Hartmann et al. 2008; Houdayer et al. 2008; Wang et
al. 2009; Tuffery-Giraud et al. 2009; Raponi et al. 2009; Lu et al. 2011), and
some recommendations have been proposed. The IARC Unclassified Genetic
Variants Working Group suggested that in presence of a new GV at least three
prediction programs should be used in order to obtain an accurate prediction
on its putative effect (Spurdle et al. 2008). However it does not specify which
three. Other reports (Hartmann et al. 2008; Houdayer et al. 2008; Betsalel et
al. 2010) made a similar recommendation, making an appeal for the combined
used of several available bioinformatic tools running different algorithms to
achieve maximum sensitivity. They also advocate for the development of new
reliable in silico diagnostic tools which ultimately will become part of the
clinical diagnosis. Meanwhile the majority of the studies (Tournier et al. 2008;

Spurdle et al. 2008; Raponi et al. 2009; Wang et al. 2009; Théry et al.

u7y



20mn) affirmed that all data generated using current score predicting tools must
be validated by the use of splicing functional assays or RT-PCR from patient's
RNA samples. The results presented in this thesis agree with these
recommendations, underpinning the use of hybrid minigene analysis for the
assessment of pathogenicity of new GVs and validation of their bioinformatic
tools predictions. Moreover these splicing functional demonstrated that
aberrant splicing events, chiefly exon skipping, triggered by the CFTR exon 12
exonic and donor site mutations and the Fg exon 5 PPT and donor site
mutations are the molecular mechanism behind their association to cystic
fibrosis or haemophilia B, respectively. For most of the studied mutations this

is the first report that confirms their contribution to the disease.
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Section 3.3. Composite nature of 3' ss makes prediction of Fg exon 5 PPT

transversions impact on splicing a difficult task

For Fg exon 5 PPT transversions T to G, the predicted reduction in score values
for seven tools (S&S, MaxEnt, MM, WMM, NN, AST,and HSF) was lower than
17% and one does not even find the Fg exon 5 wt 3' ss (SplicePort) (Table 2.1.2).
Nonetheless these mutations induced full exon skipping (Fig. 2.2.3, lanes 2 and
3). Thus one can hardly state that these PPT mutations actually impair splicing
processing only by calculating these differences. The composite nature of the 3'
ss makes prediction of PPT GVs impact a difficult task, since its recognition
relies on several signals: canonical AG, PPT tract and the branch-point. For
example, some “weak” PPTs can be compensated by strong, consensus-like
branchpoint sequences (and viceversa)(Roscigno et al. 1993; Mullen et al.
1991) and exon enhancer elements . Furthermore, the PPT nucleotide
composition, location and length varies greatly in human acceptor sites,
contrary to the donor site sequences, and this affects splicing efficiency
(Roscigno et al. 1993; Coolidge et al. 1997).

Pathological mutations occurring within PPT are far less abundant than those
falling within donor sites or exonic sequences, showing a homogeneous
distribution between positions -4 and -15 (Krawczak et al. 2007). As a matter of
fact the first pathological PPT mutation described in the scientific literature is
a T to G transversion at position -8 in the PPT of B-globin intron 2, which has
been isolated in individual suffering from B-thalassemia intermedia (Sébillon
et al. 1995). The authors demonstrated that the -8G transversion decrease
splicing efficiency because the spliceosomal complex A formation is impaired.
The authors also suggested that the heterogenous ribonucleoprotein (hnRNP)
C bounds preferentially to the mutant PPT, which could also contribute to the
pathological exon skipping. Another publication demonstrated that PPT

transversions reduce U2AF% binding (Millevoi et al. 2006). Therefore the -8G
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and -9G transversions in F9 exon 5 likely impair proper recognition of the
acceptor site (either reducing U2AF¢ affinity or through recognition of
additional trans-acting splicing factors) leading to aberrant exon definition.
RNA binding assays with U2AF and Fg exon 5 -8G and -9G probes could be
performed to confirm this hypothesis. This mechanism may be shared by other
PPT transversions which have been described to induce pathological exon
skipping in several genetic diseases such as Usher syndrome type 1b (Weston
et al. 1996), Wilson disease (Loudianos et al. 2002), X-linked retinitis
pigmentosa (Pomares et al. 2009), Maroteaux-Lamy syndrome (Garrido et al.
2007, 2008), growth hormone insensitivity (David et al. 2010) and IFAP
(Ichtyosis follicularis, alopecia and photophobia) syndrome (Oeffner et al.

2011)-..
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Section 3.4. Compensatory U1 snRNPs correct different types of splicing

defects in CFTR exon 12 and Fg exon 5

To understand the role of U1 snRNP in the recognition of normal and mutated
CFTR exon 12 and Fg exon 5, I performed several co-transfection experiments
with modified U1 snRNAs. In the first set of experiments, these U1 snRNPs
were loaded by complementarity directly onto the donor site. Loading of Ui
snRNAs with increased complementarity to the wt or mutant donor sites
improved splicing of several exon skipping-causing mutations. This was
particularly effective for the exonic mutations (17A and 52T) in CFTR exon 12
and for the PPT mutations (-8G and -9G) in Fg exon 5 (Fig. 2.3.2A, lanes 1-7
and Fig. 2.3.5C). In the case of donor site mutants, the rescue efficiency
depends on the type of mutation and the context. In fact, exon skipping
caused by donor site mutations -1A, -1T, +3C, +3G and +5A within CFTR exon
12 and mutations -2C, -2G and -2T within Fg exon 5 were corrected (although
with variable efficacy) while Fg exon 5 -1T, +1A and +2C failed to be rescued
(Fig 3.3A, lanes 4-13 and Fig. 2.3.6A, lanes 1-12).

The rescue of several 5" ss mutations by modified U1 snRNAs indicates that the
disease-causing mechanism of these mutations is the reduction of the
interaction between U1 snRNA wt and the 5’ ss, as these mutations disrupt the
complementarity to the Ui snRNA wt 5 tail. However, the fact that
compensatory Ut snRNPs also corrected exon skipping associated to exonic
and PPT mutations underlines the key role of this small nuclear RNA in exon
definition. This process relies on a multitude of weak interactions between the
factors bound to different signals within and around the exon (Robberson,
Gilbert et al. 1990). These comprises the U1 snRNP complex loaded at 5' ss,
U2AF bound to the PPT and SR proteins on exonic splicing regulatory
elements. Recognition of the 5' ss by the U1 snRNP is one of the first events in

splicing and it is fundamental for the selection of an upstream 3' ss (Grabowski
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et al. 1991; Kuo et al. 1991; Hoffman et al. 1992). The results presented here
show that the negative effect of several mutations on exon definition can be
reversed by reinforcing Ui snRNP-mediated 5' ss recognition through the
introduction of compensatory changes into its 5'-tail (UiCFwt and UiFIXwt;
Fig. 2.3.1A and 3.4A). CFTR exon 12 exonic mutations 17A and 52T and Fg exon
5 PPT transversions -8G and -9G weaken exon definition likely altering
adequate recognition by trans-acting splicing factors or spliceosomal
components, respectively (Guth et al. 1999; Cartegni et al. 2002; Haque et al.
2010). Consequently splicing is probably blocked at the first step when the
exon has to be recognized co-transcriptionally. In these cases, modified Ui
snRNAs loaded on the 5’ ss probably compensate the missing interactions and

facilitate the formation of the correct network of splicing factors over the exon.
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Section 3.5. Exon-Specific U1 snRNPs correct different types of splicing
defects in CFTR exon 12 and Fg exon 5

To gain further insight into U1 snRNP role on exon recognition and to identify
a possible unique U1 snRNA acting on multiple splicing defect on the same
exon, | prepared a set of modified U1 snRNAs, named exon-specific U1 snRNA
(ExSpeU). These ExSpeUis have a modified 5-tail that allows their binding to
intronic sequences in the proximity of the 5" ss (Fig. 2.4.1 and 5.1). To promote
exon definition, U1 snRNP does not necessarily have to perfectly bind at the 5’
ss. Some atypical 5" ss are recognized by U1 snRNA shifted by one nucleotide
(Roca et al. 2009) and Cohen and colleagues (1994) have shown that Ui
snRNAs base pairing at distance from the 5 ss can rescue exon inclusion
induced by artificial donor site mutations. Using this strategy, I have identified
the most active ExSpeUis, CF 11 and FIX 9, for CFTR exon 12 and F9 exon 5,
respectively (Fig. 2.4.2A, 43A and 4.4A; Fig. 2.53A). Interestingly, these
ExSpeUis act on different types of mutations. Exonic mutations (17A and 52T)
in CFTR exon 12 (Fig. 2.4.2A) and the PPT mutations (-8G and -9G) in Fg exon
5 (Fig. 2.5.3A, lanes 1-4) were very efficiently rescued by the corresponding
ExSpeUis. In Fg, ExSpeU1FIX g completely rescued the defective donor sites of
the three synonymous mutations in position -2 (Fig. 2.5.3A, lanes 5-10) and, in
CFTR, ExSpeUiCF u rescued all 5’ ss mutations with different efficiency (Fig.
2.4.3A and 4.4A).

In addition, ExSpeUis seem to be useful also to counterbalance the impact of
mutations creating cryptic donor splice sites, as Fg exon 5 +13G. ExSpeU1FIX g
is able to stimulate usage of the correct 5' ss, despite the fact that it base pairs
onto the cryptic splice site (Fig. 2.6.1 and Fig. 2.6.2D). This finding agrees with
the notion that 5 ss commitment and activation are two separate events
(Cohen et al. 1994). Furthermore it highlights the potential of ExSpeUis-based

molecular therapies: one single ExSpeU1 can correct exon skipping events
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caused by mutations occurring within PPT, exonic elements and donor sites or
redirect 5' ss usage.
Interestingly, both modified U1 snRNP and ExSpeUis displayed a similar

activity pattern, suggesting a common mechanism of splicing rescue.
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Section 3.6. Donor splice site mutations show a different sensitivity to

modified U1 snRNA and ExSpeUis mediated correction

The 5’ ss mutations showed a different sensitivity to the splicing correction
mediated by modified U1 snRNP and ExSpeUis. The -1T +1T and +2C mutations
in Fg exon 5 did not respond to the ExSpeUiFIX g or to the corresponding
modified U1 snRNPs; the 5’ ss mutations in CFTR exon 12 showed a variable
response to ExSpeU1CF 11 or to the corresponding modified U1 snRNPs: in this
case the rescue efficiency was optimal for the +3G, intermediate for the -1A,
+3C and +5A and low for the -1T (Fig. 2.3.3A lanes 4-13; Fig. 2.4.3A and 4.4A).
This results suggest that loading of U1 snRNA directly on the mutant 5’ ss or
on downstream intronic sequences may not be sufficient (completely or in
part) for rescueing exon skipping implying that additional factors must be
involved.

The fact that the +1A and +2C mutants in Fg exon 5 were not corrected by
modified U1 snRNPs was expected since the GT dinucleotide represent 99.6%
of all U2-type donor splice sites (Sheth et al. 2006) and that 64% of disease-
causing aberrant splicing mutations affect this nucleotide pair (Krawczak et al.
2007). In addition, it is known that mutant AT and GC dinucleotides undergo
correct 5' ss cleavage but either cannot sustain 3' ss cleavage and exon joining
(AT) or show a drastic reduction in splicing efficiency (GC)(Aebi et al. 1987).
Consequently the finding that neither fully complementary U1 snRNPs UiFIX
+1A and UiFIX +2C nor ExSpeUiFgs suppressed exon skipping could be
attributed to a block in splicing processing progression after the 5 ss
recognition step.

The only case of a human GT-abolishing mutation that do not completely
disrupts the 5' ss and is partially suppressed by a compensatory U1 snRNP
loaded at the mutant donor site has been recently reported for the Fanconi

anemia C (FANCC) gene (Hartmann et al. 2010). In this example, a donor site
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mutation on FANCC exon 2 is found in patients afflicted by moderate Fanconi
anemia and genomic sequencing revealed that canonical G at position +1 of the
FANCC exon 2 donor splice is mutated to a T, turning GT dinucleotide to TT.
This mutant TT dinucleotide is nevertheless used in 30% of the spliced
transcripts and co-transfection of patient's fibroblasts with a fully
compensatory U1 snRNP (improved base pairing from position -3 to position
+8) rises mutant 5' ss usage to ~57%. The authors proposed that an overall
high complementarity to the compensatory U1 snRNP might be a prerequisite
for splicing. Additionally, positions -1 to +8 (with the obvious exception of +1T)
of FANCC exon 2 are occupied by consensus nucleotides, allowing for
extensive base pairing with normal U1 snRNP and interaction with U6 snRNP
(at positions +4 to +6). This may explain why there is 30% of in-frame TT
splicing in patient's fibroblasts and addition of fully complementary U1 snRNP
almost doubled the percentage of TT-spliced transcripts. In the case of Fg exon
5 +1A and +2C mutants, I did not detect in-frame AT or GC spliced transcripts.
Compensatory U1 snRNPs and ExSpeU1CFs were able to correct exon skipping
caused by all the CFTR exon 12 5' ss mutants (Fig 3.3A , 4.3A and 4.4A),
indicating that these mutations impair mainly the U1 snRNP-mediated 5' ss
recognition. Nevertheless, the rescue efficiency of compensatory U1 snRNAs
and ExSpeUiCFs clearly exhibited mutation-dependent variability. For
instance, although they occur at the same position, correction of exon skipping
caused by CFTR exon 12 mutant -1A was more pronounced than that of mutant
-1T in presence of either corresponding compensatory Ui snRNPs (Fig.
2.3.3A,B, lanes 5 and 7) or ExSpeCF n (Fig. 2.4.3, lanes 5 and 11), a trend also
noticed for mutant +3G and +3C (Fig. 2.3.3A,B, lanes 9 and 1).

Pairwise association studies showed the -1A+4T is more represented than
-1T+4T, what could explain their differential sensitivity to modified U1 snRNPs
treatment (Roca et al 2008). In fact, once the adequate base pairing of Ui

snRNP at position -1 or right downstream the mutant 5' ss has been restored,
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the presence of an adenine was favoured against a thymidine, likely because of
the interaction of mutant -1A with the conserved U-rich loop of Us snRNP
(Wyatt et al. 1992). Nevertheless I cannot rule out the possibility that some
unidentified trans-acting splicing factor can modulate CFTR exon 12 mutant
-1T by direct binding to the mutant sequence or by stabilizing the 5' ss: U1
snRNP 5'-tail duplex.

CFTR exon 12 donor site mutations at position +3 (+3C and +3G) also displayed
differential responsiveness to compensatory U1 snRNPs treatment, as mutant
+3G exhibited higher inclusion levels than mutant +3C (Fig. 2.3.3A,B, lanes 9
and 11). The level of exon inclusion attained upon co-transfection with their
compensatory Ui snRNPs can be related to the proportional bond strength
formed at position +3: a G can form a non Watson-Crick bond with U1 snRNP
5'-tail while a C introduces a mismatch (Fig. 2.3.1A). This is further evidenced
by the finding that CFTR exon 12 mutant +3G was the only donor site mutant
that responded to UiCFwt treatment, since it is known that G-U bonds are
stabilized by adjacent Watson-Crick bonds (Carmel et al. 2004). In addition,
ExSpeUi1CF 1 was active only in presence of a +3G mutation and not in mutant
+3C. Indeed, previous reports have demonstrated that internal mismatches
impair the activity of modified U1 snRNPs with shifted base pairing(Cohen et
al. 1994).

Mutation +5A on CFTR exon 12 5' ss triggered exon skipping, which was
partially corrected either in presence of UiCF +5A or ExSpeUiCF u (Fig. 2.3.3A,
B, lane 13; Fig.4.4A,B, lane 17). Consensus G at position +5 in human 5' ss is
highly conserved (77.6%) (Sahashi et al. 2007) and its base pairing with the 5'-
tail of U1 snRNP is believed to be fundamental for initial donor splice site
recognition (Ast 2004b). Furthermore position +5 is known to be bound by U6
snRNP, being important for catalytic steps of splicing reaction (Konforti et al.
1994). Therefore the occurrence of an adenine (present in only 8.9% of human

5 ss)(Sahashi et al. 2007) severely impairs Ui snRNP base pairing and
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furthermore it likely reduces affinity for U6 snRNP ACAGAG box. In fact, this

double potential negative effect of mutation +5A may explain why it was the
least sensitive to both compensatory Ui snRNP and ExSpeUiCFs of all CFTR

exon 12 donor site mutants studied in this work.
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Section 3.7. Different rescue efficiency of the -1T donor site mutation in

CFTR exon 12 versus Fg exon 5 context.

Interestingly, the use of compensatory U1 snRNPs or ExSpeUis recovered exon
inclusion when -1T occurs within CFTR exon 12 5 ss but was unsuccessful
when present in Fg exon 5 5' ss context (compare Fig. 2.3.3A lane 7 with Fig.
2.3.6A, lane 8 and Fig. 2.4.3A, lane n with Fig. 2.5.3A, lane 12). Thus
responsiveness to modified U1 snRNPs treatment seems to depend on the
sequence context in which mutation -1T occurs. Fg exon 5 5' ss may represent
an unfavourable environment for base substitutions at position -1. Position -1
of human donor sites is very conserved, being regularly occupied by a G
(80.3%) while the presence of a T is underrepresented, comprising only 10% of
5' ss (Sahashi et al. 2007).

This high degree of conservation correlates well with the finding that position
-11is a frequent mutation hotspot in human donor sites (after the invariant GT)
(Krawczak et al. 2007). One way to ponder the contribution of neighbouring
nucleotides is the study of nucleotide pairwise associations on 5' ss. Some
nucleotides combinations are enriched and others depleted in human donor
sites apparently due to mechanistic constraints imposed by the spliceosome,
since every 5' ss nucleotide interacts with several factors during the splicing
reaction. For example, some reports have indicated that within natural human
donor sites there is a clear association between positions -1 and +5 and +6
(Carmel et al. 2004; Roca et al. 2008). Normally a consensus G at position -1
allows for any base substitution at positions +5 and +6 while consensus G and
T at positions +5 and +6, respectively, can accompany any nucleotide at
position -1. Fg exon 5 wt 5 ss contains a -1G+5A+6T combination, what
suggests that the consensus G at position -1 may compensate for the two
nonconsensus nucleotides at positions +5 and +6. The occurrence of a

nonconsensus T at position -1 creates a -1T+5A+6T combination, which is
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strongly depleted in human donor sites (Roca et al. 2008) . This unfavourable
combination might not only reduce binding to Ui snRNP 5' but affect
subsequent interactions with other snRNPs.

In fact, position -1 is known to interact with U5 snRNP conserved U-rich loop
(Wyatt et al. 1992; Reyes et al. 1996) while positions +5 and +6 are important
for U1 snRNP binding and known to be bound by U6 sRNP (Konforti et al.
1994). As demonstrated in this work, restoration of base pairing using UiFIX
-1T or loading of ExSpeUiCF 11 on its vicinity did not improve exon inclusion
(Fig. 2.3.6A, lane 8 and Fig. 2.5.3A, lane 12), indicating that in this donor site
context this substitution likely impairs recognition by other spliceosomal
components. Therefore it seems that in Fg exon 5 donor site context position
-1 plays a key role in 5' ss selection, being needed not only for proper U1 snRNP
binding but also to guarantee progression of the splicing reaction.
Complementation studies with additional spliceosomal factors such as U6
snRNP and Us snRNP could bring some further insights into the mechanism
of action behind this mutation.

On the other hand, the CFTR exon 12 wt 5 ss contains a -1G+5G+6T
combination, which are three consensus nucleotides. The occurrence of a
nonconsensus T at position -1 in this 5' ss affected chiefly U1 snRNP binding, as
the use of UiCF -1T or ExSpeU1CF 1 promoted exon inclusion (Fig. 2.3.3A lane
7 and Fig. 2.4.3A, lane 1n1). It can be speculated that consensus +5G and +6T in
this 5' ss partially buffered the impact of mutation -1T, unlike in Fg exon 5
donor site situation. Indeed, the -1T+5G+6T combination as in CFTR exon 12
-1T mutant 5' ss is positively represented in human donor sites (Roca et al.
2008) which suggests that this compensation effect is mechanistically feasible.

This also agrees with a previous report on the exon 20 donor site (CAA]|
guaagu) of the IkappaB kinase complex-associated protein (IKBKAP) gene, in
which a T to C substitution at position +6 is associated to familiar

dysautonomia (FD)(Carmel et al. 2004). In this work the authors
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demonstrated the existence of a clear compensation effect between position -1
and +6 (the donor site in this case bears a consensus G at position +5) as either
the use of compensatory U1 snRNP base pairing to +1A or the introduction of a
consensus G at position -1 counterbalanced the nonconsensus +6C, improving
exon inclusion levels. Summarizing, the results presented here reveal that the
success of modified U1 snRNPs treatment for splicing correction of -1T mutants
depended on the composition of the +5 and +6 pair: consensus +5G and +6T
allowed progression of splicing reaction once the base pairing with U1 snRNP

was restored.
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Section 3.8. Biosynthesis of the co-transfected modified U1 snRNAs:
comparison between modified U1 snRNAs and ExSpeUis suggest that the

majority of transfected U1 snRNAs are efficiently processed

Modification of U1 snRNAs 5'-tail, either with point mutations (Zhuang et al.
1986; Susani et al. 2004; Pinotti et al. 2008, 2009) or introduction of several
tens of nucleotides (De Angelis et al. 2002; Denti et al. 2006) is effective is
several cases. However some modifications may hamper adequate U1 snRNA
maturation, introducing a confounding factor in the interpretation of the
results (Yuo and Weiner 1989). In my analysis, I did not evaluate the correct
biosynthesis of the co-transfected modified Ui snRNPs. Due to the
modifications introduced in their 5'-tail some engineered U1 snRNPs might not
be properly processed or exported into the nucleus. However, the finding that
both compensatory and ExSpeU1 snRNPs were active on the same mutants and
with similar efficiency argues against the existence of major Ui snRNA
processing alteration. For example, the ExSpeU1FIX g is active on several
mutants but not on Fg exon 5 mutants -1T, +1A and +2C (Fig. 2.5.3A, lanes 11-
16). These mutants contain the corresponding binding site (Fig. 2.2.5.1) thus
their nonresponsiveness cannot be ascribed to a inefficient ExSpeUiFIX ¢
biosynthesis. Equally, modified U1 snRNP and ExSpeUis corrected several
CFTR exon 12 mutant 5' ss splicing defects with similar mutation-dependent
efficiency. Hence, non responsiveness or reduced effect is probably due to the

mutation itself and not to defective biosynthesis of transfected U1 snRNAs.
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Section 3.9. ExSpeUis can correct Fg pre-mRNA processing and factor IX

synthesis and secretion in a splicing-competent cDNA model

One interesting result of my experiments is that the recruitment of ExSpeU1 by
complementarity to intronic sequences downstream of the exon corrects exon
skipping caused by multiple splicing mutations occurring either at 5’ or 3’
splice sites or in exonic regulatory elements. Both CFTR and factor IX are
expressed in differentiated cells (epithelial cells of the airways and
hepatocytes) and no cellular models with the mutations I have studied are
available. Thus, to understand whether the ExSpeUis can rescue pre-mRNA
splicing and protein production I focused on F9 exon 5 mutations using a
splicing competent cDNA expression vector. This vector carries the wt or
mutant exon 5 and flanking intronic regions (Fig. 2.12.1A). As shown in Fig.
2.12.1B splicing of the wt minigene was less efficient in comparison to the in
vivo situation and this is probably due to its context. I can speculate, as
previously suggested in other minigene systems (Romano et al. 2002), that the
absence of upstream intronic sequences can significantly affect the
downstream splicing efficiency. Even if the minigene is in a less favourable
context (i.e., the exon 5 is not well recognised) UiFIXwt or ExSpeUiFIX 9
induced a nearly complete exon inclusion: the three synonymous mutations at
position -2 and the two PPT transversions (-8G and -9G)(Fig. 2.12.1B, C).
Restoration of correct splicing corresponded to synthesis of the full-length
factor IX protein (Fig. 2.12.1D), with levels and activity similar to the wt
situation (Fig. 2.12.2 and Fig. 2.12.3). This result if translated in vivo would

reach a level of correction consistent with a significant therapeutic benefit.
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Section 3.10. An intronic splicing silencer element is present downstream
CFTR exon 12 and Fg exon 5 5’ ss and ExSpeUis activity may be explained

in part by interference with ISS recognition

In both CFTR exon 12 and F9g exon 5, the most active ExSpeUis target a region
at 20 bp downstream the 5' ss (spanning from position +11 on CFTR exon 12 and
+9 on Fg exon 5). ExSpeUis can help to define the exon by recruiting
enhancing splicing factors and/or interfering with intronic splicing regulatory
elements. The fact that modified U1 snRNP complementary to the 5 ss and
ExSpeUi1 showed the same rescue profiles in term of efficacy and efficiency
suggest a recruitment model. However, in CFTR exon 12 and in Fg exon 5, the
consecutive deletion mutants identified two weak intronic splicing silencers
(ISS) that overlap to the corresponding binding sites of ExSpeUis. In addition,
ExSpeUss activity is strictly dependent on base pairing to this target sequence
as evaluated in co-transfection experiments with the ISS deletion mutants (Fig.
2.8.1A, B, Q).

To better understand the relationship between the ISS and the 5’ ss mutations,
I inserted, in CFTR exon 12, the ISS deletion mutants in the context of the
exonic (17A) and 5' ss mutations (-1A and +3G). Deletion of ISS sequence
promoted increased exon inclusion in the 17A minigene (Fig. 2.7.1D, E) but had
no effect on splicing pattern of donor site mutant minigenes (Fig. 2.7.2A, B).
Thus, the CFTR exon 12 ISS seems to have a weak inhibitory activity evident
only when the exon definition is compromised by exonic mutations or in the
wt situation. To further get insight on the role of the ISS I targeted CFTR exon
12 and Fg exon 5 ISSs with antisense oligonucleotides (ASO). Only a modest
increase of exon inclusion was observed in the presence of ASO“™®  targeted
to CFTR exon 12 ISS. As I tested only a limited numbers of ASO, (two for each
system) I cannot completely exclude that their lack of efficacy was due to

sequence constraints. A deeper analysis including a larger number of ASOs is

134



required to understand whether the interference of ISS recognition is sufficient

of mimic ExSpeUis activity.
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Section 3.11. Role of hnRNPA1 and RNA secondary structure in ISS in CFTR

exon 12 and Fg exon 5

Both CFTR exon 12 and Fg exon 5 ISSs exhibit positional and partial sequence
similarity to SMN2 exon 7 ISS (Fig. 2.9.1A), a well-described regulatory element
situated right downstream of the 5' ss which has been demonstrated to be
bound by hnRNP A1 (Hua et al. 2008). For this reason, I performed a Western
blot analysis upon pulldown using deletion mutant RNA oligonucleotides to
assess whether hnRNP A1 also binds CFTR exon 12 and F9 exon 5 ISS. The
experiment results showed that Fg exon 5 ISS is bound by hnRNP Ai/A2
complexes while CFTR exon 12 ISS is not (Fig 9.1B). Deletion of the ISS in Fg
exon 5 disrupts the interaction with the splicing factor (Fig 9.1B). This result
suggest that hnRNP A1/Az interaction with the ISS might be involved in Fg
exon 5 splicing regulation and not in CFTR exon 12.

To further explore the mechanism behind CFTR exon 12 ISS activity, I
performed a mutagenesis analysis on CFTR exon 12 ISS, introducing point
mutations across the entire element sequence (Fig. 2.11.1A). In agreement with
the impact on splicing of CFTR exon 12 ISS deletion mutants (Fig. 2.7.1A-E),
some substitutions promoted exon inclusion (from positions +16 to +19)(Fig.
2.10.1B, C, lanes 5-10). However, others displayed either negative (substitutions
+13C and +15C)(Fig.10.1B, C, lanes 3 and 4) or neutral effect on CFTR exon 12
inclusion (substitutions from position +20 to +23)(Fig. 2.10.1B, C, lanes 11-16).
Analysis of the predicted RNA structure region indicate that the ISS element of
CFTR exon 12 is part of a stem-loop structure (Fig. 2.10.2) and that some of the
mutants affect this structure. (Fig.10.3 and Fig. 10.4). Predicted stability of the
stem-loop structure in presence of ISS mutants exhibited a direct correlation
with their impact on splicing pattern: exon skipping was associated to a more
stable stem-loop structure (mutation +13C) while mutations that opened the

stem structure induced higher exon inclusion rates (mutations at positions
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+16 to +19). Furthermore the deletion of part of CFTR exon 12 ISS stimulated
exon inclusion, in agreement with the predicted abolishment of the stem loop.
Altogether these results suggest a model where the stem-loop structure
predicted for CFTR exon 12 ISS influence exon splicing, probably by regulating
accessibility of U1 snRNP to the 5'ss.

Interestingly, a similar stem-loop structure was previously noticed in the CFTR
exon 12 5' ss region (Meyer et al. 2005) but its role on splicing not evaluated.
The modulation of splicing outcome by RNA secondary structures involving
stem-loop structures at exon/intron boundaries has been described in different
gene models such as HNRNPA1 exon 7B (Blanchette et al. 1997; Chabot et al.
1997), SMN2 exon 7 (Singh et al. 2006), COL2A1 exon 2 (McAlinden et al. 2005),
HIV-1 RNA (Jacquenet et al. 2001) and tau exon 10 (Grover et al. 1999). The
stem-loop of CFTR exon 12 is similar to the stem-loop described in tau exon 10
(Hutton et al. 1998; Spillantini et al. 1998). Alternative splicing of tau exon 10
produces two Tau isoforms: Tau 3R (lacking exon 10) and Tau 4R (with exon
10), displaying a ratio ~1 in adult human brain. Several mutations occurring in
the vicinity of tau exon 10 5' ss are associated to an increase of the 3R/4R ratio
and consequently with the development of tauopathies (Hutton et al. 1998;
Spillantini et al. 1998; Yasuda et al. 2000). These mutations destabilize the
stem-loop structure (Yasuda et al. 2000; Donahue et al. 2006) making 5' ss
more accessible for U1 snRNP recognition with a consequent increase in exon
10 inclusion and 3R/4R isoform ratio (Varani et al. 1999; Jiang et al. 2000;
Kalbfuss et al. 2001; Kar et al. 2011). Conversely stabilization of the stem-loop
either by point mutagenesis (Donahue et al. 2006) or interaction with small
molecules (Zheng et al. 2009) reduces exon 10 inclusion. Remarkably,
predicted free energies for wt tau exon 10 and CFTR exon 12 stem-loops are
similar: -8.2 and -6.4 kcal/mol, respectively (Donahue et al. 2006)(Fig. 2.10.2)
as the estimated AG in mutants that induce exon inclusion and stabilize the

stem loops: CFTR exon 12 +13C stem-loop has a predicted free energy of -11.4
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kcal/mol and tau exon 10 +17T stem-loop -13.5 kcal/mol (Donahue et al. 2006).



Section 3.12. Therapeutic approaches based on ExSpeUis and their clinical

significance

So far only a limited number of studies have explored the role and potential
therapeutic effect of modified U1 snRNAs on splicing correction of donor site
mutations (Hitomi et al. 1998; Baralle et al. 2003; Susani et al. 2004; Pinotti et
al. 2008, 2009; Tanner et al. 2009; Hartmann et al. 2010; Schmid et al. 2011).
These approaches have been proposed for the correction of splicing defects in
human malignant infantile osteoporosis (arOP)(Susani et al. 2004),
coagulation factor VII (FVII) deficiency , retinitis pigmentosa (Tanner et al.
2009; Glaus et al. 2011), Fanconi anemia (Hartmann et al. 2010) and Bardet-
Biedl syndrome (Schmid et al. 20m1). In all cases, the modified 5'-tails of U1
snRNA have few nucleotide changes in comparison to the wt sequences and
base pair exactly to the mutant donor sites. Thus, their therapeutic effect is
restricted to each mutation and the potential complementary of this modified
Ui snRNA to other normal 5 ss might affect splicing of other exons, in
particular those alternatively spliced. The ExSpeUis I have developed here,
binding to not conserved intronic sequences, do not interact directly with
normal 5' ss and have the advantage of correcting different types of mutations
associated to exon skipping and affecting different splicing regulatory
elements. In particular, ExSpeUis are active on several 5' ss mutations in CFTR
exon 12 and Fg exon 5, on two transversions at the PPT in Fg exon 5 and on
two exonic substitutions in CFTR exon 12. To our knowledge, this is the first
time that an U1 snRNA variant is shown to correct PPT and exonic mutants.
Another advantage of a putative ExSpeUi-based corrective splicing therapy is
the short length of the ExSpeUis cassette, of approximately 500 bp which can
be easily inserted into viral vectors like adenoassociated viruses (AAV). This
make them suitable for the development of gene therapy of large genes like

CFTR, whose transcript length might represent a limiting step for carrier
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vector construction. Additionally, ExSpeUis acting on pre-mRNA, will also
maintain the regulation of the gene expression in the correct chromosomal
context. In the case of dominant-negative mutations where the replacement
therapy is not feasible, the splicing correction mediated by ExSpeU1 will act
directly reducing the amount of the mutated toxic protein. Moreover, the
binding of the ExSpeUis to nonconserved intronic sequences will significantly
reduce the possibility of off-target events at complementary not conserved
donor sites. Although binding of ExSpeUis to unrelated sequences not directly
involved in splicing might have an effect on other pre-mRNA processing steps
(Beckley et al. 2001; Kaida et al. 2010), our result indicate that it will be possible
to design ExSpeUis with improved specificity by inserting subtle changes in
sequence target and/or length. For example, ExSpeUiFIX o, 10 and 13 (Fig.
2.5.1) bind at nearby or overlapping intronic sequences and are functionally
active. Future studies in cellular and animal models will be required to address
this point.

More in general, ExSpeUis-mediated induction of exon inclusion could be
used to regulate the synthesis of specific alternatively spliced isoforms for
therapeutic purposes. For example, therapeutic induction of specific
alternative splicing isoforms affect tumor progression (Ghigna et al. 2008)),
angiogenesis (Merdzhanova et al. 2010) or aging (Fong et al 2009) and
modified U1 snRNAs have been recently used to promote splicing to inhibit

HIV replication (Mandal et al. 2010).
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4. Future Directions

Future studies should provide new insights into CFTR exon 12 and F9 exon 5
splicing regulation and ExSpeUis mechanism of action.

The regulation of Fg exon 5 recognition and splicing is still unclear. In this
work [ identified an ISS, which is to my knowledge the first cis-acting
regulatory element described for this exon. Further studies aimed at the
discovery of exonic regulatory sequences should analyse the splicing impact of
the several disease-associated mutations reported for Fg exon 5. Besides
synonymous mutants at position -2, two additional silent mutations, Vio7V
and Ru6R have been reported for Fg9 exon 5 (Haemophilia B Mutation
Database). The molecular mechanism of these silent mutations is probably
related to splicing, as it has been described for several disease-associated silent
substitutions like CFTR exon 12 52T. Experimentation with splicing functional
assays could uncover new exonic regulatory elements implicated in exon
definition, as demonstrated in CFTR exon 12 (Pagani et al. 2003a).

Furthermore the possible effect of missense mutations on Fg exon 5 splicing
should not be dismissed as it has been demonstrated that the real mechanism
behind some missense mutations is not the predicted aminoacid change but
actually the impairment of adequate splicing processing. For example, the
molecular consequence of D648V, and T665S mutations of CFTR gene was
previously predicted to cause amino acid changes that could affect the chloride
channel activity of the CFTR protein. Nevertheless, subsequent studies showed
that when D648V and T665S mutations were introduced into CFTR ¢cDNA
they showed no effect on the chloride channel activity of the corresponding
expressed mutant CFTR proteins (Vankeerberghen et al. 1998).Later on,
mutations D648V and T665S were found to occur within an exonic splicing
enhancer element of CFTR exon 13 (Aznarez et al. 2003).

The mechanism of action of CFTR exon 12 and Fg exon 5 ISS should also be the
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focus of future studies. My data indicates that these ISSs act play a role in exon
definition by different ways: the former is embedded in a stem-loop structure
whereas the latter is bound by hnRNP Au.

The results presented here suggest that in CFTR exon 12 the stem-loop
structure at the ISS may regulate the accessibility to the 5' ss, likely competing
with U1 snRNA 5'-tail for the donor site sequence. This hypothesis of the
existence of a stem-loop structure at the exon/intron boundary of CFTR exon
12 5 ss should be evaluated through RNA structure probing or UV melting
experiments as it has been done for SMN2 exon 7 terminal stem-loop 2 (Singh
et al. 2006) and tau exon 10 (Yasuda et al. 2000; Donahue et al. 2006),
respectively.

I showed that Fg exon 5 ISS sequence is bound by hnRNP A1 through Western
blotting analysis upon RNA pulldown. Additional experiments such as RNAi
and point mutagenesis analysis will be required to clearly establish the
involvement of hnRNP A1 in Fg exon 5 ISS recognition and activity, and to
uncover possible role of other splicing factors.

Part of the ExSpeUis effect is due to “antisense” mechanism, blocking the
binding of trans-acting splicing factors (like hnRNP A1 for Fg exon 5) to the ISS
or interfering with the formation of a RNA secondary structure (CFTR exon
12). The contribution of the antisense mechanism could be explored by
designing specific ASOs targeted to the ISS and/or using U7 snRNA-derived
systems (Gorman et al. 1998; Brun et al. 2003).

The finding that both compensatory Ui and ExSpeU: snRNPs restore exon
definition and splicing with similar efficiency suggest that they may share a
common mechanism of action. Apart from their effect on the ISS they may act
recruiting additional splicing factors that help in exon definition. Specific
proteins normally associated to U1 snRNA might be involved in ExSpeUi effect.
Ui-70k emerges as the main candidate, since it is known to interact with SR

proteins like SF2/ASF and SC35 in order to properly define the exon (Wu et al.
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1993; Cho et al. 20m). The use of ExSpeUr mutants for Ui-70K binding
(Gunderson et al. 1998; Ashe et al. 2000; Abad et al. 2008) in co-transfection
experiments with CFTR exon 12 and Fg exon 5 mutants should help to clarify

this point.
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5. Conclusions

In this thesis work, I have evaluated the pathogenic role of several natural
mutations occurring at different splicing signals on CFTR exon 12 and Fg exon
5 and the role of U1 snRNP in defective splicing processing.

Using a minigene system that reproduces the endogenous pattern of splicing, |
showed that most of the substitutions affecting PPT, exonic regulatory
elements and donor splice sites in CFTR exon 12 and F9 exon 5 induce exon
skipping, with the exception of two Fg exon 5 mutations that either activated a
cryptic site (+13G) or resulted in no pathological changes in the splicing
pattern (+4G). With the exception of CFTR exon 12 17A, 52T and +3G mutants,
for the disease-associated GVs studied here this is the first report to
demonstrate their impact on splicing.

Prediction of splice sites score values using several bioinformatic tools showed
great variability. Although in general terms a reduction in splice site score
values was correlated with the hybrid minigene analysis results, the effect of
some mutations (CFTR exon 12 +3G and F9 exon 5 +4G) was underestimated
for the bulk of the in silico tools. Interestingly, the three prediction tools which
showed the best performances on donor splice site predictions do not rely on
relative nucleotide frequencies but rather on thermodynamical constraints
(Hbond and AG) or take into account the sequence context (SplicePort). These
results agrees with previous publications that indicated the poor performance
of in silico tools that consider only local sequence information and advocate
for the use of functional splicing assays when it comes to certify pathogenicity
of a new GVs.

Given the central role played by Ui snRNP as initiator of exon definition
process, I have evaluated modified Ui-snRNAs with a 5'-tail specifically
engineered for recognizing the defective donor splice sites. These

compensatory Ui snRNPs were able to suppressed the effect of PPT and 5' ss
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mutants in Fg exon 5 and exonic and 5' ss mutants in CFTR exon 12. This
confirmed that these mutations impaired either proper exon definition (Fg
exon 5 PPT mutations and CFTR exon 12 exonic mutants) or reduced affinity of
U1 snRNP 5'-tail: 5' ss base pairing (donor site mutations).

Suppression of mutation -1T showed a context-dependent efficiency to
compensatory U1 snRNPs since this substitution was efficiently suppressed
when located on CFTR exon 12 5' ss but not on Fg exon 5 5' ss. Comparison of
the nucleotide dependencies within the Fg exon 5 5' ss indicates that position
-1in that context plays a important role for splicing reaction progression to the
catalytic steps. Suppression of this mutation would require further
complementation with additional splicing factors.

Next I explored the potential use of exon-specific U1 snRNPs as an aberrant
splicing corrective approach and demonstrated that it can be useful to correct
Fg pre-mRNA processing in presence of either PPT or donor site mutations
with consequent recovery of factor IX protein biosynthesis, secretion and
activity. The factor IX synthesized upon transfection of ExSpeFIX 9 was
correctly secreted and achieved wt levels of activity, which would be
compatible with therapeutic improvement of the disease severity. The target
sequence of the most active ExSpeUis coincided with weak ISS elements,
located just downstream of both CFTR exon 12 and Fg exon 5 5' ss. The data
presented here suggests that these ISS elements exert their action by different
mechanisms: while hnRNP A1 seems to be involved in F9 exon 5 ISS
recognition, CFTR exon 12 ISS forms part of a stem-loop structure which may
govern access to its 5' ss. Thus ExSpeUis may function through recruitment of
splicing factors and partial interference with ISS recognition. In addition,
ExSpeFIX 9 was also able to correct 5 ss recognition in presence of a cryptic
splice site created by mutation +13G. This result further expand the spectra of
mutations that can be suppressed by ExSpeUis, underlying their potential for

the development of innovative therapeutic approaches.
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6. Materials and Methods

6.1. Chemical reagents

General chemicals were purchased from Sigma Chemical Co., Merck, Gibco

BRL, Boehringer Mannheim, Carlo Erba and Serva.

6.2.Standard solutions

All solutions are identified in the text except for the following:

a) TE: 10 mM Tris-HClI (pH 7.4), 1 mM EDTA (pH 7.4)

b) PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO4, 1.8 mM KH,PO4, pH 7.4
c) 10X TBE: 108 g/ Tris, 55 g/l Boric acid, 9.5 g/l EDTA

d) 6X DNA sample buffer: 0.25 % w/v bromophenol blue, 0.25 % w/v xylene
cyanol FF, 30 % v/v glycerol in H,O.

6.3.Enzymes

Restriction enzymes were from New England Biolabs, Inc. DNA modifying
enzymes such as Taq Polymerase, DNase | RNase free, and T4 DNA ligase were
obtained from Roche Diagnostic. Klenow fragment of E. coli DNA polymerase I
and T4 polynucleotide Kinase were from New England Biolabs, Inc. RNase A
was purchased from Sigma Chemicals Ltd. A 10 mg/mL solution of RNase A
was prepared in sterile water and boiled for 10 minutes to destroy trace
amounts of DNase activity. All enzymes were used following manufacturer’s

instructions.

6.4.Synthetic oligonucleotides

Synthetic DNA oligonucleotides for PCR and cloning were purchased from
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Sigma-Genosys Ltd. RNA oligonucleotides for RNA pulldown analysis were
synthesized by Integrated DNA Technologies (Leuven, Belgium). 2'-O-
methoxyethyl-phosphorothiate antisense oligonucleotides (ASO) synthesized

by Dr. Daniela Perrone, University of Ferrara (Ferrara, Italy).

6.5. Bacterial culture

The E. coli K12 strain DHg5 was transformed with the plasmids described in this
study and used for their amplification. Plasmids were maintained in the short
term as single colonies on agar plates at 4 °C. For long term storage they were
kept on glycerol stocks, made by adding sterile glycerol to a final 30% v/v
concentration to liquid bacterial cultures. Glycerol stocks were stored at -80°C.
When necessary, an overnight culture of bacteria taken from the glycerol
stocks was grown in Luria-Bertani medium [LB medium: per litre: 10 g Difco
Bactotryptone, 5 g Oxoid yeast extract, 10 g NaCl, (pH 7.5)]. Bacterial growth
media were sterilized before use by autoclaving. When appropriate, ampicillin

was added to the media at a final concentration of 200 pg /mL.

6.6.Cell culture

The cell line used for transfection and co-transfection experiments of hybrid
minigenes were HeLla cells, human cervical carcinoma. For transfection of
splicing-competent factor IX expression vectors and rescue of factor IX protein

secretion and activity BHK (Baby hamster kidney) cells were used.

6.7.DNA preparation
6.7.1.Small scale preparation of plasmid DNA from bacterial cultures

Rapid purification of small amounts of recombinant plasmid DNA was

performed with the method previously described by Sambrook (Sambrook,
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Fritsch et al. 1989). Briefly, alkaline lysis of recombinant bacteria was
performed by resuspending the bacterial pellet in 200 pL of ddH,O; 200 pL of
solution II (0.2 M NaOH, 1 % w/v SDS) were then added and the contents
mixed by inversion. 300pl of solution III (3 M potassium acetate pH 5.2) were
then added and the contents mixed by inversion. The bacterial lysate was then
centrifuged in an Eppendorf microcentrifuge at maximum speed and the
supernatant transferred to a new tube. An equal volume of 11 v/v
phenol:chloroform solution was added to the supernatant. The tube was then
vortexed and centrifuged as above. The aqueous phase containing the DNA
was transferred to a new tube. An equal volume of chloroform was added to
the supernatant. The tube was then vortexed and centrifuged as above. The
aqueous phase containing the DNA was then recovered and the DNA pelleted
by ethanol precipitation. The final pellet was resuspended in 50 pL of ddH,O
+3 pL of RNAse A (10 mg/mL) for at least 1h at 37°C and 5 pL of such

preparation were routinely taken for analysis by restriction enzyme digests.

6.7.2.Large scale preparations of plasmid DNA from bacterial cultures

For large-scale preparations of plasmid DNA that was necessary for the
transfection experiments, JetStar purification kit (Genomed) was used
according to the manufacturer’s instructions. In order to get a good amount of

plasmid, we used a 50 mL of overnight bacterial culture using LB medium.

6.8.RNA preparation from cultured cells

Cultured cells were washed with PBS and then RNA Trizol (Invitrogen SRL,
Milano, Italia) was added. Then, chloroform extraction was performed.
Supernatant was precipitated with isopropanol. The pellet was resuspended in
50 pL of ddH,O and digested with 1U of DNase RNase free. The mix was

incubated at RT for 30 minutes, and then the RNA was purified by acid phenol
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extraction. The final pellet was resuspended in 33 pL of ddH,O and frozen at

-80 °C. The RNA quality was checked by electrophoresis on 0,8% agarose gels.

6.9.Estimation of nucleic acid concentration

An optical density of 1.0 at 260 nm is usually taken to be equivalent to a
concentration of 50 pg/mL for double stranded DNA, 40 pg/mL for single
stranded DNA and RNA, and approximately 20 pg/mL for single-stranded
oligonucleotides samples. The ratio of values for optical densities measured at
260 nm and 280 nm is considered as 1.8 for pure sample of DNA and 2 for RNA
and these are reduced by protein contaminants (Sambrook, Fritsch et al. 1989).
Therefore, these values were used to determinate not only the concentration

but also the purity of the samples.

6.10.Enzymatic modification of DNA

6.10.1.Restriction enzymes

Restriction endonucleases were used in the construction and analysis of
recombinant plasmids. Each restriction enzyme functions optimally in a buffer
of specific ionic strength. All buffers were supplied by the same company that
supplied the enzymes and were used according to the manufacturer’s

instructions.

For analytical digests 100-500 ng of DNA were digested in a volume of 20 pL
containing 5 U of the appropriate restriction enzyme. The reaction was
incubated for 2-3 hours at 37 °C. Preparative digestion was made of 5-10 pg
DNA using the above conditions and 5 U of restriction enzyme for pg of DNA

in 200 pL reaction volume.
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6.10.2. Large fragment of E. coli Polymerase I and T4 Polynucleotide Kinase

These enzymes were used to treat PCR products for blunt-end ligation during
construction of recombinant plasmids. The large fragment of DNA Polymerase
I (Klenow) is a proteolytic product of E. coli DNA Polymerase I. It retains
polymerization and 3’->5" exonuclease activity, but has lost 5->3’ exonuclease
activity. This was useful for digesting a specific residues added by Tag DNA
polymerase at the 3’ terminus to create compatible ends for ligation. T4
Polynucleotide Kinase catalyses the transfer of phosphate from ATP to the 5
hydroxyl terminus of DNA. It was useful for the addition of 5’-phosphate to
PCR products to allow subsequent ligation. Klenow fragment (2.5 U) was
added to 23 pL of PCR product in 5 mM MgCl, buffer. The mixture was
incubated at room temperature for 10 minutes. EDTA to a final concentration
of 0.2 mM, ATP to a final concentration of 1 mM, 10 U of T4 Polynucleotide
Kinase and the proper quantity of Kinase buffer were added to the above
mixture and incubated at 37 °C for 30 min. The enzymes were inactivated by

incubation at 8o °C for 20 min.

6.10.3. T4 DNA ligase

T4 DNA ligase catalyses the formation of a phosphodiester bond between
adjacent 3’ hydroxyl and 5’ phosphoryl termini in DNA, requiring ATP as a
cofactor in this reaction. This enzyme was used to join double stranded DNA
fragments with compatible sticky or blunt ends, during generation of
recombinant plasmid DNAs. 20 ng of linearized vector were ligated with a 5-10
fold molar excess of insert in a total volume of 20 pL containing 1X ligase
buffer and 1U of T4 DNA ligase. Reaction was carried out at room temperature
for 2-4 hours at RT for sticky end ligations and ON at 16 °C for blunt end

ligations.

In some reactions synthetic oligonucleotide were included in the reaction. In
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these cases, the amounts added to each reaction to obtain inclusion of
oligonucleotides in the resulting plasmid were about 100 fold molar excess

over the DNA vector.

6.11. Agarose gel electrophoresis of DNA

DNA samples were size fractionated by electrophoresis in agarose gels ranging
in concentrations from 0.8 % w/v (large fragments) to 2 % w/v (small
fragments). The gels contained ethidium bromide (0.5 pg /mL) and 1X TBE.
Horizontal gels were routinely used for fast analysis of DNA restriction
enzyme digests, estimation of DNA concentration, or DNA fragment
separation prior to elution from the gel. Samples of 20 pL containing 1X DNA
loading buffer were loaded into submerged wells. The gels were
electrophoresed at 50-80 mA in 1X TBE running buffer for a time depending on
the fragment length expected and gel concentration. DNA was visualized by

UV transillumination and the result recorded by digital photography.

6.12.Elution and purification of DNA fragments from agarose gels

This protocol was used to purify small amounts (less than 1 pg) of DNA for
sub-cloning. The DNA samples were electrophoresed onto an agarose gel as
described previously. The DNA was visualized with UV light and the required
DNA fragment band was excised from the gel. This slab was cut into pieces,
and the JETquick Spin Column Technique (Genomed, Inc., Florida, USA) was
used according to the manufacturer’s instructions. Briefly, 300 pL of gel
solubilisation solution L1 (NaClO,, Na acetate and TBE) were added for each
100 mg of the gel slice pieces and incubated at 55 °C for 15 min vortexing every
5 min. The mixture was loaded into a prepared JETquick column and it was
centrifuged at maximum speed for 1 min. The flowthrough was discarded. 700

pL of washing and reconstituted solution L2 (ethanol, NaCl, EDTA and Tris-
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HCI) were added into the spin column and after 2 min, the column was
centrifuged in the same conditions twice. The flowthrough was again
discarded both times. To elute the bound DNA, 30-50 pL of pre-warmed sterile
water were added onto the centre of the silica matrix of the spin column and
the system was centrifuged for 2 min. The amount of DNA recovered was
approximately calculated by UV fluorescence of intercalated ethidium bromide

in an agarose gel electrophoresis.

6.13.Preparation of bacterial competent cells

Bacterial competent cells were prepared following the method described by
Chung and Niemela (Chung, Niemela et al. 1989). E. coli strains were grown
overnight in 10 mL of LB at 37°C. The following day, 140 mL of fresh LB were
added and the cells were grown in the shaker at room temperature for 30-45
min until the OD,, was 0.3-0.38 at I=60onm. The cells were transferred into a
Falcon soml tube and then placed in ice and centrifuged at 4 °C and 1000 rpm
for 10 min. The pellet was resuspended in 1/10 mL of the initial volume of cold
TSS solution (10% w/v PEG molecular weight 4000, 5% v/v DMSO, 35mM Mg
CL, pH 6.5 in LB medium). The cells were aliquoted, rapidly freeze in liquid
nitrogen and stored at —-80°C. Competence was determined by transformation
with 0.1 ng of pUCi19g and was deemed satisfactory if this procedure resulted in

more than 100 colonies.

6.14. Transformation of bacteria

Transformations of ligation reactions were performed using 1/2 of the reaction
volume. Transformation of clones was carried out using 1 ng of the plasmid
DNA. The DNA was incubated with 60 pL of competent cells for 20 min on ice
and at 42°C for 2 minutes. After the step of the heat shock, 6o pL of LB were

added and the bacteria allowed to recover for 10 min at 37 °C. The cells were
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then spread onto agarose plates containing the appropriate antibiotic. The
plates were then incubated for 12-15 hours at 37 °C. When DNA inserts were
cloned into [-galactosidase-based virgin plasmids, 30 pL of IPTG 100 mM and
20 pL of X-Gal (4 % w/v in dimethylformamide) were spread onto the surface
of the agarose before plating to facilitate screening of positive clones (white
colonies) through identification of B-galactosidase activity (blue colonies)

which indicates the negative clones.

6.15.Amplification of selected DNA fragments

The polymerase chain reaction was performed on genomic or plasmid DNA
following the basic protocols of the Roche Diagnostic Tag DNA Polymerases.
The volume of the reaction was 50 pL. The reaction buffer was: 1X Taq buffer,
dNTP mix 200 pM each, oligonucleotide primers 20 uM each, Tag DNA
Polymerase 2.5 U. As DNA template, 0.1 ng of plasmid or 100-500 ng of
genomic DNA were used for amplification. When a DNA fragment longer than
2000 bp was amplified, DMSO 3% was also added to the mixture. The
amplification conditions are described for each particular PCR. The
amplifications were performed on a Cetus DNA Thermal Cycler (Perkin Elmer)

or on a Gene Amp PCR System (Applied Biosystems).

6.16.Sequence analysis for cloning purpose

Sequence analysis of plasmid DNA was performed using the CEQ 2000
sequencer (Beckman Coulter). The plasmid DNA of interest (approximately
100 ng) was purified through a MicroSpin S-400 HR Column (Amersham
Pharmacia Biotech). The DNA was then amplified using fluorescent labeled
dideoxynucleotide terminators according to the manufacturer’s instructions.

The samples were analyzed by loading them into the automatic sequencer.
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6.17.Construction of minigene system

A minigene, as its name indicates, is a simplified version of a gene. In this
thesis the minigene used is a hybrid construct, the pTB minigene, containing
exons from o-globin and fibronectin, under the control of the a-globin
promoter and SV40 enhancer (Fig. 6.1) (Pagani et al. 2003a). The intronic
region between the two fibronectin exons contains a unique Ndel site which
facilitates subcloning of an exon with flanking intronic regions.This system
allows to insert wt or mutant exons, and study their impact on splicing
outcome. In the presence of a wt exon, the splicing pattern of the minigene
should be equivalent to that of the endogenous exon in the specific tissue or
organ. On the other hand, the presence of mutations may affect pre-mRNA
processing, causing aberrant splicing pattern due to exon skipping, intron
retention, nonsense-mediated decay (NMD) or activation of cryptic sites. If in
presence of a mutation the splicing pattern is not altered, it can be considered

as neutral.

Oligonucleotides for PCR and cloning

FIXexs dir 5'-catatggttatacattaataaatag-3'
FIXexs rev 5'-catatgcagaaatcacacaaattaattge-3'
Alfaz-3 5'-caacttcaactcctaagecactge-3’

Braz 5'-gtcaccaggaagttggttaaatca-3’

pCI 5'-gactcactataggctagecteg-3'

E8-75 5'-aagtacttacctgtaacgcttcacattccagatctgte-3'
pBsK-FIXdir 5'-ggtaaattggaagagtttgt-3'
pBsK-FIXrev 5'-attaacgatagagcctccac-3'

U7CFu-dir | 5'-acagaggcctttccgcaaataagtaaggtattcaaatttttgg-3'
SP6 5'-atttaggtgacactatag-3'
pTB2160-dir 5'-tacttcagatattatgtctagg-3'
pTB2270-rev 5'-cccatgtgagatatctageg-3'

Table 6.1. List of oligonucleotides used for PCR amplification of spliced transcripts and cloning.
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6.17.1. Generation of pCF exi2 and pFIX ex5 minigenes

For this thesis work I have used several human CFTR exon 12 and Fg exon 5
minigene constructs. Human pCF exi2 wt, 17A and 52T minigenes have been
previously described (Pagani et al. 2003a, 2005). CFTR exon 12 donor site
mutations S589N (c.1766G>A), S589]1 (c.1766G>T), c.1766+2T>C, c.1766+3A>C,
€1766+3>G and c.1766+5G>A were introduced into pCF exi2 wt by by PCR-
mediated site directed mutagenesis into the Accl-BamHI cassette. They were
called pCF exon 12 -1A, -1T, +2C, +3C, +3G and +5A, respectively. A DNA
fragment of 156 bp containing the human Fg exon 5 along with intronic
flanking regions was amplified with Pstl-dir and Xbal-rev oligonucleotides
(Table 6. 1). Subsequently this amplicon was cloned in the Pstl/Xbal cassette of
pTB minigene (Figure 6.1) and the resulting construct was called pFIX ex5 wt.
Donor site (c.17896 (A>G, A>C and A>T; c17897G>T, c¢.17897+1G>A,
c17897+2T>C, c.17897+4A>G and ¢.17897+13A>G) and polypyrimidine tract
(c17660T>G and c.17661T>G) mutations in exon 5 were introduced into pFIX
ex5 wt by PCR mediated site-directed mutagenesis. They were called pFIX exs
-2G, pFIX ex5 -2C, pFIX ex5 -2T, pFIX exs5 -1T, pFIX ex5 -1A, pFIX exs5 +1A,
pFIX ex5 +2C, pFIX ex5 +4G and pFIX ex5 +13G, respectively. The CFTR exon 12
and Fg exon 5 intronic deletion mutant minigenes and the CFTR exon 12 ISS
mutants were created by overlapping PCR using suitable primers on pCF ex12
or pFIX ex5 wt as templates, accordingly. The first round of PCRs was
performed using two sets of primers, combining an external primer with an
internal one. The external oligonucleotides were pTB2160-dir and pTB2270-rev
(Table 6.1). The internal oligonucleotides carried either the deletions (Table
6.3) or the point mutations (Table 6.4) and annealed downstream the 5' ss. The
second round of PCR was carried out using the external primers and the two
amplified products as template, obtained from the previous two separated

PCRs. Finally the mutant amplicons were cloned into the Accl/BamHI or
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Pstl/Xbal cassettes of pCF exon 12 or pFIX exon 5, accordingly. Deletion
mutants A12-15, A17-23, A24-34, A34-44, A45-55 and A55-65 were subcloned
into CFTR exon 12 wt and 17A minigenes; deletion mutants A12-15 and A17-23
contexts into CFTR exon 12 -1A and +3G minigenes. Fg exon 5 intronic deletion
mutants A8-10, A11-13, A15-19 and A19-24 were subcloned into pFIX ex5 wt. pCI-
SMN?2 exon 7 was obtained from Dr. Adrian R. Krainer (CSHL, NY, USA). The
identity of all minigene constructs was ultimately confirmed through

sequencing analysis.

6.17.2. Generation of splicing-competent factor IX exon 5 expression vector

Splicing competent expression vector pSC-FIX was synthesized by GeneScript
Inc. (Piscataway, NJ, USA). It consists of a fragment of 6139 bp cloned into a
pcDNA 3.1+ backbone using Bglll and Apal restriction sites. It carries a simian
virus 40 promoter, factor IX cDNA sequence from exons 1 to 4, first 544 bp of
intron 4, Ndel restriction site, last 312 bp of introng, exon 5 (129 bp), first 287
bp of intron 5, Ndel restriction site, last 9o8 bp of intron 5, cDNA sequence of
Fg from exons 6 to 8 and simian virus 40 polyadenilation site. Fg exon 5 wt and
mutant Ndel-Ndel cassettes were taken from pFIX exon 5 minigenes and
subcloned into pSC-FIX create wt and mutant factor IX expression vectors.
Thus five pSC-FIX constructs were created: pSC-FIX exon 5*, exon 5786

exon 57196 exon 53¢, exon 52¢ and exon 52T,

6.18. Expression vector for generation of U1 snRNAs

The vector used for the production of U1 snRNAs was the pGEM3, a standard
cloning vector. The wt U1 snRNA gene was cloned in BamHI restriction site
(Fig. 6.2) and the region between Bglll and Bcll sites encoding for the 5’ tail
complementary to 5 ss was replaced with specific annealed oligos. The
sequences of each oligo used for creation of modified U1 snRNAs are reported

in Table 6.2. The identity of all modified U1 snRNAs expression vectors was
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ultimately confirmed through sequencing analysis.

6.19. Maintenance and analysis of cells in culture

HeLa and BHK cell lines were grown in Dulbecco’s modified Eagle's medium
with Glutamax I (Gibco) (DMEM with glutamine, sodium pyruvate, pyridoxine
and 4.5 g/1 glucose) supplemented with 10% foetal calf serum (Euro Clone) and

Antibiotic Antimycotic (Sigma) according to the manufacturer’s instructions.

Plates containing a confluent monolayer of cells were treated with 0.1% w/v
trypsin as follows. Cells washed with PBS solution, were incubated at 37° C
with 1-2 mL of PBS/EDTA/trypsin solution (PBS containing 0.04% w/v EDTA
and 0.1% w/v trypsin) for 2 minutes or until cells were dislodged. After adding
10 mL of media, cells were pelleted by centrifugation and resuspended in 5 mL
pre-warmed medium. 1-2 mL of this cell suspension was added to 10 mL

medium in a fresh plate and was gently mixed before incubation.

6.20. Transfections

The DNA used for transfections was prepared with JetStar purification kit
(Genomed) as previously described. HeLa cells grown on six-well plates
(3x105/well) were transfected performed using Effectene reagent (Qiagen)
according to manufacturer's indications. Briefly 0.5 pug of each CFTR exon 12,
Fg exon 5 or SMN2 exon 7 minigenes were mixed with 4 pL of Enhancer for
each transfection and the mixture was incubated at room temperature for 5
minutes to allow the condensation of the DNA. Then, 5 pL of Effectene were
added to the mixture and incubated for 10 minutes. After the addition of 500
pL of complete culture medium the mixture was added to the cells in 1,5 mL of
the same medium and incubated at 37°C. After 24 h, cells were harvested and
RNA isolation using TRIReagent (Ambion Inc) following manufacturer's
protocol. Co-transfections of pCF exi2 or pFIX ex5 minigenes with ExSpeU1
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snRNPs were carried out using a 11 ratio (i.e., 0.5 pg pCF ex12 wt and 0.5 pg

ExSpeU1CF).

Co-transfection of antisense oligonucleotides with pCF exi2 or pFIX exs5
constructs was performed using Lipofectamine 2000 (Invitrogen SRL, Milano,

[talia) following manufacturer's instructions.

Transfection of BHK cells with the splicing-competent pSC-FIX expression

vectors was carried out done as described previously (Pinotti et al. 2009).

6.21. cDNA preparation and Polymerase Chain Reaction (PCR)

In order to synthesize cDNA, the 3 pg of total RNA extracted from cells were
mixed with random primers (Finnzymes Oy., Vantaa, Finland) in a final
volume of 20 pL. After denaturation at 65°C for 5 min the RNA and the primer
were incubated for 1 hour at 37 °C in the following solution: 1X First Strand
Buffer (Gibco), 0,0 mM DTT, 10 mM dNTPs, RNase inhibitor 20 U (Ambion)

and Moloney murine leukemia virus reverse transcriptase 100 U (Gibco) and
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Figure 6.1. Schematic representation of pTB Ndel- minigene.

It contains at the 5" end a a-globin gene promoter and SV40 enhancer sequences to allow polymerase II
transcription in the transfected cell lines. The reporter gene is composed by o-globin (grey) and
fibronectin exons (green boxes) while at the 3" end a functionally competent polyadenylation site,
derived from the a-globin gene, is present. The Ndel is used for subcloning of wt or mutant exon and

flanking intronic regions.
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Figure 6.2. Schematic representation of cloning strategy for creation of modified-Ui-snRNAs.

The wild-type U1 snRNA gene was cloned in BamHI restriction site located in the multiple cloning site of
pGEM3 vector. The region between BglIl and Bcll sites encoding for the 5’-tail of the U1 was replaced by
specific annealed oligos for create engineered U1 snRNAs able to recognize specific target sequences with
their modified 5’-tails.

retrotranscribed with poly(dT) primer. 3 pL of the cDNA reaction mix was

used for the PCR analysis. To amplify only the spliced transcripts derived from
pCF ex12 or pFIX ex5 wt and mutant, RT-PCR were carried out using as sense
primer, alpha2,3 and an antisense primer, braz, which recognize specific
regions of these minigenes. To amplify spliced transcripts from pCI-SMN2
construct, pCl and E8-75 oligonucleotides were used as described previously
(Hua et al. 2008). Splicing products from pSC-FIX exon 5 expression vectors
were obtained using pSC-FIXdir and pSC-FIXrev oligonucleotides. Liver RNA
(First Choice Human Total RNA Survey Panel, Ambion, Inc.) was
retrotranscribed in standard conditions and amplified with FIXi140 and FIX279
primers. The conditions used for the PCRs were the following: 94°C for 5 min
for the initial denaturation, 94°C for 45 sec, 56°C for 45 sec, 72°C for 45 sec for

35 cycles, and 72°C for 10 min for the final extension. The PCRs were optimized
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to be in the exponential phase of amplification. The results of all the
transfections are the representative of at least three independent experiments.
PCR products were resolved by 2% agarose gel electrophoresis. Quantification
of exon inclusion was performed using Image] 1.38 software
(http://rsb.info.nih.gov/ij/). The variability among different experiments was

always <20%.

6.22. Preparation of samples for capillary electrophoresis

RNA extracted from cells was amplified using alphaz,3 and a labelled
fluorescent braz primer (FAM). The PCR products were diluted 1:100 and then

1 L of DNA was dehydrated at the temperature of 60°C for 20 min.

6.23. In silico predictions

RNA secondary structure predictions were performed (under default
parameters) using the freely available mfold server. This web server uses mfold
(version 3.5) by M. Zuker (2003): http://mfold.rna.albany.edu/?q=mfold/RNA-
Folding-Form.

Donor splice site scores were calculated using the following prediction tools:

Shapiro & Senapathy consensus matrix (S&S)

The Shapiro and Senapathy (S&S) consensus matrix is a position-specific
weight matrix (PSWM) which reflects the degree of conservation at each
position of the consensus 5" ss motif in an alignment of 1446 5’ ss (Shapiro et al.
1987). The mammalian 5’ ss consensus sequence is MAG|GURAGU (M = A or C;
R = purine), and spans from position -3 (the third nucleotide from the 3’ end of
the upstream exon) to +6 (the sixth nucleotide in the intron). The mammalian

3' ss consensus sequence is CNNUUYUUYUYYYYUNCAG|G (Y= pyrymidine;
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N= any base), spanning from position -14 to +3 (with respect to 3'ss). The S&S
is one of the most commonly used 5 ss scoring methods, and it assumes

independence between individual positions of the g nucleotide motif.

Maximal Entropy model (MaxEnt)

[t can monitor the importance of dependencies between different positions by
using a maximum-entropy distribution consistent with low-order marginal
constraints estimated from available data (real and decoy splice sites). It
considers local adjacent and nonadjacent dependencies (Yeo et al. 2004). This
tool, together with MDD, MM and WMM, is available at

http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html.

Maximum dependence decomposition model (MDD)

This tool relies on the assumption that there is interdependence between splice
site positions and it considers conditional probabilites between adjacent and
nonadjacent positions. It is a iterative decision-tree approach that emphasizes

the strongest dependencies in the early branches of the tree (Burge et al. 1997).

First-order Markov model (MM)
It takes into account for nearest-neighbour dependencies, ignoring

dependencies between nonadjacent positions.

Weight matrix models (WMM)
It assumes independence between nucleotide positions, quantifying the relative
likelihood of candidate splice site sequence with respect to the background

nucleotide distribution from a training set of signals.

Neural Network method (NN)

The NN algorithm is a machine-learning approach that recognizes sequence
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patterns once it is trained with a set of DNA sequences encompassing
authentic 5° ss. It is available at http://www.fruitfly.org/ seq_tools/

splice.html .

Analyzer Splice Tool (AST)
It is a PSWM, based on S&S calculation, using instead an updated splice site
database (Carmel et al. 2004) The tool can be consulted at

http://ibis.tau.ac.il/ssat/SpliceSiteFrame.htm.

Free energy calculation (AG)
It predicts the variation of free energy that comes from the base pairing of the
5' ss with the U1 snRNP 5'-tail (Carmel et al. 2004). This calculation can be

obtained at http://ibis.tau.ac.il/ssat/SpliceSiteFrame.htm.

SplicePort

It is based on a feature generation algorithm for sequence classification, which
searches on a large space of sequence-based features (nucleotide composition
and position) to identify the predictive features (Dogan et al. 2007). A support
vector machine classifier uses the identified features to produce splice site

predictions. The software can be used at http://spliceport.cs.umd.edu/.

H-bond Model

It is a calculation of the hydrogen bond pattern between the 5' ss and all
nucleotides of the free 5'-tail of U1 snRNA at individual positions and also
considers nonadjacent nucleotides dependencies. This tool can be consulted at

http://www.uni-duesseldorf.de/rna/html/hbond_score.php.

Human Splice Finder (HSF)

It is developed on modified matrices derived from S&S original calculation,
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using algorithms derived from the Universal Mutation Database (UMD) for
evaluation of 5' and 3' ss and branchpoint scores (Desmet et al. 2009). It is

available at http://www.umd.be/HSF/.

The default parameters of all these prediction tools were always used for

estimation of score values, except for NN in which basal score was set to o.01.

6.24. Affinity purification of RNA binding proteins and Western Blot
analysis

Synthetic RNA oligonucleotides used as targets for pulldown assays were
synthesized by Integrated DNA Technologies (Leuven, Belgium). Sequences of
these RNA oligonucleotides are listed in table 6. 5.

Briefly 200 pL of agarose resin (for each sample) were washed with 10 mL of 0.1
M NaAcetate pH 5. After shaking, it was centrifuged (3000 rpm) at room
temperature for 5 minutes. Washing was repeated 4 times (5 min/each) anf
inally 0.1 M NaAcetate was added to reach a final volume of 300 pL. The
agarose beads (300 pL )were then incubated with 150 pL of RNA oligo an let for
overnight incubation on a rotator in the dark at 4°C. The next day beads were
pelleted and washed 3 times with 1 mL NaCl. The pellet was washed (3 times)
with 1 mL of 1X solution D [ 20 mM Hepes pH 7.5; 100 mM Kcl; 0.2 mM EDTA;
0.5 mM DTT; glycerol 6% and water for a final volume of 50 mL]. The nuclear
extract mix was prepared for each sample [50 pL 10X solution D; 50 puL 1 M Kcl;
100 pL. HeLa NE+; 100 pL H,O; heparin 2.5 mg/mL final concentration] and 300
pL of the NE mix were added to the resin (final volume 500 pL) and incubated
for 30 min on a rotator at room temperature. Afterwards, samples were
centrifugated at room temperature, 4000 rpm for 5 min., and the pellet was
washed 6 times using 1 mL 1X solution D (last 3 times using the rotator). 100
pL of SDS-PAGE sample buffer were added and cracked for 4 min. at 94°C for
final loading onto a 12% polyacrylamide gel. After electrophoresis the gel was

electroblotted on a PVDF membrane according to standard protocols
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(Amersham Biosciences) and the membrane was blocked with 1X PBS-5%
skimmed milk. Proteins were identified using different antibodies and
Western blots signals were detected with a chemiluminescence kit (ECL,
Pierce Biotechnology). For hnRNP A1/A2, a rabbit polyclonal anti-hnRNP A1
serum was used (generously provided by R. Klima (ICGEB, Trieste, Italy)).

6.25. Factor IX activity and protein assays.

Factor IX coagulant activity was assessed by aPTT assays (Bernardi et al 2009).
Factor IX antigen levels in conditioned medium were evaluated by ELISA
(Factor IX antigen F.IX; Affinity Biologicals, Ancaster, Canada). For Western
blot analysis, 26 pl of conditioned medium were incubated 5 min at 95°C and
run on 4-12% SDS-PAGE (NuPAGE Bis-Tris gel, Invitrogen®; Carlsbad, CA).
Proteins were transferred onto a 0.2 pm nitrocellulose membrane (Whatman®,
Dassel, Germany), which was blocked overnight with PBS buffer supplemented
with 0.1% Tween-20 (PBS-T) and 5% low fat dry milk (Bio-Rad, Hercules, CA).
Membranes were then incubated for 3 hours at room temperature with an anti-
Human F.IX peroxidase conjugated (GAFIX-APHRP; Affinity Biologicals,
Ancaster, Canada). The Supersignal® West Femto reagent (Thermo Scientific,
Rockford, IL) was exploited for detection. Plasma derived factor IX or rFIX-wt

were used to optimize the assay.



Oligonucleotide Sequence

Modified U1 snRNAs for FIX exon 5

3C oligo rev | 5'- gatcatggtatctccectgecaggtcagttatga-3’

oligo dir 5'- gatctcataactgacctggeagggagataccat-3’

5T6A |oligorev| 5'-gatcatggtatctcccctgecaggtaatatatga-3’

oligo dir 5'- gatctcatatattacctggcaggggagataccat-3’

exswt |oligorev| 5'-gatcatggtatctccectgecaggtceatatatga-3’

oligodir | 5'- gatctcatatatgacctggcaggggagataccat-3’

ex5-2C |oligorev| 5'- gatcatggtatctcecctgeceggtcatatatga-3’

oligodir | 5'- gatctcatatatgaccgggcaggggagataccat-3’

ex5 -2G | oligo rev 5'- gatcatggtatctcecctgecgggtcatatatga-3’

oligodir | 5- gatctcatatatgaccgcgcaggggagataccat-3’

ex5-2T |oligorev| 5-gatcatggtatctccectgectggtcatatatga-3’

oligodir | s5'- gatctcatatatgaccgagcaggggagataccat-3’

exs5 -1T | oligo rev 5'- gatcatggtatctcccctgecatgtcatatatga-3’

oligodir | 5’- gatctcatatatgacatggcaggggagataccat-3’

ex5 +1A |oligorev| 5’- gatcatggtatctccectgecagatcatatatga-3’

oligodir | s5- gatctcatatatgatctggcaggggagataccat-3’

ex5 +2C | oligorev | s5'- gatcatggtatctcccctgecaggecatatatga-3’

oligodir | 5’- gatctcatatatggcctggcaggggagataccat-3’

Exon-specific U1 snRNAs for FIX exon 5

fix-7 |oligorev| 5-gatcatggtatctccectgeccageaggtcatatga-3’

oligo dir | s5’-gatctcatatgacctgctgggcaggggagataccat-3’

fix1 |oligo rev 5-gatcatggtatctcecctgegtcataatcetatga-3’

oligodir | 5-gatctcatagattatgacgcaggggagataccat-3’

fix7 |oligorev| 5’-gatcatggtatctccectgeatctgaataagatga-3’

oligodir | 5'- gatctcatcttattcagatgcaggggagataccat-3'

fixg |oligorev| 5-gatcatggtatctcccctgectgaataagaatga-3’

oligo dir 5'- gatctcattcttattcaggcaggggagataccat-3’

fixio |oligorev| 5'-gatcatggtatctccectgetgaataagatatga-3’

oligo dir 5- gatctcatatcttattcagcaggggagataccat-3’

fix13 | oligo rev 5-gatcatggtatctccectgeataagattttatga-3’

oligo dir 5'-gatctcataaaatcttatgcaggggagataccat-3’

fix16 | oligo rev 5-gatcatggtatctccectgeagattttttatatga-3’

oligo dir 5'-gatctcatataaaaaatctgeaggggagataccat-3’

fix22 |oligorev| s5-gatcatggtatctccectgetttaaagaaatatga-3’

oligodir | 5'-gatctcatatttctttaaagcaggggagataccat-3’
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fix33 |oligorev| 5'- gatcatggtatctcccctgetctgtatctgaatga-3’

oligo dir | 5'- gatctcattcagatacagagcaggggagataccat-3’

fix38 |oligorev| 5-gatcatggtatctccectgeatctgaaactatga-3’

oligodir | 5- gatctcatagtttcagatgcaggggagataccat-3’

fix 63 |oligorev| 5’-gatcatggtatctccectgeacctacataaatga-3’

oligodir | 5'- gatctcatttatgtaggtgcaggggagataccat-3’

Modified U1 snRNAs for CFTR exon 12

ex1i2 wt | oligo rev 5'- gatcatggtatctcccctgecaggtatgtatga-3'

oligo dir 5'- gatctcatacatacctggcaggggagataccat-3'

exi2 -1A | oligo rev 5'- gatcatggtatctcccctgecaagtatgtatga-3'

oligo dir 5'-gatctcatacatacttggcaggggagataccat-3'

ex12 -1T | oligo rev 5'-gatcatggtatctcecctgecatgtatgtatga-3'

oligo dir 5'-gatctcatacatacatggcaggggagataccat-3'

ex12 +3C | oligo rev 5'-gatcatggtatctcecctgecaggtetgtatga-3'

oligo dir 5'-gatctcatacagacctggeaggggagataccat-3'

ex12 +3G | oligo rev 5'-gatcatggtatctcccctgecaggtgtgtatga-3'

oligo dir 5'-gatctcatacacacctggcaggggagataccat-3'

ex12+5A | oligo rev 5'-gatcatggtatctcecctgecaggtatatatga-3'

oligo dir 5'-gatctcatatatacctggcaggggagataccat-3'

Exon-specific U1 snRNAs for CFTR exon 12

cf1 oligo rev 5'-gatcatggtatctcccctgegtatgttctttgaga-3'

oligo dir | 5'-gatctctcaaagaacatacgcaggggagataccat-3'

cfg |oligorev| s5'-gatcatggtatctcccctgetttgaatacctatga-3'

oligodir | 5'-gatctcataggtattcaaagcaggggagataccat-3'

cfu |oligorev| s5'-gatcatggtatctccectgetgaataccttacttatga-3'

oligo dir | 5'-gatctcataagtaaggtattcagcaggggagataccat-3'

cf15 |oligorev| 5'-gatcatggtatctcccctgetaccttacttataaga-3'

oligo dir | 5'-gatctcttataagtaaggtagcaggggagataccat-3'

cf33 |oligorev| s5'-gatctctattttagcatgagcaggggagataccat-3'

oligodir | 5'-gatcatggtatctcccctgetcatgetaaaataga-3'

Table 6.2. List of oligonucleotides used for construction of modified and exon-specific U1 snRNAs.
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CFTR exon 12 intronic deletion mutants

A12-15 | oligo rev 5'-tataagtaaggtaaagaacatacctttcaaata-3'
oligo dir 5'-aggtatgttctttaccttacttataatgctcatge-3'
A1r7-23 | oligo rev 5'-tgagcattatatattcaaagaacatacctttc-3'
oligo dir 5'-ttctttgaatatataatgctcatgctaaaataa-3'
A24-34 | oligo rev 5'-tattttagcaagtaaggtattcaaagaacatac-3'
oligo dir 5'-taccttacttgctaaaataaaagaaagacagac-3'
A34-44 | oligo rev 5'-tctttctttgageattataagtaaggtatte-3'
oligo dir 5'-cttataatgctcaaagaaagacagactgtcc-3'

A45-55 | oligo rev | 5'-atggatcctatgatgggacagtctattttagcatgageattataa-3'

oligo dir | 5'-ttataatgctcatgctaaaatagactgtcccatcataggatccat-3'

A55-65 | oligo rev 5'-atggatcctatgagtctttcttttattttagcatgage-3'
oligo dir 5'-gctcatgctaaaataaaagaaagactcataggatccat-3'

A8-10 | oligo rev 5'-cagattttctttaaaaaatcttattcttatgacct-3'
oligo dir 5'-ctgtgaaccagcaggtcataagaataagatt-3'

Au-13 | oligo rev 5'-atacagattttctttaaaaaatcttaagattatgacctg-3'

oligo dir 5'-accagcaggtcataatcttaagattttt-3'
A15-19 | oligo rev 5'-gatacagattttctttaaaaaattcagattatgacct-3'

oligo dir 5'-ccagcaggtcataatctgaattttttaaagaaaat-3'
A19-24 | oligo rev 5'-gtttcagatacagattttcttttcttattcagattatga-3'

oligo dir 5'-agcaggtcataatctgaataagaaaagaaaatctgta-3'

Table 6.3. Oligonucleotides for preparation of CFTR exon 12 and FIX exon 5 intronic deletion
mutants.
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CFTR exon 12 ISS mutagenesis

+12A | oligo rev 5'-gtaaggtatttaaagaacatacctttc-3'
oligo dir 5'-gaaaggtatgttctttaaataccttac-3'
+13C | oligo rev 5'-gtaaggtatgcaaagaacatacctttc-3'
oligo dir 5'-gaaaggtatgttctttgcataccttac-3'
+15C | oligo rev 5'-gtaaggtgttcaaagaacatacctttc-3'
oligo dir 5'-gaaaggtatgttctttgaacaccttac-3'
+16T | oligo rev 5'-gcattataagtaaggaattcaaagaac-3'
oligo dir 5'-gttctttgaattccttacttataatge-3'

+16G | oligo rev | 5'-gatctctattttagcatgagcaggggagataccat-3'

oligo dir | 5'-gatcatggtatctcccctgetcatgcetaaaataga-3'

+17A | oligo rev 5'-gcattataagtaagttattcaaagaac-3'
oligo dir 5'-gttctttgaataacttacttataatge-3'

+18G/A | oligo rev 5'-gcattataagtaagytattcaaagaac-3'
oligo dir 5'-gttctttgaatarcttacttataatgc-3'

+19G | oligo rev 5'-gcattataagtaacgtattcaaagaac-3'
oligo dir 5'-gttctttgaatacgttacttataatge-3'

+20G/A | oligo rev 5'-gcattataagayggtattcaaagaac-3'
oligo dir 5'-gttctttgaataccrtacttataatge-3'

+21G | oligo rev 5'-gcattataagaacgtattcaaagaac-3'
oligo dir 5'-gttctttgaataccttgcttataatge-3'

+22A/T | oligo rev 5'-gcattataagwaaagtattcaaagaac-3'

oligo dir 5'-gttctttgaatacctttwttataatge-3'
+23G | oligo rev 5'-gcattatacgtaaggtattcaaagaac-3'
oligo dir 5'-gttctttgaataccttacgtataatge-3'

Table 6.4. Oligonucleotides used for CFTR exon 12 ISS mutagenesis by overlapping PCR.
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RNA oligonucleotides for pulldown assay

CFexi2 wt | 5'-aagguauguucuuugaauaccuuacuuaua-3'

CFexi2 A12-15 5'-aagguauguucuuuaccuuacuuaua-3’

FIX ex5 wt 5'-caggucauaaucugaauaagauuuuuua-3'

FIX ex5 A15-19 5'-caggucauaaucugaauuuuuua-3'

Antisense oligonucleotides (ASO)

ASOCFTR | 5'-tgaataccttacttataatg-3'
ASQCFT! R25 5'-tgaataccttacttataatgctcat-3'
ASOFX_| 5'-tgaataagattttttaaaga-3'
Asole25

5'-tgaataagattttttaaagaaaatc-3'

Table 6.5. RNA oligonucleotides for pulldown assays and antisense oligonucleotides targeting
CFTR exon 12 and Fg exon 5 ISS
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