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Abstract

The regulation of alternative splicing has been generally thought of be-
ing primarily controlled by the interaction of splicing factors with the RNA
molecule and by the elongation rate of the RNA polymerase II (RNAPII).
There is an emerging understanding of the complexity of how alternative
splicing is regulated which now involves the activity of non-coding RNAs
and the chromatin state. Different experiments have shown that histone
modifications can regulate the inclusion of alternative exons and that the
elongation rate of the RNAPII could be influenced by different chromatin
states. In this sense, small RNAs (sRNAs), which are a family of non-coding
RNAs associated with members of the Argonaute family of proteins, that
are effectors of the silencing pathway, which can participate in an alterna-
tive pathway known as transcriptional gene silencing (TGS). Experimental
evidence shows that siRNAs targeting introns can induce chromatin marks
that affect the rate of transcriptional elongation, affecting the splicing of pre-
mRNAs, which is called transcriptional gene silencing alternative splicing
(TGS-AS) (Allo et al., 2009). Thus, we proposed that the Argonaute protein
(AGOL1) could trigger heterochromatin formation and affect splicing by af-
fecting RNAPII elongation.

In order to perform a genome-wide analysis of the regulation of alter-
native splicing we used new high-throughput sequencing technologies as
ChIP-Seq and RNA-Seq. We found that there is AGO1 dependent alternative
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splicing regulation, and our results suggest that endogenous sRNAs could be
involved. Additionally, in the last part of the thesis we show a cell specific al-
ternative splicing chromatin code, which also involves AGO1. Even though
AGO1 regulation of alternative splicing was related to some specific cases,
we found that other effectors, CTCF and HP1a were also important for the
splicing changes decisions. This thesis and other recent reports show the reg-
ulation of alternative splicing as an integrated process, which involves many

nuclear components and probably more that still need to be uncovered.
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Resum

Generalment s’ha pensat que la regulacié de 1’splicing alternatiu esta
controlada principalment per la interaccié entre els factors reguladors de
I'splicing i la taxa d’elongacié de la ARN polimerasa II (RNAPII). Hi ha
un evidencia emergent de la complexitat de la regulacié de I'splicing alter-
natiu, que ara també inclou l’activitat d”ARNs no codificants i 'estat de la
cromatina. Diverses experiments han demostrat que modificacions en les hi-
stones poden regular la inclusié d’exons alternatius, i que la taxa d’elongaci6
de la RNAPII pot estar influenciada pels diferents estats de la cromatina. Els
ARN s petits (SRNAs) sén una familia d’ARNs no codificants associats amb
membres de la familia de proteines Argonauta i son efectors de la via de
silenciaci6 genica. Alguns sRNAs participen en una via alternativa anome-
nada via de silenciaci6 génica transcripcional (TGS). Evidencies experimen-
tals ha mostrat que els sSRNAs interferents que s’uneixen a introns poden
promoure l'aparicié de modificacions en les histones que alteren la taxa de
elongaci6 de la transcripcié provocant canvis en 1’splicing alternatiu. Aque-
sta via és coneguda com via de silenciacié génica transcripcional acoplada a
splicing alternatiu (TGS-AS) (Allo et al., 2009). Tenint aixé en compte, nos-
altres vam proposar que la proteina Argonauta 1 (AGO1), podria induir la
formaci6é d’heterocromatina i canviar 1’splicing alternatiu alterant 1’elongaci
de la RNAPIIL

Per tal de realitzar una analisi a escala genémica de la regulaci de 1’splicing
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alternatiu, hem utilitzat dades provinents de noves técniques de seqiien-
ciaci6 a gran escala, com ChIP-Seq i RNA-Seq. Hem trobat que hi ha reg-
ulacié d’splicing alternatiu depenent d’AGO1. Els nostres resultats sug-
gereixen que ARNSs interferents enddgens podrien estar relacionats amb aque-
sta regulacié. A més, a la part final de la tesi demostrem que hi ha un codi
de cromatina que requereix AGO1 que regula I’splicing alternatiu i que és
especific per diferents tipus cellulars. Adicionalment hem trobat que altres
efectors, com CTCF i HPla, també son importants per explicar els canvis
en I'splicing dels pre-ARNs. Conjunatment amb altres treballs, aquesta tesis
demostra que la regulacié de I'splicing alternatiu implica la funcié de molts
components nuclears i probablement de molts altres que encara han de ser

descoberts.
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Preface

When Phillip A Sharp and Richard Roberts described in 1977 the mech-
anism now known as splicing, we probably couldn’t expect how this would
impact the future of molecular genetics. During the 80s the details on the
knowledge about the transcription mechanism started emerging with the
discovery of the RNA polymerase in 1969 by Roeder and Rutter. This en-
zyme is the responsible of producing the primary transcripts including the
pre-mRNAs in a process that requires several proteins for completion. Now
we know that the elongation rate of the polymerase II is essential for the
process and that the chromatin organization plays an unexpected role in
the mechanism. Alternative splicing provides a way to explain proteomic
complexity from a limited number of genes. With more than the 90% of the
human genes being affected by alternative splicing, alternative splicing con-
tributes to functional diversity and tissue specificity and it is responsible of
different diseases. Nowadays alternative splicing regulation is known not
only to depend on the interaction of splicing factors, but also in the coupling
with the RNA transcription by RNA polymerase II (RNAPII), the role of
chromatin structure and the emerging role of non-coding RNAs (ncRNAs).
The study of how all these components are integrated, will lead to the better
understanding of the regulation of alternative splicing.

The work in this thesis provides a step forward to the link between some

of the regulators of alternative splicing. For long, splicing was thought to
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occur mostly through splicing enhancers and silencers, modulating the use
of alternative splice sites through the binding of specific regulatory proteins,
now we know that this is extremely more complex. During the process of
this thesis, the evidence of a chromatin structure that marks the exons has
been described, the emerging roles and classes of SRNAs and later long non-
coding RNAs have been found, histone modifications have appeared to be
crucial for the splicing changes decisions, transcriptional gene silencing has
been found to regulate alternative splicing and more recently, evidence of
association between splicing machinery and components of the sSRNA path-
ways was found. All this advances are closely related to the technologi-
cal revolution of high throughput sequencing. In this context, these are
still many things to be soved, like data processing approaches, experimental
technical issues, biases in the processing and the interpretation of the high
amounts of data that they are coming. This thesis analysis and results come
from deep sequencing data which supposed in many of cases to start from a
new approach for analyzing them.

In summary, here we show further evidence that histone modifications
can regulate the inclusion of alternative exons and that the elongation rate
of the RNAPII could be influenced by different chromatin states and also
focus in the connection with non coding small RNAS. The first part of this
thesis is based on the bioinformatics results we published in collaboration
with Alberto Kornblihtt’s group in (Allo et al., 2009), where experimental
evidence showed that siRNAs targeting introns can induce chromatin marks
that affect the rate of transcriptional elongation, affecting the splicing of pre-
mRNAs, which is called transcriptional gene silencing alternative splicing
(TGS-AS) (Allo et al., 2009). Our proposal is that the Argonaute protein
(AGO1) could trigger heterochromatin formation and affect splicing by af-
fecting RNAPII elongation. The second part of this thesis shows a continu-
ation of the results from (Allo et al., 2009), where we used high troughput
sequencing data in order to look for evidence of a genome wide connec-
tion between AGO1 and alternative splicing. The third part of the thesis de-
scribes a chromatin RNA code for alternative splicing that involves AGO1,
CTCF, HP1a, RNAPII and different histone modifications. The three parts of
the thesis are connected and provide as a whole a view of the epigenetics of

alternative splicing regulation.
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4 1. Introduction

1.1 Overview

There is an emerging understanding of the complexity of how alterna-
tive splicing is regulated, which not only involves the activity of the spliceo-
some and RNA regulatory elements but probably also of the activity of non-
coding RNAs and the chromatin state. Recently, several reports explain the
role of epigenetics in the regulation of alternative splicing that also includes
a possible role of non-coding RNAs acting on the chromatin structure and
leading into a new mechanism that can affect the regulation of alternative
splicing. High-throughput sequencing, carried out in consortia like EN-
CODE and in individual labs, is providing large amounts of data (RNA-seq,
ChIP-seq, CLIP-seq, DNA-seq) in different tissues and cell lines. These new
methodologies facilitate the understanding of the regulation of alternative
splicing as an integrated process, which involves many nuclear components
and probably more that still need to be uncovered.

1.2 The history of splicing

In 1977, Phillip A Sharp and Richard Roberts described the mechanism
that we now know as splicing, where introns are removed from precursor
messenger RNAs to create the mature transcripts. A simple comparison of
the sequence of an mRNA and its corresponding nuclear DNA, revealed se-
quences that were removed by splicing during the processing leading to a
non exact complementarity between the DNA and the mRNA (Berget et al.,
1977) and (Chow et al., 1977) . Additionally, nuclear long RNAs and shorter
cytoplasmic mRNAs showed the same termini, a cap and a poly(A) tail,
while they were different in length due to the removal of the middle introns.
Phillip A Sharp and Richard Roberts got the Nobel prize in 1993 for their
findings.

Introns and exons show different consensus sequences at their bound-

aries, which after mutation inactivate splicing (Breathnach and Chambon,
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1981). These boundaries are defined by four different splicing signals; the
5’splice site (5’ss), which corresponds to the beginning of the intron, the
3’splice site (3’ss), which corresponds to the end of the intron, the branch
site (BS) and the polypyrimide tract (PPT). Developments in biochemistry
using soluble reactions led to realize that the intron was excised in a branch-
structure with a lariat RNA (Padgett et al., 1986). Even before, several hy-
potheses based on the complementarity between intron consensus sequences
with some small nuclear RNAs (snRNAs) (U1,U2,U4/U6 and U5), indicated
that these snRNAs might be important for splicing (Lerner et al., 1980). These
snRNAs containing particles, the small nuclear ribonucleoproteins (snRNPs),

were found to form part of a macromolecular complex, the spliceosome.
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1.3 The splicing reaction and the
spliceosome

Splicing is carried out by the spliceosome, in which five snRNPs and
a large number of auxiliary proteins cooperate to accurately recognize the
splice sites and catalyse the two steps of the splicing reaction. Both the
conformation and composition of the spliceosome are highly dynamic, af-
fording the splicing machinery its accuracy and at the same time flexibil-
ity. There are two types of spliceosomes: the U2-dependent spliceosome,
which catalyzes the removal of U2-type introns, and the less abundant U12-
dependent spliceosome (Hall and Padgett, 1994), which is present in only
a subset of eukaryotes and splices the rare Ul2-type class of introns (Will
and Luhrmann, 2011). From now on, I will only discuss the major spliceo-
some. Spliceosome assembly begins with the recognition of the 5" ss by the
snRNP Ul and the binding of splicing factor 1 (SF1) to the BS and of the U2
auxiliary factor (U2AF) heterodimer to the PPT and 3’ terminal AG. This as-
sembly is ATP independent and results in the formation of the E complex,
which is converted into the ATP-dependent, pre-spliceosomal A complex af-
ter the replacement of SF1 by the U2 snRNP at the BS. Further recruitment
of the U4/U6US5 tri-snRNP complex leads to the formation of the B complex,
which is converted into to the catalytically active C complex after extensive
conformational changes and remodelling (Chen and Manley, 2009).

Exon and Intron definition

There is a clear relation between the length of the exon and flanking introns
and how the splice sites are recognized (Marais et al., 2005). There are two
models, exon definition (Robberson et al., 1990), where the exon is recog-
nized as a unit by the splicing machinery before intron excision; and intron
definition, when the 5’ss and the 3’ss are recognized directly as a unit of splic-
ing (Berget, 1995). Intron definition is used when the length of the intron is

between 200-250 nt. This mechanism works inefficiently when the introns
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get longer.; in such cases, the recognition is mediated via the exon definition
(Hertel, 2008). In such cases, in higher eukaryotes exons are first defined by

the splicing machinery and then the intron is removed in a second step.

Splicing signals

The intron is defined by the short conserved sequences at the 5’ss, 3’ss and
BS. The 5’ss is defined by the presence of mostly GT or GC dinucleotide
that marks the beginning of the intron (Breathnach et al., 1978; Catterall
et al.,, 1978). It is mostly characterized by 9nt positions, 3 from the end of
the upstream exon, and the 6 first positions from the downstream intron.
This sequence approximately matches the complementary sequence of Ul
snRNA (Seraphin et al., 1988; Siliciano and Guthrie, 1988). The 3’ss delimits
the intron-exon boundary at the 3" end of the intron. This signal consists of
an AG dinucleotide, preceded by a T or a C (Mount, 1982). Although it only
contains 3 nt the 3’ss is crucial in the second step of the splicing process in

most of the introns.

The BS is typically located 18-40 nucleotides upstream from the 3’ss and
in higher eukaryotes is followed by a PPT. The BS is characterized by the
presence of an A, which is fundamental in the first step of the splicing reac-
tion (Padgett et al., 1984). The splicing efficiency is affected by the position at
which the BSis located, longer distance between the BS and the 3’ssleads to a
lower splicing efficiency (Cellini et al., 1986). Different splice site and branch
site sequences are found in U2-type versus Ul2-type introns. The U2-type
consensus sequences found in Saccharomyces cerevisiae exhibit a higher level
of conservation than those in metazoans, reviewed in (Will and Luhrmann,
2011; Smith and Valcarcel, 2000; Wang and Burge, 2008).

There are more sequence elements that are crucial in the recognition and
usage of the splice sites. They are typically short and diverse in sequence and
modulate both constitutive and alternative splicing by binding regulatory
proteins that either stimulate or repress the assembly of spliceosomal com-
plexes at adjacent splice site. These include the exonic splicing enhancers

(ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs)
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and intronic splicing silencers (ISSs), which are able to promote or inhibit
exon recognition by the spliceosome (Matlin et al., 2005). These sequences al-
low the correct identification of exons, distinguishing them from pseudoex-
ons (Corvelo and Eyras, 2008). Splicing enhancers and silencers are short
conserved sequences that can be found isolated or in clusters and widely
distributed within the genome. They act mostly through specific binding of
regulatory proteins like SR proteins and hnRNPs (Dreyfuss et al., 1993; Grav-
eley, 2000), (Manley and Tacke, 1996). ESEs are usually bound by SR proteins
while ISSs and ESSs are commonly bound by hnRNPs. However, there are
some splicing silencers that form a particular pre-mRNA secondary struc-
ture that may prevent the recognition of the splicing enhancer by SR proteins
(Buratti and Baralle, 2004) and (Sirand-Pugnet et al., 1995). ISEs are not as
well characterized as the other three types of elements, although recently,
several proteins, such as hnRNP E, hnRNP H, NOVA1, NOVA2, FOX1 and
FOX2, have been shown to bind ISEs and in that way stimulate splicing (Ule
et al., 2006; Hui et al., 2005; Yeo et al., 2009; Mauger et al., 2008). Some of
these factors show expression in a tissue specific manner, so they are able
to regulate splicing in specific tissues. The combined action of splicing fac-
tors, such as SR proteins and hnRNPs, can promote or inhibit spliceosome
assembly upon different external clues, leading to alternative splicing. This
is particularly common in exons with weak splice-sites, which are more de-

pendent on splicing factors for their inclusion.
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1.4 Alternative splicing

Alternative splicing provides a way to explain proteomic complexity from
a limited number of genes, as found in mammals. With more than the 90%
of the human genes being affected by alternative splicing (Pan et al., 2008;
Wang and Burge, 2008), alternative splicing contributes to functional diver-
sity and tissue specificity (Graveley, 2001). Regulation of alternative splicing
have long been thought to occur mostly by splicing enhancers and silencers,
modulating the use of alternative splice sites through the binding of specific
regulatory proteins and at the early spliceosome assembly, but this is not
always the case (Smith and Valcarcel, 2000; Chen and Manley, 2009). The
use of regulatory sequences, enhancers and silencers (Caceres and Kornbli-
htt, 2002) and the secondary structure of the nascent mRNA can influence
positively or negatively the selection of a specific splice site (Blanchette and
Chabot, 1997; Buratti and Baralle, 2004). There are also different proteins that
can affect directly binding to the mRNA or interacting with other proteins
from the splicing machinery. Which affects the inclusion of an alternative

exon in the mature transcript.

The current view poses that alternative splicing regulation does not only
depends on the interaction of splicing factors, but also in the coupling with
the RNA transcription by RNA polymerase II (RNAPII) (Munoz et al., 2009;
Kornblihtt et al., 2004; de la Mata et al., 2003), the role of epigenetics such as
chromatin structure and histone modifications (Tilgner et al., 2009; Schwartz
et al., 2009; Spies et al., 2009; Kolasinska-Zwierz et al., 2009; Nahkuri et al.,
2009; Andersson et al., 2009; Luco et al., 2010) and the emerging role of
non-coding RNAs (ncRNAs) as novel regulators of alternative splicing (Allo
et al., 2009) reviewed in (Allo and Kornblihtt, 2010; Allo et al., 2010; Luco
and Misteli, 2011; Luco et al., 2011). The study of how all these components
are integrated, will lead to the better understanding of the regulation of al-

ternative splicing.



10 1. Introduction

Types of alternative splicing

In alternative splicing, different combinations of splice sites can be joined
to each other. In a typical multiexonic mRNA, the splicing pattern can be al-
tered in many ways. The are five main types of alternative splicing (Breitbart
et al., 1987): Alternative 5’ss usage, alternative 3’ss usage, inclusion or skip-
ping of an entire exon (cassette exon), splicing or retention of an entire intron
(intron retention) and the combination of two differentially included exons
( mutually excluded exons). There are other mechanisms that can change
the mRNA composition. The 5-terminal exons of an mRNA can be switched
through the use of alternative promoters and alternative splicing. Similarly,
the 3-terminal exons can be switched by combining alternative splicing with
alternative polyadenylation sites (Colgan and Manley, 1997). In this thesis I
will center specifically in exon skipping events, delimiting most of the results
and conclusions to these so-called cassette exons.
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Co-transcriptional splicing

Alternative pre-mRNA splicing is closely linked to transcription. Much of
splicing occurs co-transcriptionally (Tilgner et al., 2012) and the splicing ma-
chinery is physically linked to the transcriptional components via association
of splicing factors with the elongating RNAPII (Perales and Bentley, 2009).
Early models differentiated spatially the spliceosome compartment and tran-
scription. However, recent findings by different groups have provided new
evidence for co-transcriptional splicing: the visualization of Drosophila em-
bryo nascent transcripts by electron microscopy revealed looped RNAs at-
tached to chromatin (Beyer and Osheim, 1988), spliced mRNAs were found
associated with mechanically dissected or biochemically fractionated chro-
matin (Bauren and Wieslander, 1994; Pandya-Jones and Black, 2009; Gorne-
mann et al., 2005; Kotovic et al., 2003; Lacadie and Rosbash, 2005; Listerman
et al., 2006), RNA in situ hybridization with splice junction probes detected
spliced mRNAs at their gene loci (Zhang et al., 1994) and splicing factors
were localized at sites of transcription using inmunofluorescence (Misteli
and Spector, 1999). In human, co-transcriptional splicing was first showed
in the dystrophin gene (Tennyson et al., 1995). All these findings show the
clear evidence of a spatial and functional coupling between transcription and
splicing.

From a kinetic point of view, the co-transcriptionality of splicing at the
5" end of genes makes sense due to the composition of a typical eukary-
otic cell gene, short exons and long introns. This structure makes it easier
for the splicing machinery to recognize de 5’ss and the 3’ss of a transcribed
exon while the elongation complex is proceeding through the downstream
intron (Pandya-Jones and Black, 2009). Most introns at the 5" end are co-
transcriptionally removed, but there is a fraction near the 3" end of genes that
is spliced post-transcriptionally (Bauren and Wieslander, 1994; Pandya-Jones
and Black, 2009). There is in fact a general gradient related with the direc-
tion of the gene transcription, from co-transcriptional to post-transcriptional
splicing. However, there are exceptions where internal splicing events occur
after transcription (Kessler et al., 1993). Now, with recent imaging experi-

ments of live-cell microscopy, it is possible to track the kinetics of transcrip-
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tion and splicing in vivo (Brody et al., 2011). Moreover, high-throughput
techniques like RNA-Seq of nascent transcripts showed the predominance
of co-transcriptional splicing. For instance, 87% of the analyzed introns by
Khodor et al. were co-transcriptionally spliced more than 50% of the time
in Drosophila (Khodor et al., 2011) and 84% of exons that were flanked by a
large intron showed clear evidence of co-transcriptional splicing using RNA
from fetal brain tissue in human (Ameur et al., 2011). The combination of
nascent transcription and co-transcriptional splicing leads to a specific pat-
tern over the introns, with high RNA-Seq signal at the 5" end decreasing
towards the 3" end of the intron. This is explained by the successive rounds
of transcription entering the 5" end of the intron combined with the excision
and release of the intron from the nascent transcript, once its synthesis is
completed (Ameur et al., 2011).

Transcription and splicing are not always coupled. There is a coupling
when there is an interaction between the splicing and transcription machiner-
ies or when the kinetics of one process affects the outcome of the other. The
optimal coordination between the transcription and the processing seems
to be specific of the RNAPII and of the carboxy terminal domain (CTD), its
catalytic subunit (Sisodia et al., 1987; Dower and Rosbash, 2002). The CTD
consists of tandem YSPTSPS repeats, which vary in number from 26 in yeast
to 52 in humans (Phatnani and Greenleaf, 2006). Dynamic phosphorylation
of serine residues on the CTD heptad repeats is associated with the stages
of RNAPII elongation (Sims et al., 2004) and is required for the stimulatory
effect of the CTD on splicing (Hirose et al., 1999; Millhouse and Manley,
2005). The serine residues are referred to as serine-2, serine-5 and serine-7,
depending on their position in the repeat. Phosphorylation of serine-5 in the
heptad is most prominent at the 5" end of genes, while serine-2 phospho-
rylation increases toward the 3’ end and is characteristic of an elongating
RNAPII (Komarnitsky et al., 2000; Schroeder et al., 2000). When the CTD
is deleted, the three steps of pre-mRNA processing in vertebrates; capping,
splicing and polyA site cleavage, are inhibited. CTD deletion is also able
to affect the overall levels of transcription but it does not necessarily affect
the accuracy of initiation (McCracken et al., 1997a,b). It is now well estab-
lished that the CTD plays a direct and major role in coupling transcription

with processes such as chromatin modification and pre-mRNA processing
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(Egloff et al., 2012; Buratowski, 2009). Modifications in CTD undergo dra-
matic changes during transcription to recruit factors at the appropriate point
of the transcription cycle (Egloff et al., 2012). It is known that specific splic-
ing factors recognize specific CTD modifications. As an example, Prp40 and
U2AF65 recognize the serine-2 serine-5 double mark, U2AF65 then recruits
PRP19C, subsequently activating splicing.

The elongation rate

Eperon et al showed in 1988 that the rate of RNA synthesis affects its sec-
ondary structure, thereby affecting splicing (Eperon et al., 1988). In a differ-
ent experiment, inserting a sequence that leads to the pausing of the RNAPII
in the tropomyosin gene, higher inclusion in tropomyosin exon 3 was ob-
served (Roberts et al., 1998). Another evidence for a role of the RNAPII
elongation in alternative splicing is that promoter identity and occupation
by transcription factors modulates alternative splicing (Cramer et al., 1997;
Kornblihtt, 2005), which affects alternative splicing outcome (Cramer et al.,
1997,1999; Auboeuf et al., 2002; Pagani et al., 2003; Robson-Dixon and Garcia-
Blanco, 2004).

The first promoter effect in alternative splicing was observed using re-
porter minigenes for the alternatively spliced cassette exon 33, also known
as EDI or EDA, of human fibronectin (FN) (Cramer et al., 1997, 1999). The in-
sertion of pausing elements in reporter minigenes affects the elongation rate
of RNAPII, leading to the inclusion of the alternative exon when RNAPII is
paused or slowed down (de la Mata et al., 2003). The same mechanism was
shown using the fibroblast growth factor receptor 2 (FGFR2) gene (Robson-
Dixon and Garcia-Blanco, 2004). The effects on the different inclusions of
these exons were not the consequence of the promoter strength, but de-
pended on some qualitative properties conferred by promoters to the tran-
scription/RNA processing machinery. These findings opened a way to con-
sider that factors and elements, classically defined as transcriptional regu-
lators, could also be necessary for splicing regulation. Recent results have
shown that inhibition of RNAPII elongation can yield not only the inclusion

but also the skipping of alternative exon (Ip et al., 2011), probably due to



14 1. Introduction

splicing silencing mechanisms playing a role at some genes at low RNAPII

elongation.
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1.5 Chromatin as a regulator of alternative
splicing

The control of RNAPII elongation rate and the factors associated with
transcription do not seem to be sufficient to completely explain the regula-
tion of alternative splicing. A major recent discovery is that chromatin struc-
ture can act as a key regulator of alternative splicing. In 1991, Adamis and
Babiss proposed that pre-mRNA splicing might be regulated by chromatin
involving changes in transcriptional elongation rates (Adami and Babiss,
1991). Later, the model was confirmed by Kornblitth’s lab: they found evi-
dence in mammalian cells that alternative splicing can be modulated using
a slow mutant RNAPII (de la Mata et al., 2003) but also applying a treat-
ment with a histone deacetylase inhibitor TSA (Nogues et al., 2002), which
confirms that a change in the chromatin state can regulate alternative splic-
ing. Further support came from the results in CD44 using minigenes: the
effect on splicing was due to the recruitment of specific hormone receptor co-
regulators that remodeled the chromatin (Auboeuf et al., 2002). Later results
showing that chromatin remodelers of the SWI/SNF family have an effect
in alternative splicing (Batsche et al., 2006) would definitively confirm the
importance of chromatin structure in splicing. Moreover, results from Grou-
dine’s lab provided consistency to this idea, showing that methylation of a
DNA sequence within a gene affects locally chromatin leading to RNAPII
slow down without affecting transcription rate (Lorincz et al., 2004).

The relation between chromatin and splicing may have an explanation
in an structural relation between exons and nucleosomes. Nucleosomes are
defined as a extent of 147 bp DNA wrapped around an octamer of four core
histone proteins (H3,H4,H2A and H2B), the structural unit that determines
the conformation and compaction of chromatin (Luger et al., 1997; Kornberg
and Lorch, 1999). Nucleosomes can act as barriers that locally modulate the
progression of RNAPII (Hodges et al., 2009), suggesting that nucleosome

density and chromatin structure can modulate the RNAPII kinetics and in
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that way regulate alternative splicing (Subtil-Rodriguez and Reyes, 2010).
Exons and introns have a positional preference within a gene, which was ob-
served by the finding of a periodical pattern for successive 3’ss and 5’ss com-
patible with nucleosome phasing (Beckmann and Trifonov, 1991). In agree-
ment with these prior evidences, genome wide mapping of nucleosomes al-
lowed to find their enrichment at exons, independently of gene expression
(Kolasinska-Zwierz et al., 2009; Schwartz et al., 2009; Tilgner et al., 2009) and
their positioning seem to be determined by the very same sequences defining
introns. Enrichment of the nucleosome around exons is conserved in evo-
lution and is found in gametes and somatic cells (Nahkuri et al., 2009). The
differences observed between alternatively spliced exons, with lower enrich-
ment of nucleosomes, and constitutive exons flanked by long introns, with
higher enrichment, suggest a link between chromatin structure, nucleosome
positioning and the regulation of alternative splicing. In this model, the chro-
matin structure would be capable of determining the splicing choices.

Several groups have used chromatin inmunoprecipitation followed by
high-throughtput sequencing (ChIP-Seq) or by microarray analysis (ChIP-
chip) to examine the relation between histone modifications and exon-intron
boundaries (Kolasinska-Zwierz et al., 2009; Tilgner et al., 2009; Schwartz
et al., 2009; Spies et al., 2009; Andersson et al., 2009). They have shown that
histone modifications and DNA methylation are not randomly distributed
through exons and introns, which suggests a probable relation to exon defi-
nition and therefore to splicing. Some histone modifications, like H3K36me3,
H3K4me3 and H3K27me2, showed enrichment at exons, while others like
H3K9me3 showed depletion (Spies et al., 2009); and these enrichments levels
were not all consequence of transcriptional activity (Spies et al., 2009). How-
ever, H3K36me3 which is a transcription mark, was more highly enriched in
constitutive exons than in the alternative ones in active genes (Kolasinska-
Zwierz et al., 2009; Andersson et al., 2009).

To explain how alternative splicing is regulated by chromatin, two non-
exclusive models have been proposed; the recruitment model, by which dif-
ferent factors associate with the histone modifications and the transcription
machinery to regulate splicing choices, and the kinetic model; where the

chromatin state controls exon inclusion by modulating RNAPII elongation.
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A third mechanism has also been proposed, in which both chromatin state
and transcriptional regulation are influenced by spliceosomal factors (Lin
et al., 2008; Zhou et al., 2011; de Almeida et al., 2011; Kim et al., 2011).

The kinetic model is based in two assumptions: first, there is a variable
elongation rate and second, its modulation results in alternative splicing (see
The elongation rate section above). Chromatin states control the RNAPII
elongation rate. The evidence of a preferential nucleosome positioning over
the exons indicates a possible modulation of the elongation rate in both con-
stitutive and alternative splicing. As we commented previously, the nucle-
osome can act as a roadblock for the transcription, which gives time to the
splicing machinery to ensure the coordinated recruitment and assembly of
the spliceosome. These mechanisms have been observed in a number of
cases: For instance, membrane depolarization of neuronal cells in the re-
gions around exon 18 in the NCAM gene, triggers H3K9 hyperacetylation
leading to the skipping of the exon due to the chromatin relaxation and
the enhancement of transcriptional elongation rate (Schor et al., 2009). In
the FN gene, where previous reports had shown the effect of the transcrip-
tion rates in the inclusion of the alternative exon (de la Mata et al., 2003), it
was shown that targeting siRNAs to the downstream intron of the alterna-
tive exon produces an increment of heterochromatin marks, H3K9me2 and
H3K27me3, and the recruitment of HP1a, slowing down the elongation rate
and leading to the inclusion of the alternative exon (Allo et al., 2009). Fur-
ther results support the kinetic model: the CD44 gene was found to be en-
riched in H3K9me3 and HP1~, a transcriptional repressor, acting as a bar-
rier for elongation and leading to the inclusion of alternative exons (Saint-
Andre et al., 2011). More recently, the CCCTC-binding protein (CTCF) was
found to bind the DNA near an alternative exon of the gene CD45, which
would locally pause RNAPII, affecting the inclusion of the alternative exon
(Shukla et al., 2011b). Since CTCF cannot bind to mehylated DNA, the ef-
fect of CTCF in splicing is dependent on the methylation of the target sites.
Vezfl, another binding protein, has been found to regulate splicing by modu-
lating transcriptional elongation similarly to CTCF, and there is evidence for
the interaction between Vezfl and Mrgl5/Mrgbp, a protein that recognizes
H3K36me3 (Gowher et al., 2012).



18 1. Introduction

The recruitment model is based on the assumption that some chromatin
features can directly interact with the splicing machinery, thereby affecting
the splicing choices. For instance, specific histone modifications can direct
the recruitment of splicing factors to the nascent RNA via formation of a
chromatin-splicing adaptor complex (Luco et al., 2010), reviewed in (Luco
and Misteli, 2011; Luco et al., 2011). Initial results also showed the recruit-
ment of the U2 snRNP to H3K4me3 through the direct interaction with the
binding protein CHD1, a chromatin remodeling factor related to transcrip-
tion elongation and open chromatin maintenance (Selth et al., 2010), and one
of the components of U2 snRNP, the SF3al (Sims et al., 2007). Similarly,
there is evidence of HP1 binding to H3K9me3 and interacting with ASF/SF2
and various hnRNP splicing repressors (Loomis et al., 2009; Piacentini et al.,
2009). More recently, the analysis of different PTB-dependent genes showed
that the MRG15 protein interacts with H3K36me3 inhibiting the inclusion
of the alternative exon (Luco et al., 2010). Several lines of evidence support
the idea of a direct interaction between H3K36me3 and proteins involved in
pre-mRNA splicing. For instance, the Psip1/Ledgf protein specifically rec-
ognizes H3K36me3 in active genes. Psipl/Ledgf co-localizes and interacts
with SRSF1 and other members of the SR protein family (Pradeepa et al.,
2012). The direct interaction through SRSF1, H3K36me3 and splicing fac-
tors could possibly modulate pre-mRNA splicing (Pradeepa et al., 2012).
Recent results suggest that the CHD1 protein could preferentially remodel
H3K36-methylated nucleosomes, mediating its activity in coding regions in
association with RNAPII in S. cerevisiae (Smolle et al., 2012). If this mech-
anism is conserved in higher eukaryotes and is localized near alternative
exons, it could represent another protein interacting with H3K36me3. Since
H3K36me3 is enriched in exons (Kolasinska-Zwierz et al., 2009) and there is
increasing evidence of its role as a major recruitment mark of spliceosome
components, the relevance of H3K36me3 in the regulation of splicing could
be studied more generally using genome-wide datasets, to extend it beyond
the subset of genes for which there is evidence so far.

Results from different studies indicate that the kinetic model and the re-
cruitment are not mutually exclusive. In most cases, the recruitment of splic-
ing factors through the interaction with chromatin leads to changes in the

modulation of RNAPII elongation rates, leading to the combination of the
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two models in an interconnected system. That is the case of Brahma (Brm), a
subunit of the SWI/SNF complex, which binds to the CD44 alternative exons
and interacts with spliceosomal components and the RNA-binding protein
Sam68. At the same time Brm, triggers the accumulation of RNAPII (Batsche
et al., 2006). Similarly, HP1y binds to H3K9me3, favoring the inclusion of
alternative exons, probably by affecting the elongation of the RNAPII (Saint-
Andre et al., 2011).

All the facts presented before, show that the relation between chromatin
and splicing may be more complex than initially expected. The observation
that H3K36me3 can be dependent on splicing (de Almeida et al., 2011), sug-
gests that in actively transcribed genes transcription and pre-mRNA splicing
can reach back to chromatin. This leads to the proposal of an interconneted
feedback loop between RNAPII, chromatin and splicing (de Almeida and
Carmo-Fonseca, 2010).
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1.6 Non-coding RNAs in alternative splicing

Overview

Non-coding RNAs (ncRNAs) were first initially proposed to be regulators of
gene transcription in mammalian cells (Green and Weinberg, 2011; Gagnon
and Corey, 2012). However, they are now known to regulate genes and
genomes at different levels, including chromatin structure, transcription, RNA
stability and translation (van Wolfswinkel and Ketting, 2010; Buhler and
Moazed, 2007; Carthew and Sontheimer, 2009). Furthermore, they can act
as activators or inhibitors and their disruption has been linked to disease
(Taft et al., 2010). Recent reports show that there is an emerging role for ncR-
NAs as regulators of alternative splicing by regulating the expression of key
splicing factors (Makeyev et al., 2007; Boutz et al., 2007; Kalsotra et al., 2010),
by RNAi mediated transcriptional gene silencing (Allo et al., 2009; Ameyar-
Zazoua et al., 2012), by direct regulation with ncRNAs binding directly to
the target pre-mRNAs (Kishore and Stamm, 2006a,b; Kishore et al., 2010) or
even regulating levels of active SR proteins, as is the case of the long ncRNA
MALATI (Tripathi et al., 2010; Zong et al., 2011) and the more recently de-
scribed new class of snoRNA like long ncRNA (Yin et al., 2012). Here, I will
focus on the nuclear RNAIi process, the transcriptional gene silencing and
the Argonaute proteins, specially Argonaute-1 (AGO1), which are the inte-
gral effectors of the transcriptional and post-transcriptional RNA silencing
pathways.
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RNA interference

In eukaryotes, sSRNA-mediated epigenetic gene silencing pathways are well
conserved. sRNAs can regulate gene expression in mammals, Drosophila,
Caenorhabditis elegans and plants by three different conserved pathways; tran-
scriptional gene silencing (TGS), post-transcriptional gene silencing (PTGS)
and translational (miRNA) inhibition (Lagos-Quintana et al., 2001; Lau et al.,
2001; Lee and Ambros, 2001). RNAi consists on small RN As that act cotran-
scriptionally targeting the nascent RNA while the effector complexes interact
and regulate the transcriptional machinery (Castel and Martienssen, 2013).
In eukaryotes the RNAi machinery is one of the most conserved compo-
nents (Ketting, 2011). RNAi is initiated in the cytoplasm by long dsRNAs or
hairpin RNAs which are processed by Dicer (DCR) into short duplex small
RNAs (Bernstein et al., 2001). Small RNAs can enter through different ways
in RNAi pathways, but they all exert their effects through the RNA-induced
silencing complex (RISC), that at its core has an Argonaute protein. After
being processed by DCR, duplex RNAs are loaded onto Argonaute, which
is known as the component of RISC which directly interacts with the sSRNA
(Hammond et al., 2001).

The discovery of RNA interference (RNAi) (Fire et al., 1998), showed that
there was a class of small RNAs with important regulatory functions (Hamil-
ton and Baulcombe, 1999), collectivelly called sRNAs. They are generally
short ~ 18-30 nucleotides long; they do not code for proteins; exert their
function as RNA molecules generally combined with protein factors; and
represent a substantial portion of the RNA output of cells. Small RNAs are
pervasive throughout eukaryotes and they are also present in some archea
and eubacteria (Hock and Meister, 2008; Karginov and Hannon, 2010). Tran-
scriptional gene silencing (TGS) was the first function of nuclear RNAi to be
described, where RNAI reduces transcription guiding localized heterochro-
matin at the target region. TGS takes place through DNA methylation or
accumulation of histone modifications and has been related to protection
of genome integrity by silencing of repetitive regions of the genome (Sabin
etal., 2013). Interestingly, there is also evidence of endogenous sRNAs medi-
ating the TGS (Kim et al., 2008). TGS caused by siRNAs was first observed in
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plants showing the supressed phenotype of a transgene (Matzke et al., 1989).
This process was later explained by the involvement of DNA methylation in
the targeted gene as the cause of suppression. Evidence for siRNA medi-
ated TGS in S. pombe was correlated with histone 3 lysine 9 (H3K9) methy-
lation (Mette et al., 2000; Jones et al., 2001; Volpe et al., 2002). On the other
hand, post-transcriptional gene silencing (PTGS) is related to either the de-
struction or the translational inhibition of mRNA, where the transcription of
the gene is not affected but gene expression is lost due to unstable mRNA
molecules. In this RNAi pathway, short double-stranded RNAs can trigger
post-transcriptional silencing through sequence specific recognition of en-
dogenous transcripts (Joshua-Tor and Hannon, 2011). PTGS was also first
found in plants, where nuclear-run on assays clearly showed that the tran-
script was present but that it failed to accumulate in the cytoplasm (Ingel-
brecht et al., 1994). Although sRNAs typically known to silence gene ex-
pression by mRNA degradation, recent results show a broader function, in-
cluding the regulation of transcription and splicing, leading to the evidence
of nuclear AGO-RNA complexes in mammals (Allo et al., 2009; Ameyar-
Zazoua et al., 2012).

Argonaute protein family

The Argonaute proteins form an evolutionarily conserved family defined by
their role in silencing the expression of genes in various ways (Murphy et al.,
2008). Moreover, all RNAi dependent pathways share the presence of an
Argonaute protein. Argonaute proteins are highly conserved and are present
from Archaea to human (Murphy et al., 2008). The number of AGO genes
changes widely from 1 in S. pombe to 27 in C. elegans (Meister and Tuschl,
2004). The Argonaute protein family was first identified in plants (Bohmert
et al., 1998). They are known to be key players identifying RNAI targets
through the binding to 21-35 nt long sSRNAs, whose sequence identifies the
genes to be silenced. These Argonaute-RNA complexes carry out different
functions like repression of gene transcription, cleavage or degradation of
target mRNAs, or even block mRNA translation. Argonaute proteins are di-
vided in two subfamilies, the AGO subfamily and the PIWI subfamily. In



1.6 Non-coding RNAs in alternative splicing 23

human there are 8 Argonaute proteins, 4 from the AGO clade (AGO1-4) and
4 from the PIWI clade (PIWIL1-4) (Carmell et al., 2002; Sasaki et al., 2003).
Agol, Ago3 and Ago4 genes are clustered in chromosome 1 while Ago?2 is
located in chromosome 8 (Hock and Meister, 2008). In humans AGO pro-
teins bind to 21 nt small interfering RNAs (siRNAs) and 21-23 nt microR-
NAs (miRNAs). AGO proteins are essential for development and differen-
tiation. The PIWI subfamily of genes are located in chromosomes 12, 11, 22
and 8, (Hock and Meister, 2008). While AGO subfamily is known to be ex-
pressed ubiquitously in many organisms, the expression of PIWI proteins is
restricted to the germ line, where they bind 23-30 nt Piwi interacting RNAs
(piRNAs). However, recent findings show evidence of PIWI proteins and
their bound piRNAs in the somatic cells (Yin and Lin, 2007; Lin and Yin,
2008), showing interaction with HP1a which suggests a more general epige-
netic function of piRNAs.

Argonaute proteins show three key structural characteristic domains: PAZ,
PIWI and MID domains. The PAZ domain recognizes and binds the 3" end
of sSRNAs (Yan et al., 2003; Lingel et al., 2004; Ma et al., 2004) and the PIWI
domain is an RNase H-like fold that harbors the slicer activity for cleavage of
target RNA substrates (Song et al., 2004; Wang et al., 2008b,c). The MID do-
main anchors the 5" monophosphate of an sRNA to the Argonaute protein,
ensuring the guide by multiple cycles of target cleavage (Parker et al., 2005;
Ma et al., 2004). For several years, the analysis of the crystal structure was
limited to isolated domains of the proteins and to archaeal full length pro-
teins (Yuan et al., 2005). Recently, the crystal structure of the human Ago2
was solved revealing new features not present in prokaryotes and also pro-
viding new mechanistic insights about the interaction between the protein
and the target molecules (Schirle and MacRae, 2012). Moreover, Elkayam et
al provided the structure of Ago2 loaded with miR-20a, a 20 mer miRNA,
and showed that the guide is threaded through the entire protein structure,

in interaction with every domain (Elkayam et al., 2012).
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The heterochromatic gene silencing

The silent state of chromatin was believed in the past to be only the conse-
quence of the nucleosome packaging into a dense state due to the different
histone modifications. This dense state would act as a barrier for the tran-
scriptional machinery (Grewal and Moazed, 2003) preventing access of the
RNAPII to the DNA. Currently, it is known that transcription is fundamental
for the assembly of heterochromatin. Several classes of histone modifications
have been described, but the most studied have been methylation and acety-
lation (Kouzarides, 2007). While acetylation is related with gene activation,
methylation can act as activator or repressor of transcription. Methylation of
histone H3 on Lys9 (K9) and Lys27 (K27) and of histone H4 on Lys20 (K20)
are strongly correlated with gene silencing. In particular, H3K9me has an im-
portant role in heterochromatin formation, it is known to be highly enriched
in condensed heterochromatin and it is recognized by the heterochromatin
protein 1 (HP1). Experimental evidence in Drosophila shows that apart from
being part of the large domains of the pericentromeric regions, HP1la was
also found to bind the transcription regions in genes that were actively tran-
scribed. The transcriptional repression mechanism has been well describeb
in S. pombe were there is evidence of Argonaute and siRNA complexes that
associate with H3 Lys9 (H3K9) methyltransferase Clr4 to promote silencing
marks at target regions. Then, the methylation of H3K9 leads to the recruit-
ment of HP1 homolog swi6 that promotes silencing (Nakayama et al., 2001;
Maison and Almouzni, 2004).

Evidence that siRNAs can mediate TGS in mammalians cells has been
reported from different groups (Morris et al., 2004; Castanotto et al., 2005;
Suzuki et al., 2005; Ting et al., 2005; Gonzalez et al., 2008). These groups
showed that siRNAs targeting the promoter region or nearby can lead to the
silencing of the gene (Morris et al., 2004; Castanotto et al., 2005; Suzuki et al.,
2005; Ting et al., 2005). The common patterns of the mechanism involve in-
crease of DNA methylation and/or H3K9 methylation within the targeted
region. Chromatin modifications seemed to have an important role in the si-
lencing effect, as a first requirement for establishment of DNA methylation.

Morever, in plants, before DNA methylation and gene silencing, H3K27me3
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histone modification is required (Lindroth et al., 2004). Weinberg et al pro-
vided another property of the mechanism, showing that it is the antisense
strand of the siRNA and not the sense, the one who directs histone methy-
lation, and that the inhibition of RNAPII prevents the effect (Weinberg et al.,
2006). This means that TGS mediated by antisense siRNAs targeted to pro-
moter regions is RNAPII dependent, and hence, it is connected to transcrip-
tion (Weinberg et al., 2006). The effect of RNAi and cotranscription appeared
like a commonplace for understanding the spreading of heterochromatin
marks (Zaratiegui et al., 2007). First evidences showed similarities between
cotranscriptional silencing and position effect variegations (PEVs). The PEVs
occur in cis within the reach of RNAPII transcription and can influence the
target genes with silencing elements such as histone modifications and RNAi
in a limited distance (Irvine et al., 2006). This explains how the RNAi ma-
chinery silences elements far from the origin of the siRNA as it happens in
the case of the PEVs.

In plants, AGO4 directs chromatin modifications and directly correlates
with H3K9me2 (Zilberman et al., 2003). In S. pombe, Agol protein corre-
lates with H3K9me2 formation and the mechanism also involves the RNA
induced transcriptional silencing (RITS) complex (Verdel et al., 2004). In par-
ticular, AGO1 and AGO2 were found to be implicated in sSRNA mediated
regulation. The Argonaute protein with a more clear role in RNAi is AGO2.
AGO2 acts as the catalytic engine that drives mRNA cleavage, while AGO1,
which is almost identical to AGO2, cannot cleavage RNA in a efficient way.
Both, AGO2 and AGO1 are found to be present in the nucleus (Ohrt et al.,
2008; Ahlenstiel et al., 2012), leading to a possible connection with the chro-
matin. In human cells, AGO1 was found to be involved in the TGS (Kim
et al., 2006; Janowski et al., 2006) while AGO2 was only involved in PTGS
(Janowski et al., 2006). Moreover, AGO1 associates with RNAPII having
an unphosphorilated CTD, probably preventing its elongation through the
siRNA targeted promoter region (Janowski et al., 2006; Kim et al., 2006). All
the results showed that the two main histone modifications involved in the
process were H3K27me3 and H3K9me?2 silencing marks. These two silencing
marks, are characteristic of facultative heterochromatin and are the histone
modifications associated with siRNA mediated TGS (de Wit et al., 2007).
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Argonaute proteins and endogenous sRNA-directed
epigenetic processes

First evidences showed that AGO1 could act as effector for the TGS with en-
dogenous miRNAs, as it does in siRNA mediated TGS in human (Kim et al.,
2008). In this case, AGO1 was enriched at the POLR3D gene promoter fol-
lowed by an overexpression of miR-320 in HEK-293 cells(Kim et al., 2008).
The POLR3D promoter showed an enrichment of the silencing H3K27me3
histone modification. Younger et al, transfecting sequences that mimic miR-
NAs, showed that miR-423-5p mediated TGS when targeting the PR gene
promoter in association with AGO2 and correlating with an enrichment of
H3K9me2 (Younger and Corey, 2011). In that case, there was no proof that
the mechanism could be endogenous. Besides, they also found evidence of
an sRNA similar to a miRNA that can act in the TGS, targeting the promoter
region as in the typical siRNA-directed TGS. Later, several reports suggested
that epigenetic changes can be related with endogenous miRNA inducing ac-
tivation of transcription. For instance, Huang et al identified miR-744, miR-
1186 and miR-466-3p in mouse with high complementarity to the promoter
of the Cenbl gene, activating its transcription (Huang et al., 2012), and simi-
larly for miR-373 in the homologous gene in human (Place et al., 2008).

Additionally, there is evidence that miRNA-induced silencing complex
(miRISC) components functional in the nucleus as well as in the cytoplasm
(Robb et al., 2005) and cross-linking immunoprecipitation (HITS-CLIP) data
showed evidence of AGO2-mRNA CLIP tags mapped to introns (Chi et al,,
2009). All this suggests that AGO1 may be involved in a miRNA-mediated
gene regulation in association with histone modifications and not exclusively
with siRNA-mediated silencing pathways (Gonzalez et al., 2008). More re-
cently, TNRC6A protein was found to be the AGO navigator protein into
the nucleus (Nishi et al., 2013). TNRC6A belongs to GW182 family proteins
which are components of miRISC in animals cells (Ding and Han, 2007).
Nishi et al suggested that the AGO2 protein is transported into the nucleus
by binding with TNRC6A protein in order to perform RNA-mediated silenc-
ing in the nucleus (Nishi et al., 2013).
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Splicing regulation through non-coding RNAs

There are only few examples of splicing regulation through sRNAs. There
is evidence that expression of the C/D box small nucleolar (snoRNA) HBII-
52 regulates the usage of the alternative exon Vb of the serotonin receptor
2C (HTR2C) (Kishore and Stamm, 2006b; Kishore et al., 2010). SnoRNAs, are
small nuclear RNAs that can be detected in the nucleolus and generally orig-
inate from introns (see Appendices). Kishore et al found that the snoRNA
HBII-52 can be shortened by exonuclease trimming, leading to smaller RNA
variants, the psnoRNAs. These psnoRNAs were found to bind with se-
quence complementarity to other RNAs, including pre-mRNAs, influenc-
ing splice-site selection by competing with existing splicing regulatory fac-
tors directly on the pre-mRNA or through association with hnRNPs (Kishore
etal., 2010).

Inspired in mammalian TGS, (Allo et al., 2009) showed the first evidence
of an exogenous siRNA targeted to the body of a gene affecting alterna-
tive splicing in Fibronectin-1 (FN1) gene. Instead of the above described
promoter directed siRNA mediated TGS, siRNAs were targeted at the in-
tron downstream of an alternative exon leading strand basepairing with the
nascent pre-mRNA, which generated a closed chromatin structure that was
able to slow down RNAPII elongation (Allo et al., 2009). The coupling be-
tween alternative splicing and transcription was affected due to the chro-
matin changes. Where a fast, highly processive polymerase favored exon
skipping and a slower, less processive polymerase favored the exon inclu-
sion. More recently, both AGO1 and AGO2 were find to act as regulators
of co-transcriptional pre-mRNA processing in the CD44 gene model. Ear-
lier evidence, showed accumulation of H3K9me3 in phorbol-12-myristate-
13-acetate (PMA) dependent alternative splicing of the CD44 variant exons,
resulting in the recruitment of HP1+, accumulation of RNAPII and recruit-
ment of the spliceosome (Saint-Andre et al., 2011). Further examination
in the same gene concluded that these effects rely in activator AGO1 and
AGO2 complexes, which act affecting the deposition of chromatin marks
(Ameyar-Zazoua et al., 2012). Depletion of AGO1 and AGO2 showed lower
efficiency in inclusion of CD44 alternative exons, meaning that Argonaute
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proteins can act as a link between the splicing machinery and chromatin
modifiers (Ameyar-Zazoua et al., 2012). Moreover, they proposed a mech-
anism were AGO1 and AGO2 proteins associated with sense sSRNAs and an
antisense transcript induce heterochromatin marks leading to RNAPII slow
down, promoting spliceosome recruitment and affecting alternative splic-
ing (Ameyar-Zazoua et al., 2012). However, recent results on D. melanogaster
showed that Drosophila AGO2 chromatin occupancy was not correlated with
splicing of target transcripts regulated upon AGO2 depletion, hypothesiz-
ing that the observed splicing changes due to AGO2 were not performed by
siRNA mediated heterochromatin formation (Taliaferro et al., 2013). Drosophila
AGO2 was localized mainly at the promoter regions acting as a transcrip-
tional repressor with Polycomb group (PcG) proteins and could act as the
mediator of splicing changes, but probably the observed changes in pre-
mRNA were due to AGO2 binding to the pre-mRNA and not to chromatin
(Taliaferro et al., 2013). On the other hand, there was evidence of snoRNAs
binding to Drosophila AGO2 CLIP targets (Taliaferro et al., 2013), which
could indicate a mechanism of Drosophila AGO2 sRNA mediated regulation
of splicing changes different from (Allo et al., 2009; Ameyar-Zazoua et al.,
2012).
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This section includes the methods used in the articles: (Allo et al., 2009)
and two others that at the moment of writing have been submitted for pub-
lication. Since the three articles are connected, and in most of the cases the
data is the same, it is more convenient to describe first the methods used and

then show the results obtained in a separate section.

2.1 Genomic annotations

In many of the results in the next section we use genomic annotation.
We retrieved all the information from UCSC tables (Meyer et al., 2013) for
the human genome NCBI36/hg18 assembly. We initially used Refseq (Pruitt
et al., 2012) gene annotation. In order to recover more gene and transcript
information, we later used Ensembl genes, release 54 (Hubbard et al., 2009).
Refseq genes are based on cDNA evidence, meaning that a Refseq gene is not
always a unique locus. In contrast, Ensembl annotates gene loci. Thus, it can
happen that two refseq genes correspond to the same gene locus, or that the
same Refseq gene appears in two different loci. In order to avoid possible
gene duplicates, we merged RefSeq genes and transcripts that overlap in
the same locus, according to exon overlap. From the annotation we selected

different genic regions: exons, introns, TSS, pA, gene tails and promoters.

2.2 Predicting miRNA targets

We used Miranda (John et al., 2004) for miRNA target prediction. We
chose Miranda (John et al., 2004) as it generally gives a large amount of pre-
dicted targets for each query sequence and we can filter them according to
different criteria. Miranda provides optimal sequence complementarity, i.e.
mature miRNA:mRNA pairs, and a score. The score is a weighted sum of
match and mismatch scores for base pairs. The weights are position depen-
dent and reflect the relative importance of 5" and 3’regions. We choose as

initial threshold a minimum alignment score of 150.
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In order to remove possible false positives, we performed an empirical
p-value calculation for the target predictions. For this calculation, we se-
lected randomly 30 miRNAs from MiRbase Database (Griffiths-Jones et al.,
2008). In order to have a control dataset of miRNAs, we shuffled 30 miRNA
sequences from MiRbase Database (Griffiths-Jones et al., 2008). The miR-
NAs generated from shuffling were thus similar in sequence length and
composition to the real miRNAs. We used the dataset of intron sequences
extracted from hgl18 RefSeq genes at UCSC, in total 58692 introns. We pre-
dicted miRNA like targets, with minimum score 150, in the 58692 introns
dataset from the 30 miRNAs and the 30 shuffled miRNAs. For each of the
predicted targets we recovered an score from Miranda (John et al., 2004).
We found that for a score of 165, the empirical p-value was 0.03160667 (Ta-
ble 2.1), i.e. 165 was the minimum score that showed significant differ-
ences between the targets predicted with shuffled and real miRNAs. Real
miRNAs distribute slightly more widely than random miRNAs (Figure 2.1)
(Kolmogorov-Smirnov p-value = 0.005235).

Table 2.1: Empirical p-values for different alignment scores

For each score greater than 150, we calculated an empirical p-value from the distri-
bution of the scores of the targets predicted with the shuffled miRNAs. We found
that at a score of 165 or greater this p-value was significant.

score >= | p-value
160 0.06588081
165 0.03160667
170 0.01266513
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Figure 2.1: Distribution of all posible scores of microRNA targets in a set of 58692
introns with 30 real microRNAs (black) and 30 shuffled microRNAs (grey). We cal-
culated empirical p-values for different scores.

2.3 Alternative event definition

For many of the analysis in this thesis we used alternative splicing events
defined using different methods. Initially, we used EST data to define if an
exon was always included or not. Subsequently, we add information from
RNA-Seq data and for some analysis we also used evidence from Exon Junc-
tion arrays. For all these cases, we define as alternative an exon that is not
100% included considering all the evidences, or any combination of them.
The inclusion levels are measured in a scale from 0 (totally excluded) to 1

(totally included). We focused in cassette exon events for our calculations.

Alternative exons from EST evidence

We extracted all 185,500 introns from the 19,339 hgl8 RefSeq genes from
UCSC. We used the available EST data from dbEST (Boguski et al., 1993)
to classify the exons from the annotation and considered only exons sup-
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ported by more than 10 ESTs. 77507 exons had 100% inclusion level and
were classified as constitutive, and the rest, 67802 exons, were classified as
alternative. We obtained the two introns flanking each exon that has been
classified as alternative or constitutive. Since some of the exons could share
the same flanking introns, to avoid repeated signals we selected the 110047
different introns flanking constitutive exons and the 101205 introns flanking
alternative exons. Moreover, we used 14843 introns next to exons defined
as cassette, which referred to exons that were entirely exon skipped. Finally,
the introns were classified according to the splicing properties of the flanked

exons.

Afterwards, we added information from Ensembl54 (Hubbard et al., 2009),
in order to recover more exons. Using the same procedure described before,
we extracted the exons from the annotation and built all possible cassette
exon triplets. We retrieved only those that had evidence of more than 10
ESTs and we recalculated the alternative and constitutive events. From now
on, we refer as alternative exon a cassette exon event. The (Figure 2.2) shows
the distribution of the inclusion values for alternative (cassette exons) events
and constitutive events with more than 10 ESTs obtained from Ensembl54

annotation.

Alternative exons
m Constitutive exons

Density
~
|

T T T T T
0.0 0.5 1.0

Inclusion level

Figure 2.2: Distribution of inclusion levels values for the exons with evidence from
more than 10 ESTs, classified as alternative (green) or constitutive (100% inclusion)
(red). In this case alternative exons are cassette exons.
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2.4 Study of splicing from high-throughput
sequencing

Alternative splicing events inference from RNA-Seq data

RNA-seq can be used to quantitatively examine splicing diversity using reads
that span splice junctions. RNA-seq reads can span exon-exon junctions,
which make them undetectable when using an unspliced alignment method.
The first approaches to study splicing with RNA-Seq data were based on
custom reference databases of all possible exon-exon junctions, reconstruct-
ing event sequences from each exon start and end, on which the reads were
mapped (Figure 2.2). Based on (Wang et al., 2008a; Pan et al., 2008) and using
different RNA-seq datasets, we developed a method for calculating signifi-

cant changes in inclusion for cassette exons.

junction12 junction23

exclusion junction 13

s pecovered junction length

abnt

Figure 2.3: We mapped the reads to the set of pre-calculated junction sequences (
exclusion junction 13 and the inclusion junctions 12 and 23) of 56nt length, contain-
ing the last 28 bases of the upstream exon the first 28 bases from the downstream
exon.

Candidate cassette events were calculated considering all combinations
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of three adjacent exons (E1, E2, E3) in the Ensembl54 annotation. All the pos-
sible exon-exon boundaries (splice junctions) of 56nt were generated from
each exon pair, containing the last 28 bases of the upstream exon and the
first 28 bases from the downstream exon (Figure 2.3). We used this require-
ment based on the read length, to ensure that junctions had a minimum of
4 bases in each side of the exon-exon boundary. Reads from the RNA-Seq
samples were uniquely mapped to the junctions using Bowtie (Langmead
et al., 2009), allowing up to 2 mismatches. The inclusion level (I) of the mid-
dle exon was calculated as the fraction of reads that include the exon over
the total number of reads that include and skip the exon;

(n12+n23)

_ 2
I= n13 + (77“2—2%23) @1)

Where ni2, no3 and n;3 are the number of reads that span the junctions
E1E2, E2E3 and E1E3, respectively. In this way, we can measure the inclu-
sion changes between two different conditions (Cond) as the log2-rate of the

inclusion levels.

I

M = logs (C“I) (2.2)
Cond2

In order to estimate the significance of the inclusion changes, we used

Pyicos (Althammer et al., 2011) to calculate a significance score as a function

of the total number of reads in the junctions, described by the A value:

A = loga (n12Cond1 + N23Cond1 + N13Cond1 + N12Cond2 + N23Cond2 + N13Cond2)
(2.3)

The significance of the enrichments was estimated by comparing the en-
richment values between the two conditions (Cond) to those obtained by
comparing the replicas. When there were no replicas, the relative changes
were compared to a null distribution built from the two conditions. The null
distribution is inferred from the random rearrangement of the reads from
both conditions, taking into account the relative sizes of the original samples.

Finally, we selected those events with a significant change in all comparisons,



38 2. Methods

Benjamini-Hochberg corrected p-value < 0.01. The (Figure 2.4) shows the
comparison MCF7 over MCF10A, the upper part in red shows the exons that
are significantly included in MCF7 compared to MCF10A. The bottom part
in red shows the exons that are significantly skipped in MCF7 compared to
MCF10A.

MCF7/MCF10

Figure 2.4: Example showing the events changing significantly between MCF7 and
MCF10A using our method, RNA-Seq data from (Sun et al., 2011). The figure shows
significantly included exons in MCF7 compared to MCF10A, red points in the up-
per part. In the bottom part, the red points show significantly skipped exons in
MCF7 compared to MCF10A. Adjusted p-value < 0.01. In black, the exons without
significant inclusion level change.

As a test of our method, we used RNA-seq data from 6 different tissues
(brain, cerebral cortex, heart, liver, lung and skeletal muscle) and a set of
5739 ASEs from microarray evidence in the same 6 tissues (Pan et al., 2008).
Using the RNA-Seq data, we were able to recover 3515 ASEs, using our exon
triplets built from Ensembl54 annotation, which overlapped 60% of the 5739
ASEs from the microarray data (Pan et al., 2008). For each ASE we com-
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pared our inclusion values with inclusion values and from (Pan et al., 2008)
obtained from RNA-Seq and the microarray experiment (Pan et al., 2008).
We found a Pearson correlation coefficient of 0.6 with the microarray (Figure
2.5), similar to what they found (Pan et al., 2008) between the RNA-Seq and
the microarray and a Pearson correlation coefficient of 0.97 with the values
of the RNA-Seq from (Pan et al., 2008).

ARPAY Inc usion
ARPAY Inc usicn

RNAseq Inclusion PNAseq Inclusion
All the events with reads in the junctions Events with at least 20 reads in the junctions

Figure 2.5: Comparison between our inclusion values in the 6 studied tissues and
the inclusion from microarray evidence in the same tissues from (Pan et al., 2008).
The left plot shows all the cases for which we have evidence of RNA-Seq data and
the right plot shows these events with at least 20 reads

Splicing score efficiency

We defined a new splicing score measure, the Splicing Efficiency Score (SES).
For each intron, we define s as the number of spliced reads defining the in-
tron and u as the number of reads over exon-intron boundaries (Figure 2.6).
To avoid confounding effects from alternative splice sites in the calculation
of u, all reads that fall entirely inside any of the annotated exons were first
discarded.

SES is thus defined as:
S

s+ u

SES =

(2.4)

Significant changes in the SES score were calculated analogously to the
AS change calculation described above. We kept the introns with an adjusted

p-value less than 0.05. The SES is given in a scale from 0 to 1, where 0 is when
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- um

u u

Figure 2.6: Schema showing the reads used for the calculation of the SES. We cal-
culate the fraction of reads that define the intron over the total reads that cross the
intron-exon boundaries. We avoid reads that fall entirely in the exons.

the intron is not spliced and 1 when it is totally spliced. The SES represents

the efficiency of intron excision from the pre-mRNA.

2.5 ChlP-seq data processing and
normalization

We obtained ChIP-seq data in MCF7 and MCF10A cells for AGO1, to-
tal H3, H3K36me3, H3K9me2, H3K27me3, HPla, 5 methylated Cytosine
(5bmetC) and RNAPII. Additionally, we included RNAPII in MCF7 (Welboren
et al., 2009) and CTCF in MCF7 and MCF10 (Ross-Innes et al., 2011). As con-
trol samples we used ChIP-seq data with a non-specific antibody, for MCF7
and MCF10A. Additionally, we used a specific control sample for HP1a and
5metC. Reads were mapped to the reference genome hgl8 using Bowtie-
0.12.7 (Langmead et al., 2009) keeping the best unique matches with at most
2 mismatches to the reference (with these parameters -v 2 —best —strata -m 1).
All the samples reads were extended to 200nt in the 5’ to 3" direction using
Pyicos (Althammer et al., 2011), apart from AGOI1 reads that were extended
to 350nt, based on the mean size of the fragments obtained after sonication
for each sample. Using BedTools (Quinlan and Hall, 2010) we removed the
reads overlapping centromeres, gaps, satellites, pericentromeric regions and
the “Duke excluded” regions, which are regions of low mappability defined
by ENCODE (Myers et al., 2011). For each sample, we built clusters with the
reads that were overlapping each other on the genomic coordenates using
Pyicos (Althammer et al., 2011). We finally discarded singletons, defined as



2.5 ChIP-seq data processing and normalization 41

clusters with only one read.
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MCF7 ° h

RINAPI = 1 bkl il Bl sk .t s, i AR b M b L
° IIFENIN INHI EEENINIEE | NI NN ENINEE 1§
: chr1

Eﬁ;;ﬁ Zj RO I TV U I TSAOON A R T T l.‘\mu RTINS n_?uhhlh.\,w,\‘ I R,

[ 50 100 150 200 250

Figure 2.7: The differences in coverage between sample (RNAPII) and control for
the two cell lines, RNAPII (blue) over control (grey) in chromosome 1. Y axis shows
the read coverage values.

In order to avoid the usage of clusters that are possibly part of the back-
ground noise and not of the real ChIP-seq signal, we used the control ChIP-
seq samples to identify significant clusters. We observed that the coverage
of reads between samples and control can vary in a high degree in each sam-
ple (Figure 2.7). In order to perform an accurate normalization, we needed
to estimate the level of background reads (Liang and Keles, 2012). We as-
sumed that each ChIP-seq sample is composed of a number of regions with
high coverage, which are significant, and a number of non significant regions
with low coverage, likely corresponding to the majority of regions. We con-
sidered these low coverage regions to be equivalent to the background, so
that we expected to find them with similar densities in the control samples
(Rozowsky et al., 2009). We selected the overlapping clusters for each sample
with control and measured the logi of the number of reads for each cluster,
logio(n), and calculated the log-rate as a function of the average read count,
similarly to an MA-plot (M log ratios and A mean average) (Figure 2.8 right
plot).

Some regions showed clearly that the number of reads was higher in the
ChIP-seq samples than in the control (Figure 2.8 right plot). To measure how
significant these regions were compared to the background coverage of the
control, we considered the cases with few reads in both the sample and the

control. In that way, we recovered the differences of the background signal
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Figure 2.8: ChIP-Seq analysis example given for 5metC in MCF?7. a) For the over-
lapping clusters between control and 5metC we plot the log of the number of reads
for each cluster. There is an enrichment of cases in 5metC with more reads than in
the control (the points above the diagonal). For some regions 5metC is more en-
riched, and probably significant compared to the coverage in the same region for
the control sample. Blue points correspond to the overlapping regions where sam-
ple and control have fewer reads, which we consider to be genomic background re-
gions. b) The blue straight line indicates the mean of the [og; ratio between sample
5metC and control, calculated from the background regions in the left plot, which
provides the ChIP/control normalization factor (CNF). From the CNF we obtain a
normalized Bayesian p-value, as the significance of the ratio of the number of reads
in the sample 5metC vs the control. p-values follow a color gradient.

between sample and control, and used this relative difference to normalize
the signals. We used the mean of the log, ratios between overlapping sam-
ple and control selected clusters to calculate the CNF (ChIP/control normal-
ization factor) estimated from the overlapped regions with fewer read-tags,

assuming that these regions were part of the background noise:

B Sample;
CNF = Zl092 < Control > (2.5)

where N is the total number of overlapping sample and control cases.
Sample and Control are the selected cases of overlapped regions with few

reads in both sample and control.

We used the CNF to obtain a normalized Bayesian p-value, as the signif-
icance of the ratio of the number of reads in the sample vs the control based



2.5 ChIP-seq data processing and normalization 43

on (Audic and Claverie, 1997):

(z+y)!
zly! (1 + CNF)EHvHD)

plylz) = (CNF) (2.6)

Where p is the conditional probability inferred from control number of
reads (y) in a given region given a number of sample reads (x) in the same
region.

For each sample, following the described procedure we chose a thresh-
old to select the significant clusters. This threshold could be based on the
number of resulting clusters and the enrichment values relative to the CNF.
In order to get the maximum number of significant clusters que used the

minimum accepted p-value 0.05 (see results).
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2.6 ChlP-seq motif and overlap analysis

To study the significance of the co-occurrence of the different ChIP-seq
clusters in specific regions we used the block bootstrap and segmentation
method developed in the Encode project (http:/ /encodestatistics.org/). Us-
ing a list of genomic regions and two lists of features mapped to them, this
method provides a z-score corresponding to the number of standard de-
viations of the observed overlap compared to the random expected over-
lap. We ran version 0.8.1 of the script Block Bootstrap and Segmentation
(GSC) available at http://www.encodestatistics.org with parameters -r 0.1
-n 10000, where r is the fraction the fraction of each region in each sample
and 7 is the number of bootstrap samples used. The estimates of significance
are conservative because we assumed homogeneity to the regions, thus no
segmentation was used. As input for this method, various regions (genome,
promoters or intragenic regions) and the blocks of ChiP-Seq clusters that fall
within those regions were used. As a positive control, the block bootstrap
method was applied to calculate the overlap between significant clusters for
HNF4A and CEPBA ChIP-seq datasets (Schmidt et al., 2010) in promoter re-
gions, defined to be 500 upstream of the TSS.

The following motif analysis was carried out independently for CTCEF,
AGO1 and HPla clusters: Given a sample set S of N sequences and a con-
trol set SO of N(©) sequences, the number of times n,; that each 7-mer a

appeared in each sequence i was calculated. Likewise, for the control set,
(0)

a,i

the number of occurrences n,; of each 7-mer a per sequence 7, was also cal-

culated. The expected density d\? of each 7-mer was calculated as the ratio
between the total number of occurrences in the control set over the total se-

quence length of the control set:

4O — €59 2.7)



2.6 ChIP-seq motif and overlap analysis 45

where /; is the length of each sequence in the control set. For each se-
quence i in the sample set, and each 7-mer g, it was recorded whether the

observed 7-mer count (n,;) was greater than the calculated expected count
(d”1:):

Sia=1 if ng;>d0l (2.8)
dio =0 otherwise (2.9)

Similarly, for the counts in the control set:

69 =1 if nl) > a0 (2.10)
52(%) =0 otherwise (2.11)

The sum of the ¢;, values over the sequences i represent the number
of sequences for which the 7-mer a4 has an observed count greater than ex-
pected. Thus, for each 7-mer, the odds-ratio (7-mer score) and correspond-
ing p-value were obtained by performing a Fisher test (one-tailed) with these
sums for the sample set and the control set:

7-mer a | more than expected | less than expected

S > i N=> bia

€S €S
N D SF /R e o
ies© ies©

In order to build the consensus motifs, a procedure similar to (Schmidt
et al., 2010) was carried out. First, the top 2500 genome-wide clusters accord-
ing to mean cluster height from each set were considered, selecting only the
clusters with significant 7-mers. For each of the clusters, the sequence of 200
bp centered on the middle position of the cluster was extracted to run MEME
(Bailey and Elkan, 1994) with options dna revcomp zoops.
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2.7 Predictive models: Accuracy Testing and
Attribute Selection

In the last part of the results section we apply a Machine Learning ap-
proach to build a model to classify skipping and inclusion events. In order
to select the most important attributes for the classification, we used a com-
bination of attribute selection methods.

First, to build the predictive model 15 regions around each exon triplet
(E1, E2, E3) were considered (see results). For each region and sample, the
read density was calculated using the RPKM. The relative difference of ChIP-

seq signal for region a between the two cell-lines was calculated as:

d(a
M = logs (”MC”) (2.12)
d(“)MCFlOA

Where d,) is the density in RPKM. The significance of the changes was
calculated using Pyicos (Althammer et al., 2011), as a function of the average

densities in each region:

A= % (l092 (d(a)MCF7) + loga (d(a)MC'FloA)) (2.13)

An attribute for the classification corresponds to the vector of z-scores for
the relative enrichment for each sample-region pair.

Three attribute selection methods were applied: Wrapper Subset Evalu-
ator (WSE), Correlation Feature Selection (CFS) and Information Gain (IG).
IG is defined as the expected reduction in entropy caused by partitioning the
examples according to one attribute, thus the higher the IG value, the better
the attribute can separate skipping and inclusion classes. On the other hand,
CFS works by iteratively testing subsets of attributes, retaining those that
best correlate with the class values (inclusion and skipping), removing those
that have high redundancy between them. In WSE, subsets of attributes
are tested iteratively using a 10-fold cross validation and the space of all
possible subsets is explored heuristically, such that only those subsets that

perform above an optimal threshold are scored as informative. The WSE
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method gives thus the frequency at which each attribute is selected in the
optimization procedure. For WSE we used a Genetic Search algorithm to
explore different combinations of attributes and an ADTree to evaluate the
attributes. Repeated runs of WSE did not change the resulting top attributes.
We selected attributes that showed WSE and CFS frequencies >= 50%, and
a position in the IG ranking in the top 50%. Some of these attributes corre-
sponded to overlapping regions. From these we selected the ones with high-
est IG. In this way, a minimal set of non-redundant attributes with optimal
performance is selected.

For each of the models the accuracy was calculated using 10-fold cross
validation. In this procedure, the datasets are split into training and testing
sets in 10 different ways. Testing sets were chosen such that each event is
predicted just once. The accuracy was measured as the average value of the
sensitivity and specificity over all 10 splits. We also reported the number
of events, either skipped or included, that were correctly predicted by the
model. Each model was built with a given number of attributes, for our ini-
tial model we used 135 attributes. Since our attributes were expected to be
dependent, we applied two different classifiers that were based on depen-
dencies to build the model and test the predictive power of our attributes:
a Bayesian Network (BN) and an alternate decision tree (ADTree). A BN
consists in the combination of conditional probabilities between attributes to
define a network, where each attribute has a probability distribution given
by the conditional probability on one or more parent attributes. ADTree is a
classification method based on binary decision trees, using a voting system
to combine the output of individual tree models. Each individual model has
a tree structure, where each node of the tree represents a binary partition.
At every partition a test is performed for every attribute and the test set that
maximizes the entropy based gain ratio is selected, leading to a tree where
every leaf contains instances from one class when there is no over-fitting.
Individual trees are combined into a single tree using a voting system to
weight the contribution from the multiple binary tests into a final classifica-
tion, which is represented in the leaves. The ADTree has been shown before
to be a good learning algorithm for genetic regulatory response (Middendorf
etal., 2004).
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This section includes the results from three articles: (Allo et al., 2009) and
two other that at the moment of writing have been submitted for publica-
tion. Each of the subsections refers to the results from each of the articles.
Together the three articles, conform a global framework for alternative splic-
ing regulation by chromatin and with a special focus on AGO1 and RNA

mediated transcriptional gene silencing.

3.1 siRNA mediated transcriptional gene
silencing affects alternative splicing

In this section I describe the first evidence for a siRNA mediated tran-
scriptional gene silencing (TGS) alter the inclusion of an alternative exon.
These results were published in (Allo et al., 2009), where I performed the bio-
informatics analysis. Experiments showed that transfection of mammalian
cells with siRNAs targeting a gene region located near the alternative FN EDI
exon can affect alternative splicing of that alternative exon. Previously, the
FN1 EDI exon was found to be regulated by transcriptional elongation (de la
Mata et al., 2003). Several experimental procedures support a transcriptional
gene silencing (TGS) mechanism leading to the slow down of RNAPII elon-
gation rate. In this example, postranscriptional gene silencing (PTGS) was
not responsible for the alternative splicing effect and the transfection of the
siRNAs caused H3K9me2 and H3K27me3 marks. Moreover, the experiments
showed that the effect depends on the presence of AGO1, the Argonaute
protein previously shown to be necessary for TGS. Furthermore, the effect is
reduced or abolished by treatments that promote chromatin relaxation or in-
crease RNAPII elongation, and siRNA transfection causes H3K9 dimethyla-
tion and H3K27 trimethylation at the target gene. It is notable that the silenc-
ing marks are in the vicinity of the siRNA target sites, inside the FN1 gene,
and not on its promoter. This was the first evidence of siRNAs mediating
TGS targeting in genebody regions. Based on these evidences, the transcrip-
tional gene silenced alternative splicing pathway (TGS-AS) was proposed
(Allo et al., 2009).



3.1 siRNA mediated transcriptional gene silencing affects alternative
splicing 51

Experimental evidence

The experimental results performed by Allo et al (Allo et al., 2009) showed
that there was a significant increase of the inclusion over exclusion ratio of
the EDI exon in HeLa and Hep3B cells when siRNAs were directed to the
exon vicinity regions but the total FN1 mature mRNA levels were not af-
fected in both, HeLa and Hep3B cells. They found that the antisense strand
of the transfected siRNAs directed TGS and heterochromatin formation. Two
histone marks, H3K9me2 and H3K27me3, appeared as a consequence of the
transfection and colocalized in the vicinity of siRNA targets sites. Finally,
to validate the importance of AGO proteins in the process, they performed
AGO1 and AGO2 knockdown, which abolished the effect of the siRNA on
splicing. This result confirmed the involvement of AGO proteins in TGS
pathway.

siRNAs directed to intronic regions

First evidences of siRNA mediated TGS indicated that siRNAs are directed
to the promoter regions with high complementarity (Morris et al., 2004; Kim
et al., 2006; Janowski et al., 2006). In order to find the similar effect of a
siRNA but in the gene regions near alternative exons, we focused in the in-
tronic regions flanking alternative cassette exons. First, measures of alter-
native exon inclusion were done with EST data from dbEST. Although we
were able to select exons with enough evidence, in some cases these data is
not enough to detect all possible splicing changes. Splicing inference meth-
ods rely currently on HTS (RNAseq) data, which provides a higher coverage
in alternative splicing changes.

We used our dataset of alternative exons classified from EST evidence
(see Methods for alternative exon definition). We downloaded the dataset of
294,058 transfrags from HeLa cells from (Kapranov et al., 2007) and calcu-
lated the overlap of the genomic coordinates with our intron data set using
fjoin (Richardson, 2006). We found that 43% of the transfrags were com-
pletely included in introns.



52 3. Results

Using different SRNA databases we checked the overlap between dif-
ferent endogenous sRNAs and intronic sequences. We found that 137,108
of 294,058 endogenous short transcribed RNAs previously identified in a
HelLa cell database (Kapranov et al., 2007) overlap intronic regions, of which
37,727 flank ASEs and 9,713 flank cassette exons, such as our model EDI.
Moreover, using the UCSC database (http://genome.ucsc.edu; wgRNA ta-
ble from sno/miRNA track) we found that 289 miRNA precursors, from a
total of 689 miRNAs are located in introns, of which 110 are flanking ASEs.
This indicates that endogenous miRNAs can be located in introns flanking
alternative exons, such the case of the EDI with exogenous siRNAs.

TGS affects ASEs and needs AGO1

AGOL1 and AGO?2 are required for PTGS but the TGS pathway only needs
AGO1 (Janowski et al., 2006). Additionally, some sRNAs acting in the TGS
depend on DCR and not on AGOL1. Based on these two assumptions, we se-
lected a list of 96 cancer related ASEs from an automated high-throughtput
RT-PCR pannel for Hep3B and HeLa cells (Klinck et al., 2008), (Figure 6.1)
and (Figure 6.2), which were transfected with siLuc, siAGO1 and with siDCR.
91 of the 96 events tested had evidence of skipping from EST data. We found
that 35% of the ASEs in Hep3B and 38% of the ASEs in HeLa cells were af-
fected by AGO1 depletion, providing evidence for TGS-AS.

Since we were interested in an AGO1 dependent mechanism, we contin-
ued to analize in more detail these ASEs (Figure 3.1). We found that 53%
in Hep3B and 51% in Hela of the ASEs showed no change upon DCR or
AGO1 knockdowns, meaning that AGO1 dependent changes on alternative
splicing may be exclusive of a certain number of cases. On the other hand,
18% of the ASEs in Hep3B and 27% in HeLa were affected only by AGO1
depletion. These ASEs that are DCR independent, can be involved in path-
ways exclusive to TGS. Finally, we found that 12% of the ASEs in both HeLa
and Hep3B were affected only by DCR depletion (Figure 3.1). We hypothe-
sized that these ASEs may be involved in regulation of alternative splicing
by PTGS pathway, in a process independent of AGOL.
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Figure 3.1: Automated high-throughput RT-PCR platform to screen 96 cancer-
related ASEs. Distribution of DC (percent of genes from the panel) significantly
affected (green, dark and light yellow) or unaffected (red) by AGO1 and/or DCR
knockdown are shown for Hep3B and HeLa. A1) Inclusion change.

In order to add more information and to look for possible dependencies
or specifities due to the intron exon structure, we compared the lengths of
the flanking introns for each of the ASEs. First, for all length distributions
we performed a normality test (Shapiro-Wilk test) and calculated a p-value
for each comparison using the Wilcoxon rank-sum test. We found statisti-
cally significant differences for the upstream introns (Figure 3.2), when we
compared ASEs affected by siAGO1 knockdown and ASEs that were not af-
fected. The AGO1 dependent ASEs showed shorter upstream introns (HeLa
p-value=0.0268 and HepB3 p-value=0.0201). If we considered both, HeLa
and Hep3B ASEs that were affected upon AGOL1 depletion together, up-
stream introns were also shorter than downstream ones, p-value= 0.0064
(first boxplot in (Figure 3.2). However, we didn’t find significant differences
in the downstream intron lengths for any of the comparisons, second box-
plot in (Figure 3.2). When comparing the ratios between the lengths of up-

stream and downstream introns we found significant differences between



54 3. Results

ASEs affected by AGO1 depletion and the ones that were not affected, but
in this case only for Hep3B ASEs ( p-value = 0.0290), third boxplot (Figure
3.2). These results showed that ASEs dependent of AGO1 share common
structural characteristics.
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Figure 3.2: Left panel, upstream intron lengths. Middle panel, downstream intron
lengths. Right panel, log ratio between upstream and downstream intron lengths.
Upstream introns are shorter than downstream ones, p-value=0.0064, when ASEs
are affected by siAGO1 knockdown. We did not find significant differences in
downstream introns.

Then, we followed the same approach with DCR dependent ASEs for
both Hep3B and HeLa. We found significant differences in HepB3 ASEs in
downstream introns when we compared the introns from ASEs that were af-
fected with siDCR knockdown and introns from ASEs that were not affected
by siDCR knockdown, p-value = 0.00241. ASEs affected by DCR depletion
showed similar characteristics to AGO1 dependent introns (Figure 3.3).

In general we found that ASEs affected by AGO1 depletion have shorter
upstream introns. We hypothesized that the downstream intron may favor
excision of the upstream intron by epigenetic marks that stall the RNAPII
and/or by recruitment of splicing factors. For example, C1lorfl7 was af-
fected by AGO1 depletion but not DCR depletion in Hep3B cells (Figure
3.4).
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Figure 3.3: Left panel, upstream intron lengths. Middle panel, downstream intron
lengths. Right panel, log ratio between upstream and downstream intron lengths.
Only downstream introns from ASEs in Hep3B showed significant differences.
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Figure 3.4: UCSC Genome Browser image, hg18. In the figure, Refseq gene track,
ENSEMBL genes track and human ESTs track from UCSC are shown for a fragment
of the gene Cllorfl7, which is in the minus strand and corresponds to a cancer-
related event tested in the PCR platform from primers and that we defined as al-
ternative exon based on EST data. Cllorfl7 ASE changed under AGO1 depletion
in Hep3B cells and not under DCR depletion. We considered it as AGO1 dependet
ASE.

On the other hand, ASEs affected by DCR depletion have longer down-
stream introns. For example, FANCA exon was affected by DCR depletion
but not by AGO1 depletion in Hep3B cells (Figure 3.5).
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Figure 3.5: UCSC Genome Browser image, hg18. In the figure, Refseq gene track,
ENSEMBL genes and human ESTs tracks from UCSC are shown for a fragment of
the gene FANCA, which is in the minus strand and corresponds to a cancer-related
event tested in the PCR platform. The exon is defined as alternative exon based on
EST data. FANCA ASE changed under DCR depletion in Hep3B cells and not under
AGOL1 depletion.

Endogenous sRNA target prediction near Alternative exons

We focused on the events defined from EST data and the ASEs dependent
on AGOT1 from the previous section for the prediction of small RNA (sRNA)
targets. We hypothesized that other endogenous sRNAs, like miRNAs or en-
dogenous siRNAs, can regulate alternative splicing when they are directed
to regions in the vicinity of an ASE. If an endogenous sRNA is affecting the
regulation of an alternative exon we expect to find sRNA targets in the in-
tron flanking the alternative exon. We used different SRNA databases. For
more information on sRNNAs databases resources see appendices (Agirre
and Eyras, 2011) and methods chapter. Additionally, we used Miranda (Mi-
croRNA Target Detection Software) (John et al., 2004) (details in methods
chapter) with all the mature miRNA entries from MirBase 13.0 (Griffiths-
Jones et al., 2008) and the Argonaute database (Shahi et al., 2006) and the

events as target regions.

Initially, we selected as target regions the introns flanking 67802 alterna-
tive exons and 77507 constitutive exons from hg18 RefSeq genes from UCSC.
We performed an exhaustive search of miRNA targets in the introns using
Miranda (John et al., 2004) (see Methods). We extracted the 2323 mature
miRNAS from MiRbase Database (Griffiths-Jones et al., 2008) and 1834 ma-
ture microRNA from Argonaute Database (Shahi et al., 2006) to perform the
target search. For this set, we found higher number of targets in introns
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Figure 3.6: The cumulative distribution of microRNAs with different targets, min-
imun score 165, MirBase database (left) and Argonaute database (rigth), respec-
tively.

flanking constitutive exons. However, the number of miRNAs from MiR-
base with targets was similar (Figure 3.6). The results showed that miRNAs
can target introns flanking alternative exons but also introns flanking consti-

tutive exons.

The differences between constitutive and alternative exons can lie in the
structural characteristics of the intron sequences or in others elements, like
the presence of AGO1. Considering the possibility that the TGS-AS involves
AGO]1, as described previously (Allo et al., 2009), we performed the same
target prediction approach using the cancer related ASEs (Klinck et al., 2008)
that were tested upon depletion of AGO1 in HeLa and Hep3B. We extracted
the flanking introns sequences for all the ASEs and run MiRanda with the
same parameters, and the same two miRNA databases as before. We found
that the mean proportion of events with targets was higher in the ASEs de-
pendent on AGOL1 specifically in Hep3B (Figure 3.7). miRNAs that only tar-
get ASEs affected by AGO1 depletion are candidates for TGS-AS, and miR-
NAs that only had targets in ASEs that were not affected upon AGO1 deple-
tion are candidates for a post-transcriptionally regulated alternative splicing.
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Tables with all the predicted targets in ASEs dependent on AGO1 in HelLa
and Hep3B; Tables (6.1), (6.2) ,(6.3) and (6.4).
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Figure 3.7: Proportion of each score value in the two cell lines, HeLa and Hep3B,
for the Argonaute database microRNA targets and MirBase database microRNA
targets. ASEs affected by AGO1 knockdown (positives) showed higher number of
targets than ASEs that were not dependent on AGO1 in Hep3B (negatives).

3.2 Genome-wide analysis of AGO1 and its
role in alternative splicing

The results of this section are part of the analysis performed for a sec-
ond publication, that was under submission at the time this thesis was being
written . Here I'll show the results of the analyses I performed about AGO1
distribution genome-wide and its possible role in alternative splicing.
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AGO1 distribution in relation to sRNAs

Apart from miRNAs and siRNAs in the last years a myriad of new classes
of sSRNAs had been described . It is very reasonable to think that the en-
dogenous sRNA classes that can act in the TGS-AS are not restricted to be
miRNAs or siRNAs. Other small RNAS, like piRNAs, affect chromatin struc-
ture independent from DCR (Klattenhoff and Theurkauf, 2008). If a piRNA
triggers heterochromatin formation close to an ASE, it will regulate alter-
native splicing in a DCR independent pathway. piRNAs are known to act
mainly in germ line and databases of human piRNAs are still not very com-
mon. Taking into account these restrictions, we focused our analysis on other
classes of sSRNAs. New classes of SRNAs have been recently found, like tran-
scription initiation RNAs (tiRNAs) (Taft et al., 2009) and promoter associated
RNAs (pasRNAs) (Fejes-Toth et al., 2009). For a detailed description of these
sRNA classes, see appendices (Agirre and Eyras, 2011). The biogenesis of
these SRNAs is mainly related with TSS and promoter regions, but their tar-

geting mechanism is still unknown.

Promoter region SUTR SUTR 14 region
(-1000) (+1000)

Figure 3.8: Defined regions: exons, introns, tails ( defined as the region 1kb down-
stream of the pA) and promoters ( defined as the 1kb region upstream of TSS).

First we looked at the distribution of SRNAs along genes using these sR-
NAs and sRNA-Seq data from MCF7 (Mayr and Bartel, 2009). We used hg18
Ensembl54 annotation for the different regions: introns, exons, gene tails (
defined as the region 1kb downstream the polyA-site) and promoters (de-
fined as the 1kb region upstream the TSS) (Figure 3.8). We overlapped the
sRNAs, tiRNAs and pasRNAs using fjoin (Richardson, 2006) to the differ-
ent genic regions. We normalized the proportions by the region length and
removed the first exons, to avoid overlapping signals from the TSS and the

exons.

We found, as expected, that both tiRNAs and pasRNAs have an enrich-
ment in promoters compared to the rest of regions (Figure 3.9). These sSRNAs
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Figure 3.9: pasRNAs (top), tiRNAs (middle), MCF7 sRNAs (bottom). We found
higher proportions of tiRNAs and pasRNAs in promoters regions while sRNAs
from MCEF7 are more related to intron and tail. Proportions were normalized by
region length.

are known to be generated from the backtracking of the RNAPII in the TSS in
the case of tiRNAs and from promoter regions in the case of pasRNAs. It is
known that Argonaute proteins load sRNAs, which are then transported to
their target regions (Meister et al., 2004). Since we found evidence of AGO1
dependent ASEs (Allo et al., 2009) and on the involvement of Argonautes in
all the sSRNA pathways (Hock and Meister, 2008), we looked for the distri-
bution of AGO1 clusters in general and in relation to the origin site of the
snRNA. We normalized the proportion of clusters by the gene regions, in
order to remove biases on the different regions lengths. We also removed
first exons, to avoid overlapping signals. We found that AGO1 co-localize
with sRNA enrichment in intragenic regions, specially introns (Figure 3.10).
When we calculated the proportions of AGO1 clusters that overlap with
sRNAs, we found that the highest enrichment was between pasRNAs and
AGOI1 and specially in intronic and tail regions (Figure 3.10).
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Figure 3.10: Top barplot: Proportion of AGO1 clusters that overlap the different
genic regions. Bottom barplot: Proportion of tiRNAs, pasRNAs and MCF7 sRNAs
overlapping the AGO1 clusters. Proportions were normalized by region length.

AGO1 genome-wide

In view that AGO1 can be related to sSRNAs in intragenic regions, we decided

to perform a more exhaustive analysis of the distribution of AGOL1.

First, we divided genes into 3 groups according to the expression level
in MCF7 cells (high, medium and low), using published RNA-seq data (Sun
etal., 2011). We found an enrichment of AGO1 in the TSS in MCF7 for highly
expressed genes, whereas there was no enrichment for lowly expressed genes
or for the same gene using a randomized set of AGO1 reads (Figure 3.11).
Additionally, we looked at RNAPII densities on the TSS in relation to AGO1
using data from the same publication (Sun et al., 2011) (Figure 3.12). We
found a peak of RNAPII where there was AGO1. In order to assure this
possible enrichment on the TSS of AGO1 related to RNAPII, we analyzed
the distribution of AGO1 in all the genic regions comparing observed vs ex-
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pected. We found that there is a positive enrichment (red) in CpG islands
(CGI) and 5'UTRs, while there is a depletion in exons, gene tail, introns and
intergenic regions (blue) (Figure 3.13 a). We performed the same analysis
with AGO1 in MCF10A cells and found the same enrichments except for
CGlIs (Figure 3.13 a). We hypothesized that AGO1 may be enriched in 5’UTR
or near the first 5’ss rather than on the TSSs. In fact, we found that there is
a significant enrichment of AGO1 primarilly in the first 300nt of first introns
(Figure 3.13 a). This enrichment was also present in first introns for AGOL1 in
MCF10A (Figure 3.13 b). We compared the densities of AGO1, calculated as
RPKM, on the first introns according to expression levels on MCF7 RNA-Seq
and we found that highly expressed genes showed higher densities of AGO1
in the first intron compared to lowly expressed genes (Figure 3.15 a).
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Figure 3.11: Mean density of AGO1 MCF7 reads on the TSS, according to high,
medium and low gene expression in MCF7. In grey the densities of random clus-
ters on the TSS. Random clusters are calculated as regions from the same length,
not overlapping real clusters and excluding conflictive regions ( gaps, centromeres,
satellites...)

The MCF7 sRNA library (Persson et al., 2009) showed an overlap of AGO1
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Figure 3.12: Polll (RNAPII) mean density of reads on the TSS when there is AGO1
(red) and without AGO1 (blue) in the same region.

clusters with significantly higher than that of randomized clusters (Figure
3.15 b). Similar results were found using sSRNA data collected from HeLa,
HepG2 and Gm12878 cells from the ENCODE project (Fejes-Toth et al., 2009;
Myers et al., 2011), see (Figure 3.15 b and c). Moreover, the percentage of
canonical promoters with sSRNAs containing AGO1 clusters is also higher
than that of promoters with small RNAs but without AGO1 clusters in the
four cell lines (Figure 3.15 ¢). There is evidence of a genome-wide relation
between alternative splicing and antisense transcription (Enerly et al., 2005)
and Allo et al found an antisense EST that covered the affected region of
the EDI exon (Allo et al., 2009). In this sense, we found that the sSRNAs
from MCEF?7 library that overlapped with AGO1, apart from overlapping in
a higher proportion in introns (Figure 3.10), the number of antisense SRNAs
was also higher in introns compared to other regions. Moreover, most of
the antisense sRNAs from this library in introns were overlapping the first

intron, there were also notable number of antisense sSRNAs in 5UTRs and
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Figure 3.13: AGOI1 enrichment in different genic regions. a) AGO1 MCF7, b)
AGO1 MCF10A. The barplots show regions that are positively enriched (red), re-
gions negatively enriched (blue) and regions without enrichment (grey)
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Figure 3.14: AGO1 density in RPKM (4B8 density) over the gene bodies of genes
downregulated (DOWN) and upregulated (UP) upon AGO1 depletion.

promoter regions.

We next focused on the overlap between AGO1 and histone marks. At
genome wide level (Figure 3.15 d left) the overlap between pairs of histone
marks was lower than the overlap at AGOL1 target sites. In fact there is an
increase in the enrichment of H3K9me2 and H3K27me3 in AGOL1 targets
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medium (mAGO1) and low (IAGO1) expression according to MCF7 RNA-Seq data.
We compare them to the densities of random AGO1 reads in the same genes
(RhAGO1, RmAGO1, RIAGO1). b) Proportions of AGO1 (+) clusters overlapping
with sRNAs and proportions of random AGO1 clusters (-) overlapping with sSRNAs,
using the four different SRNAs datasets. c) Proportions of promoters (2kb upstream
from the TSS), overlapping with sRNAs and AGOL clusters (+) and overlapping
with sSRNAs but not with AGO1 clusters (-). d) Left heatmap: Genome-wide enrich-
ment values of the overlaps between histone modifications clusters. Right heatmap:
Enrichments of the overlap between histone modifications on AGO1 clusters sites.
Values correspond to the proportion of sites for each row that overlaps with the
signal in each column.

sites (Figure 3.15 d right), but also in total H3 and H3K36me3, suggesting
a possibly role between AGO1 and histone modifications, primarily silenc-
ing marks.

The association of AGO1 to TSS of highly expressed genes, see (Figure
3.11), may imply a role for AGOL1 in transcriptional regulation beyond, and
perhaps opposite to, TGS. To explore this hypothesis, we performed analyses
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with poly(A)+ RNAs (RNA-seq) in MCF7 cells treated with siAGO1, using
siLuc as control. Upon AGO1 depletion, expression of 813 genes was down-
regulated (DOWN) while upregulation was observed in 461 genes (UP). How-
ever, only 5.42% (UP) and 7.5% (DOWN) of genes with AGO1 clusters in
the promoter region were affected by the AGO1 knockdown, indicating that
AGO1 presence at the TSS vicinity is not generally related to the activation
or silencing of the corresponding gene transcription. However, we found
that genes upregulated by AGO1 depletion had higher AGO1 densities in
the gene body than down-regulated ones, see (Figure 3.14).

AGO1 and alternative splicing

We used the siAGO1 vs siLuc RNA-Seq data to calculate events that changed
significantly inclusion levels between siAGO1 and siLuc conditions (see Meth-
ods). We found that AGO1 knockdown promoted skipping of 334 and inclu-
sion of 401 cassette exon events. Figures (3.18) and (3.18) show examples
of these skipping and inclusion events. We found that higher changes in
inclusion were related to higher densities of AGO1 (Figure 3.16). We calcu-
lated skipping and inclusion events upon AGO1 depletion using RNA-Seq
(see Methods). Additionally we used as non-regulated events exons that
did not change significantly between siAGO1 and siLuc. AGO1 correlated
with exons skipped upon AGO1 depletion suggesting that AGO1 may pre-
vent exon skipping of the regulated exon, probably co-localizing with other
factors. Moreover, we recovered some of the ASEs regulated upon AGO1 de-
pletion from (Allo et al., 2009). For instance, we found that BCL2L11, which
was regulated upon AGO1 depletion in HeLa and FANCL, which was reg-
ulated upon AGO1 depletion in Hep3B (Allo et al., 2009), were classified
as inclusion events in siAGO1. C110RF4 and Cllorfl7, which were reg-
ulated upon AGO1 depletion in HeLa and HeLa and Hep3B, respectively
(Allo et al., 2009), were classified as skipping events in siAGO1.

In order to find AGO1 dependent alternative splicing events candidates
and a relation with sRNNAs, we selected the events that changed inclusion
upon AGO1 depletion that had an overlap with AGO1 ChIP-Seq significant
clusters. Then, we looked for MCF7 sRNAs with exact sequence comple-
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mentarity in the event region. We found that 8 exons that were skipped upon
AGO1 depletion had sRNA targets with exact match, for the 8 cases AGO1
clusters overlapped in the alternative exon and the downstream region (Fig-
ure 3.20), and 7 exons that were included upon AGO1 depletion had exact
complementary sRNA targets (Figure 3.21). We used as a control the shuf-
fled sequences of the sSRNAs and we did not find any exact matches within
the AGO1 dependent alternative splicing events. The results suggested that
these events could be regulated by an sSRNA mediated regulation of alterna-

tive splicing as proposed in (Allo et al., 2009; Ameyar-Zazoua et al., 2012).

R 1 L.
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Figure 3.16: Left boxplot: AGO1 density in RPKM (x-axis) compared to the
logo ratio of the inclusions (siAGO1 over siLuc) (y-axis). Right boxplot: AGO1
MCEF7 density in RPKM (y-axis) compared to the non-regulated exons, included
exons (logy S4E0L () and skipped exons (logs 4S9 < () (x-axis) (see Methods).

Skipped exons in siAGO1 showed higher densities.

AGO1 and constitutive splicing

We also looked for a possible association between AGO1 and constitutive
splicing. We found that the splicing efficiency score (SES, see Methods) of 150
first introns and 1,279 internal introns was affected by AGO1 knockdown,
with a predominance for upregulation of splicing efficiency observed in 119
(87%) first introns and in 943 (74%) internal introns, see (Figure 3.17) top
boxplot. This indicates that the presence of AGO1 somewhat inhibits intron
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excision. Although we cannot rule out an indirect effect due to changes in
expression levels of constitutive splicing factors upon AGO1 knockdown,

the fact that the mechanism is global could indicate a direct mechanism.

If AGOI1 was involved in a mechanism of constitutive splicing for these
events in the first and internal introns, we would expect to find AGO1 clus-
ters near these introns. We looked for the overlap between upregulated first
and internal introns and AGOI1 clusters, allowing the overlap of AGO1 only
in the upstream exon, in the intron or in the downstream exon, which would
allow us to find the exact binding region were AGO1 could act preventing
the excision of the tested intron. We found for these three regions in first
and internal introns that splicing efficiency was higher when AGO1 was de-
pleted, specially in the downstream region (Figure 3.17 middle boxplots). In
(Figure 3.17) we show two examples for first and internal intron overlapping
with AGOL1 cluster.
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(blue). All these events are skipped upon AGO1 depletion and overlap with AGO1
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Figure 3.19: Examples of AGO1 alternative splicing events regulated upon AGO1
knockdown. Inclusion levels are shown for each replicates in siLuc (green) and
siAGOL1 (blue). All these events are included upon AGO1 depletion and overlap
with AGOL clusters in MCF?7.
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Figure 3.20: Examples of AGO1 alternative splicing events regulated upon AGO1
knockdown. Inclusion levels are shown for each replicates in siLuc (green) and
siAGOL1 (blue). All these events are skipped upon AGO1 depletion, overlap with
AGOI1 clusters in MCF7 and had exact complementarity MCF7 sRNA targets. The
figure shows 5 events from the 8 that had evisende of sRNA targets, where the
sRNAs were originating from a different locus. In orange, sSRNA targets.
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Figure 3.21: Examples of AGO1 alternative splicing events regulated upon AGO1
knockdown. Inclusion levels are shown for each replicates in siLuc (green) and
siAGO1 (blue). All these events are included upon AGO1 depletion, overlap with
AGOL1 clusters in MCF7 and had exact complementarity MCF7 sRNA targets. The
figure shows 5 events from the 7 that had evidence of SRNA targets, where sSRNAs
were originating from a different locus. In orange, the sSRNA targets.
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3.3 A chromatin code for cell specific
alternative splicing

The results of this section belong to a third publication, that was under
submission at the time this thesis was being written. In view of the results
from previous section, we decided to combine ChIP-Seq data with alterna-
tive splicing arrays to investigate to what extent AGO1, CTCF and other
chromatin signals can participate in cell-specific alternative splicing regula-

tion.

We analyzed the combinatorial code of AGO1, CTCF, H3K27me3, H3K9me2,
H3K36me3, RNAPII, HP1q, total H3 and 5metC in relation with the alter-
native splicing regulation between two cell lines, MCF7 and MCF10A. Us-
ing Machine Learning (ML) techniques, we obtained the relevant changes of
chromatin-associated signals associated to splicing regulation between these
two cell lines to build a chromatin RNA-map that can explain 602 (68.0995%)
of the regulated events. Moreover, we found a possible intragenic associa-
tion between HP1«, CTCF and AGO1 in association with these alternative
splicing changes.

A chromatin description of splicing changes

We considered 1694 regulated cassette events between MCF7 and MCF10A
cells obtained from a splicing junction array (Affymetrix HJAY). We selected
44?2 events of each type (inclusion in MCF7 and skipping in MCF7 com-
pared to MCF10A) to have a balanced set for training and testing. All events
were selected in genes that do not change expression significantly ( logfold
change p-value > 0.01) and had a significant change in splicing. We se-
lected non-regulated events as control, obtained from exon triplets from the
same host genes as the regulated events, non-overlapping with regulated
events, and that were negative for splicing change in the same array, which
resulted in 1970 non-regulated events. We analyzed ChIP-Seq data in MCF7
and MCF10A cells, for which we applied a processing and normalization
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method, described in the Methods section. We recovered datasets of signif-
icant clusters for each ChIP-Seq sample applying a threshold of a p-value <
0.05 for all the samples, in order to recover more signal from each of the data
samples but being significant respect to the controls. For the analysis below

we used the reads overlapping these significant clusters.

We focused on characterizing the cell-specific splicing changes in terms
of chromatin signals. To this end, we defined 15 different regions around the
cassette events (Figure 3.22). For each window, we calculated the relative
change of read density, for each ChIP-Seq experiment between MCF7 and
MCF10A, where the densities were calculated as RPKM. The significance of
the changes was calculated using Pyicos (Althammer et al., 2011), in terms
of the average densities in that region. Each attribute corresponds to the
z-scores for relative enrichment for each sample-region pair. We thus gen-
erated 9x15=135 values per event, corresponding to the enrichment z-scores
for each experiment-region pair and we therefore had 135 attributes.

Figure 3.22: Diagram of the 15 defined regions on exon triplets. 300nt length win-
dows flanking exons ( w1, w2, w3, w4, w5 and w6), 200nt length junction regions,
covering 100nt on either side of the exon boundaries ( J1, ]2, J3 and J4), the extent of
the three exons ( E1, E2 and E3) and the extent of the flanking introns (I1 and I2).

We first performed a pairwise correlation analysis of these 135 attributes
for skipping, inclusion and non-regulated events. We obtained heatmaps
by calculating Pearson correlation coefficients for every pair of attributes.
The Figure (3.23) shows the heatmaps of the Pearson correlation coefficients
for the 135 attributes. We found more dependencies between attributes in
regulated events than in non-regulated events, which mostly showed cor-
relations between attributes corresponding to histone modifications in the
same regions. In non-regulated events, the average correlation coefficient

was lower and significant anticorrelations were not found Table (3.1). High
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correlations between different histone marks on large regions (specially the
flanking upstream intron) in general were common for skipping, inclusion
and non-regulated events. For instance, (H3K27me3-I1 vs. H3K9me2-I1) and
(H3K36me3-I1 vs. H3K27me3-I1) showed a high correlation coefficient in the
three groups of events. Meaning that the histone modifications enrichments
in these regions were not informative enough to differentiate regulated from
non-regulated events. However, differences between inclusion and skipping
events were apparent: inclusion events showed high correlations between
histone marks on the exon-intron junctions (Pearson correlation 2 = 0.76 for
H3K36me3-J1 vs. H3K9me2-J1, r2 = 0.76 for H3K36me3-]J3 vs. H3K9me2-]1),
between histone marks and methylation on the downstream flanking intron
and the downstream intron-exon junction (Pearson correlation 72 = 0.66 for
H3K9me2-12 vs. metC5-J4) and on the first exon-intron junction and down-
stream windows (Pearson correlation r? = 0.7 for 5metC-J1 vs. CTCF-w5 ).
In contrast, in skipping we found high correlations between histone marks
and RNAPII (Pearson correlation r? = 0.8 for H3K36me3-11 vs. RNAPII-w5,
r? = 0.7 for H3K36me3-I1 vs. RNAPII-w2), CTCF and histone modifications
( Pearson correlation 72 = 0.66 for CTCF-J4 vs. H3K9me2-w2) and between
AGO1 and H3K27me3 downstream of the alternative exon ( Pearson cor-
relation 72 = 0.65 for AGO1-J4 vs. H3K27me3-w6 ). Tables (3.2) and (3.3)
show the correlations with 72 > 0.6 in inclusion and skipping events. We
also found anti-correlating attributes for skipping and inclusion Tables (3.4)
and (3.5) show all the anti-correlations with r? < -0.6 for inclusion and skip-
ping events. Inclusion events showed mainly AGOI1 anti-correlating with
RNAPII and H3K36me3 (Pearson correlation factor r? = -0.72 for AGO1-]2
vs. H3K36me3-J4, r? = -0.69 for AGO1-J2 vs. RNAPII-J4) and H3K36me3,
while skipping events also showed strong anti-correlations between AGO1
and H3K27me3. These correlations and anti-correlations suggested a co-
operative role of the different chromatin signals with different patterns in
skipping and inclusion events and no changes in non-regulated events. Fig-
ure (3.24) shows the heatmaps for high correlations and anti-correlations be-
tween attributes for skipping, inclusion and non-regulated events.
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Table 3.1: Pairwise correlation of attributes, non-regulated events

Pearson r? pairwise correlation values between attributes for non-regulated events
with r? > 0.5, used as control. All correlations corresponded to histone modifica-
tions in the same region.

Non-regulated

H3K9me2-I1  H3K27me3-I11 0.76
H3K27me3-12 H3K36me3-12 0.67
H3K27me3-12  H3K9me2-12  0.66
H3K36me3-I1 H3K27me3-I1 0.64
H3K36me3-11  H3K9me2-I1 0.64
H3K36me3-12 H3K9me2-12 0.54
H3K27me3-w2 H3K9me2-w2 (.53
H3K27me3-J1  H3K9me2-J1 0.50

Table 3.2: Pairwise correlation of attributes, inclusion events

Pearson r? pairwise correlation values between attributes for inclusion events with
r? > 0.6, in bold sample-regions with high correlation coefficient common in non-

regulated events.

Inclusion
H3K27me3-I1 H3K9me2-11  0.77
H3K36me3-J1 H3K9me2-J]1 0.76
H3K36me3-]3 H3K9me2-J]1  0.76
H3K36me3-wl  H3K9me2-J]1 0.74
H3K27me3-I1 H3K36me3-11 0.71
5metC-J1 CTCF-wb 0.7
H3K36me3-E1  H3K9me2-J1 0.7
H3K36me3-J4 RNAPII-J4 0.69
H3K9me2-12 5metC-J4 0.66
H3K36-w4 RNAPII-J4 0.64
H3K36-]J1 H3K9me2-wl 0.64
H3K9-w1 H3K36me3-J1 0.64
H3K27-w5 H3K9me2-w5 0.63
H3K27-w3 H3K36me3-w3 0.62
H3K27-11 H3K36me3-w3 0.61
H3K27-]1 H3K9me2-J1  0.61
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Table 3.3: Pairwise correlation of attributes, skipping events

Pearson r? pairwise correlation values between attributes for skipping events with

r? > 0.6, in bold sample-regions with high correlation coefficient common in non-

regulated events.

Skipping

H3K27me3-11  H3K36me3-11  0.87
H3K9me2-I1 ~ H3K27me3-I1  0.81
H3K36me3-I1 RNAPII-w5 0.8
H3K9me2-I1 ~ H3K36me3-11  0.77
H3K36me3-11 RNAPII-w2 0.7
RNAPII-J4 H3K36me3-E1 0.68
H3K36me3-11 RNAPII-I1 0.68
RNAPII-J4 H3K36me3-wl 0.67
H3K36me3-I1 RNAPII-I2 0.66
CTCF-J3 H3K9me2-w2  0.66
H3K27me3-I1 RNAPII-w2  0.65
H3K36me3-J3 RNAPII-I1 0.65
RNAPII-I1 H3K36me3-J1  0.65
AGO1-J4 H3K27me3-w6 0.64
H3K27me3-11 RNAPII-w5  0.64
H3K36me3-]3 RNAPII-J1 0.64
RNAPII-J1 H3K36me3-J1 0.64
H3K36me3-]3 RNAPII-J4 0.63
RNAPII-J4 H3K36me3-J1  0.63
metC5-J4 H3K9me2-12  0.63
HP1-w2 RNAPII-wl  0.63
RNAPII-E1 HP1-w2 0.63
H3K27me3-w5 CTCF-El 0.62
AGO1-w2 RNAPII-J1 0.62
HP1-E2 AGO1-w2 0.62
CTCF-wl H3K27me3-w5 0.62
H3K27me3-E1 ~ RNAPII-w2  0.62

A chromatin RNA map of splicing regulation

In order to select the most important attributes for the classification, we

used a combination of attribute selection methods (see Methods). Table (3.6)

shows the scores for the selected attributes.
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Table 3.4: Pairwise anticorrelation of attributes, inclusion events

Pearson r? pairwise correlation values between attributes for inclusion events with
r? <-0.6

Inclusion

AGO1-]2 H3K36me3-J4 -0.72
AGO1-]2 RNAPII-J4 -0.69
AGO1-E2 H3K36me3-J4 -0.68
RNAPII-I2 AGO1-w1 -0.66
RNAPII-I2 AGO1-E1 -0.66

H3K36me3-J4 AGO1-J3 -0.65
AGO1-)2 H3K27me3-w2 -0.65

H3K27me3-w5 HP1-E3 -0.63
HP1-w6 H3K27me3-w5 -0.63
AGO1-11 RNAPII-J4 -0.62
RNAPII-J4 AGO1-E2 -0.61

Feature selection resulted in 16 attributes, involving 6 out 9 of the ex-
periments considered. Interestingly, among the most relevant attributes we
found AGO1, HP1a and CTCF downstream of the alternative exon related
to inclusion events plus H3K36me3 and 5metC highly related to skipping
events. Using the most informative attributes, we built a chromatin RNA-
map that represents how the relative changes in signal densities at the chro-

matin level correlate with inclusion or skipping of exons figure(3.25).

Building a classifier with these 16 attributes, we were able to obtain 602
(68.09%) events correctly classified ( 312 inclusion, 290 skipping). This in-
dicates that a considerable number of regulated events between MCF7 and
MCF10A can be explained by the interplay of histone marks with AGO1,
CTCF and HPla. Figure (3.26) shows the distributions of the enrichment
values of the correctly classifed events for the 16 selected attributes com-
pared to the non-regulated events distribution. We found that AGO1 in the
downstream window (wb5) associates strongly with the direction of the splic-
ing change: splicing events with an increase of AGO1 signal between MCF7
and MCF10A downstream of the alternative exon were more frequently as-
sociated to inclusion. This correlated with our previous results from the
siAGO1 knockdown RNA-Seq, where we found that AGO1 correlates with
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exons skipped upon AGOL1 depletion.

The chromatin RNA-map also showed an increase of HP1a in the down-
stream intron, associated to inclusion. Similarly, an increase of CTCF on
the downstream window (w6) was related to inclusion, leading to a pos-
sible association between CTCFEF, AGO1 and HP1l« related to the inclusion
of the alternative exon. Interestingly, we found that an increase of RNAPII
downstream of the regulated exon had association with inclusion. On the
other hand, for H3K36me3 and 5metC we found the opposite pattern: an
increase on the flanking regions of the regulated exon correlated with in-
clusion. These results indicated a possible mechanistic association of these
marks. As a comparison, when considering the relative enrichment of these
signals in a set of non-regulated exons, we did not observe a significant bias

(figure(3.26 shows the non-regulated events in gray).
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Association between different signals and its role in splicing
regulation

We decided to investigate whether our data showed any evidence of a pos-
sible association between AGOL1 and the signals that appeared as strong pre-
dictors. First, we looked for positive or negative associations between the
different samples. For this, we calculated a zscore from the overlap between
the clusters of the different samples, overlapping the clusters from one sam-
ple vs. the rest of the samples, and we looked for reciprocal associations
between them, (see methods). Interestingly, we found that there was a pos-
itive reciprocal association between CTCF & HPla, CTCF & RNAPII and
5metC & HP1a. On the other hand, signals that are known to be antagonis-
tic did not show any significant association, which was the case of 5metC &
CTCF. Moreover, AGO1 was not reciprocally associated with any of the sam-
ples, we found that 30% of AGO1 clusters were overlapping with HP1c, 26%
with 5metC and 20% with CTCFE, meaning that AGO1 could be associated
specifically to these signals but not the other way around (Table 3.7 shows
the proportions of clusters from one sample overlapping with other sample
and their zscores). Based on recent evidence that a Drosophila homolog of
AGO1 associates to CTCF at the level of chromatin (Moshkovich et al., 2011)
and that HPla is one of the components of TGS-AS (Allo et al., 2009), we
decided to investigate whether these associations were localized in specific
genic regions. We found that there was a significant overlap between ChIP-
Seq clusters of AGO1 & CTCF and HPla & CTCF in promoters and intra-
genic regions (Table 3.7). Additionally, we looked for the densities of CTCF
around HP1a clusters and of HP1a around CTCF clusters compared to ran-
dom clusters. The densities showed that there was colocalization between
HP1la and CTCE, while in the random clusters was absent (Figure 3.27).

In order to further explore the relation between AGO1, CTCF and HP1«
activity, we calculated enriched DN A motifs in the three cluster sets indepen-
dently ( see Methods). Although there was a high overlap between the three
samples clusters, we found different 7mers for each of them ( see Methods for
the 7mers enrichment calculation). We built consensus motifs using all sig-

nificant clusters genome-wide (see Methods) and we found a logo for AGO1,
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HPla and CTCF (Figure 3.28), CTCF logo coincided with the known logo
previously reported (Essien et al., 2009). The HP1 family is a non-histone
chromosomal protein family involved in the establishment and maintenance
of higher-order chromatin structures that repress gene expression. The HP1
proteins consist of two highly conserved domains, one for chromatin binding
and the other for protein protein interaction. The two domains are separated
by a hinge region of variable length that has been related to DNA and RNA
binding (Hiragami-Hamada et al., 2011; Kwon and Workman, 2011). Apart
from that, there is no evidence of DNA binding domains in HP1 proteins.
However, we found a consistent logo for the binding sites of HP1a.

To investigate the association of AGO1, CTCF and HPl« in relation to
splicing regulation, we analyzed whether any particular combination of changes
between them was enriched in either inclusion or skipping. To this end, we
encoded the changes of AGO1, CTCF, HP1a and 5metC in terms of discrete
values: increase (+) or decrease (-) (see Methods). Using this discretization,
we found that inclusion events were associated with increase of HP1a and
CTCEF attributes (Figure 3.29 a shows a higher proportion of inclusion events
(blue) when both, CTCF and HP1« increase, whereas skipping events were
associated with the opposite pattern Figure(3.29 a). Increase of CTCF in the
exons ( E1, E2 and E3 ) and HPl« in the flanking introns (I1 and 12) corre-
sponded with inclusion events. This correlated with the selected attributes,
where we found HPla in the downstream intron (I12) and CTCF near ex-
ons as relevant attributes to explain inclusion events. On the other hand,
when CTCF and HP1« decrease, specially in the downstream intron (I12), we
found a high proportion of skipping events. This suggested that HP1« and
CTCF may had a cooperative role with respect to splicing regulation in the
direction of inclusion. When we compared CTCF and 5metC, we found an
antagonistic association, where an increase of 5metC and a decrease of CTCF
were more associated to skipping, while a decrease of 5metC and an increase
of CTCF were more associated to inclusion. Figure 3.29 b, shows that 5SmetC
increase, specially in the flanking introns (I1 and 12), and decrease of CTCF
in the exons (E1, E2 and E3) is related to skipping (red), in agreement with
the model proposed by (Shukla et al., 2011a).

Since we found AGO1 downstream of the alternative exon (wb) as a
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relevant attribute for our model related with the inclusion of the alterna-
tive exon, we compared AGO1 with CTCF and HPla. In both cases, we
found that an AGO1 decrease was related to skipping events, which corrobo-
rated our results where AGO1 presence prevented skipping. AGO1 increase
showed a slight relation to inclusion events (Figure 3.29 c and d). However,
we mostly found higher proportions of inclusion events when HPla and
CTCF increase (Figure 3.29 ¢ and d). When comparing AGO1 with HP1a
(Figure 3.29 ¢), we found HPla to be dominant over AGO1, whereas an in-
crease of AGO1 with an increase of HP1la showed no change in skipping
or inclusion direction. When comparing AGO1 with CTCF (Figure 3.29 d),
CTCF increase was more related to inclusion than AGO1, only when there
was a decrease of AGO1 we found high proportions of skipping events. In
summary, our data indicated an association between CTCF and HPl« re-
lated to inclusion of the regulated exon and decrease of AGO1 related to
skipping of the regulated exon.

Then, we selected the ChIP-Seq samples that provided significant infor-
mative features in our splicing chromatin code and looked for the read densi-
ties around the 3’ss of the three exons that composed the events triplets, with
exons classified as skipped and included in the model and the non-regulated
events. In general we saw accumulation of RNAPII at the 3’ss (Kornblihtt,
2006), in the upstream exon (E1) and downstream exon (E3) of the inclu-
sion and skipping events but only in the upstream exon in the non-regulated
events. We found a peak of enrichment for RNAPII near the 3’ss of the up-
stream exon (E1), which could be related to the signal of the TSS. In order to
remove possible TSS biases, we removed the events in which the upstream
exon (E1) was the first, second or third exon of the gene. We corroborated
the relevance of CTCF, with high densities present in the three exon bodies
in inclusion events, colocalized with RNAPII (Figure 3.30 c). While in skip-
ping events, CTCF was absent in exon bodies but present upstream of the
three exons (Figure 3.30 a). Every CTCF peak in the exon bodies of the in-
clusion events was related with a higher density of HP1«, which increased
the hypothesis of a collaborative role between CTCF and HP1l« in the reg-
ulation of the alternative exon (Figure 3.30 c). It was prominent the 5metC
depletion in the exonic regions while the flanking introns showed high lev-

els of 5metC, in inclusion and non-regulated events (Figure 3.30 ¢ and b).
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On the other hand, skipping events showed higher signal of H3K36me3 in
the exon regions and a lack of interplay between CTCF, RNAPII and HP1a.
Suggesting, that the modulation between CTCE, RNAPII and other histone
modifications maybe be influenced by HP1a and 5metC (Figure 3.30 b). Al-
though AGO1 was selected as a relevant attribute in the downstream region
(w5). We did not find high differences in the AGO1 signal between skip-
ping, inclusion and non-regulated events (Figure 3.30), which may suggest
an AGOL1 specific regulation of splicing only for some specific cases.

We found clear differences between alternative exons, skipped and in-
cluded, and the exons from non-regulated events when we looked at the
mean read densities of H3K36me3, HP1q, 5metC and CTCEF. The regulated
exons showed an upstream peak of CTCF and a peak of CTCF in the exons,
when the exon was included (Figure 3.31 c). While skipping events showed
H3K36me3 higher than HP1a (Figure 3.31 a) and non-regulated events did
not show high densities of any of the samples (Figure 3.31 b). When we
looked at the normalized densities (Figure 3.31 d), we corroborated the high
densities of HP1a and CTCF in inclusion events and high densities of 5metC
and H3K36me3 in skipping compared to non-regulated and inclusion events.
The results showed that the samples selected by the classifiers were enough
to describe the different patterns of inclusion, skipping and non-regulated
events for a considerable fraction of the events. Splice junctions and the in-
terplay between different chromatin signals appeared to be strong attributes
for alternative splicing regulation choices when comparing MCF7 with MCF10A.
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Figure 3.23: Pairwise correlations between attributes for skipping (a), inclusion (b)
and non-regulated (c) events. Each attribute is defined by a sample-region pair.
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Table 3.5: Pairwise anticorrelation of attributes, skipping events

Pearson r? pairwise correlation values between attributes for skipping events with

r? < -0.6

Skipping
AGO1-E3 RNAPII-I2 -0.76
AGO1-w6 RNAPII-I2 -0.75
RNAPII-J2 AGO1-12 -0.75
H3K27me3-w2 AGO1-]2 -0.74
H3K9me2-J3 RNAPI-w5  -0.72
H3K9me2-J4 HP1-w4 -0.72
H3K27me3-w2 AGO1-w3 -0.71
RNAPII-E2 AGO1-12 -0.7
AGO1-J4 RNAPII-I2 -0.7
H3K9me2-w4 RNAPII-w4  -0.69
RNAPII-w3 AGO1-12 -0.68
AGO1-wb6 RNAPII-J2 -0.68
AGO1-E3 RNAPII-J2 -0.68
H3K9me2-w4 RNAPI-w5  -0.67
AGO1-J4 RNAPII-J2 -0.67
H3K9me2-J3 RNAPII-I2 -0.67
RNAPII-J3 AGO1-12 -0.66
RNAPII-J3 AGO1-J4 -0.66
AGO1-J4 RNAPII-E2 -0.65
RNAPII-w3 AGO1-J4 -0.65
H3K27me3-11 AGOI1-E3 -0.64
AGO1-wb6 H3K27me3-w2 -0.64
H3K27me3-w2 AGOI1-E2 -0.64
RNAPII-I2 AGO1-12 -0.64
H3K27me3-w2 AGOI1-E3 -0.64
AGO1-E3 RNAPII-E2 -0.63
AGO1-wb6 RNAPII-E2 -0.63
5metC-J4 RNAPII-IT -0.63
H3K27me3-11 AGO1-w6 -0.63
H3K36me3-11 AGO1-E3 -0.63
H3K27me3-w6 RNAPII-12 -0.63
AGO1-w6 H3K36me3-11 -0.62
RNAPII-w5 CTCF-J1 -0.61
H3K27me3-w6  RNAPII-w3  -0.61
AGO1-E3 RNAPII-I1 -0.61
AGO1-w6 RNAPII-w3  -0.61
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Figure 3.24: Pairwise correlations between attributes for skipping (a), inclusion (b)
and non-regulated (c) events. Each attribute is defined by a sample-region pair.
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Table 3.6: Attribute selection

We applied three independent attribute selection methods: Wrapper Subset Evalua-
tor (WSE), Correlation Feature Selection (CFS) and Information Gain (IG)(See Meth-
ods). The table shows the attributes that have WSE and CFS >= 50%, and a posi-
tion in the IG ranking on the top 50%. Then we selected the attributes that belong
to non overlapping regions based on the IG ranking. The last column shows the 16
attributes selected to describe the chromatin RNA-map.

Attribute WSE(%) | CFS (%) | IG (Rank) | Selected attribute
AGO1-wb 70 70 43 *
H3K36me3-w3 100 100 1 *
H3K36me3-]3 60 100 2 *
H3K36me3-11 100 100 6
H3K36me3-E1 60 70 7 *
H3K36me3-E2 60 80 8
H3K36me3-J4 90 90 19 *
HP1-12 80 70 25 *
HP1-w1 60 60 53 *
RNAPII-J4 50 60 40 *
5metC-w4 50 90 11 *
5metC-w1 80 90 12 *
5metC-w6 60 60 18 *
5metC-E1 50 70 20 *
5metC-J3 60 80 22
5metC-12 50 50 28
5metC-w2 50 70 30 *
CTCF-w3 60 70 36 *
CTCF-w6 80 70 52 *
CTCF-J1 50 60 64 *
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with inclusion or skipping exons. Attributes that show enrichment in skipping ex-
ons (red) and attributes that show enrichment in inclusion exons (blue). The exon
triplet diagram in the middle shows the regions of the selected attributes.
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Figure 3.26: Boxplots of the 16 selected attributes from the classifier. Comparison
between events that were correctly classified; skipping (red), inclusion (blue) with
the distribution of the enrichment zscores for the non-regulated events (grey).
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Table 3.7: Genome wide overlaps

Genome wide associations for the ChIP-Seq significant clusters. The table shows
the highest % overlap between two samples clusters and their zscore. First column,
samples which clusters were overlapped. Second column, the % of clusters from
sample A that overlap with sample B clusters.Third column, the zscore from the
overlap. Fourth column, the cases where there is a positive reciprocal overlap be-
tween sample A and sample B.

SampleA vs SampleB | % of A overlapping B | zscore | Positive association
AGO1 vs CTCF 19.2 3.21
AGOL1 vs bmetC 26.4 24.29
AGO1 vs HP1a 29.4 8.41
CTCF vs 5metC 20.4 168.85
CTCF vs HP1a 18 111.52 *
CTCF vs RNAPII 11 42.94 *
RNAPII vs CTCF 11.2 113.38 *
RNAPII vs 5metC 21.2 173.55
RNAPII vs HP1« 16.4 110.68
5metC vs HP1la 30.7 3.05 *
HPla vs CTCF 114 17.12 *
HP1la vs SmetC 29.4 120.7 *
a) b)
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Figure 3.27: a) HPla clusters mean densities centered in the CTCF clusters, com-
pared to random HP1la clusters. b) CTCF clusters mean densities, centered in the
HP1a clusters, compared to random CTCEF clusters. There is colocalization between
HP1a and CTCF and random clusters do not show any enrichment.
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Figure 3.28: Consensus motifs for CTCF, HP1aw and AGO1. Motifs were built using
all the ChiP-Seq significant clusters (see Methods). CTCF logo corresponds to the
logo known previously reported.
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Figure 3.29: Association of inclusion and skipping to the combined relative
changes of a) HP1la and CTCEF, b) 5metC and CTCE, ¢) AGO1 and HPle, and d)
AGO1 and CTCF. Density changes as discretized as increase (+), decrease (-) or no
change (not shown) from the distribution of all the regulated events correctly classi-
fied. We considered every possible combination of the changes for each comparison,
HP1la vs. CTCF, 5metC vs. CTCF, AGO1 vs. HP1a and AGO1 vs. CTCEF, for the re-
gion of the regulated exon (E2), the flanking exons (E1 and E3) and the flanking
introns (I1 and I2). The central square shows the regulated exon and the flanking
introns (I1,E2,12). For each pair of discretized attributes, the logs-rate of the propor-
tions of skipping over inclusion is indicated in color. The color indicates whether
the proportion is higher for skipping (red) or inclusion (blue). Inside the box we
indicate how many events are involved in skipping (red) or inclusion (blue).



3.3 A chromatin code for cell specific alternative splicing

95

a)

mean density of reads

b)

mean density of reads

0
~

mean density of reads

15

I I I — acot T T T T T
i i i — HaK3Emea a1t i i i i
i i i —HP1 I I 1 1 i
i i i RANAPI | 1 ] I I
i i i == Gmes i i i i i
1 I I CTer w i i 1 i i
1 1 1 3 g ! ! ! ! !
i i 1 8 3 i i i i i
i i i put - i i | ! !
i i i S S | 1 1 1 1
41 | i Ey | i i i i
1 ) I 2 e ] I 1 I I
i | i 3 3 ! ! ! ! !
| | c c i i i
i \ 3 3 | | i
{1 - : Eadl ! : .
i =\
I s Y |
I I ’_\r'l
Iy i \ i
4 o — T — p—
4 t + + +
1000 -500 E1_start 500 1000 -tooo -s00 EQ.start oo Tooo
posttion relative to reference sfte (bp) position relative to reference site (bp)
J7 ] T [——— I I I I a
1 i i sy B N1 ! i i o
| H H =t i 1 1 I
1 H \ ANAPI i i i i
i i = i ! ! |
11 i i w241 1 1 o,
i i i i HE:] 1 | | R
1 i P 1 i 8 ' ! ! [
I I I I 1= i 1 1 [
h i | | 1| 2 i i il e
41 1 I | g o4t o
1 » 1 i i 1 | g
I i I K] : : : : <
I ) i I il g c
N A E N e
J1 i | I I a2 o ]
I I | t i i APy i
- \ — r%_/ e
} 1 i ﬁl = P [ 3
P e |
| N | | | RN 1 1 1 | o
} } } } } + t t t +
_1000 _s00 Ef_start 500 1000 ~1000 500 E2_start 500 1000 1000 -500 E3 start 500 1000
position relative to reference site (bp) position relative to reference site (bp) position relative to reference site (bp)
T T T T T T T T T T T T T
N — AGOL E
I i i — o] T | ' ' i 71 i i i I
1 1 1 — Hp1 i i i i i I 1 1 i 1
1 1 1 RNAPI i i i i i I i i i i
i i i — SmelC i i i 1 i I i i i i
11 1 1 CTCF o] i i i i a4 1 1 i 1
i i i ™3 i i i i il 8 i i i i i
i i i 1 g 1 1 1 1 1 1 i i 1 i
| | | i (= i i i i i E I | | i |
1 \ I i i|s i 1 1 1 i| S I 1 1 i 1
11 i i i -ﬁ‘ ~dt I I I i g‘ 41 i i i i
! ! f i 1|2 i i i i i I | 1 i 1
N T 1 1 i i |8 i i | i| 8 i i i i
i i ife i I I c i i i
1 1 1 i i i i il g I 1 I 1
11 i i i i 4 ) 1 | | & N i i i i
1 1 i i i I [ 1 i I 1 i 1
I 1 i i i [ i i I b A Sn i
18 ja N | i Aaw, ff.:)w:_\ : PR -AJJJ‘{!/J—YM
[ T T = S 1 T i i
| 1 H i lkf-ﬁgh—(—-hql T e L
T T T T T T T T T 7 ! T T T
t t t + 1 t t t t + t t + t
-1000 500 E1 start 500 1000 -1000 500 E2_start 500 1000 -1000 500 E3 start 500 1000

position relative to reference site (bp)

position relative to reference site (bp)

position relative to reference site (bp)

Figure 3.30: Mean reads densities around 3’ss for the three exons that compose
the events triplets, for AGO1, H3K36me3, CTCF, HP1a, RNAPII and 5metC. Left
profiles show the mean read densities from -1000 bp to 1000 bp centered in the 3’ss
of the upstream exon (E1) for the six ChIP-Seq samples, second and third profiles
show densities centered in the 3’ss of the internal (E2) and downstream exon (E3),
respectively. a) Skipping events that were correctly classified in the model. b) Non-
regulated events, that do not show changes in splicing. c) Inclusion events, that
were correctly classified in the model.
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Figure 3.31: Mean reads densities as reference centered in the exon 2 of H3K36me3,
HP1a, 5metC and CTCF in MCF?7, for a) skipping events, b) non-regulated events
and c¢) inclusion events.d) Distribution of the RPKMs in the exon 2 for the same
samples in skipping (skip), non-regulated (unreg) and inclusion (inc) events.
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100 4. Discussion

This section is divided accordingly to three articles: (Allo et al., 2009) and
two other that at the moment of writing have been submitted for publication.
Even though the three articles are connected, the discussion is divided based
on the results of each one to make more understandable the context at which
they were performed. The second article can be understood as a continua-
tion of (Allo et al., 2009), were we performed genome wide analysis in order
to validate our results in (Allo et al., 2009) and to study the genomic distri-
bution of AGO1. The third article describes a chromatin code for splicing
regulation in the two studied cell lines MCF7 and MCF10A.

4.1 siRNA mediated transcriptional gene
silencing affects alternative splicing

The experimental results from this work provided the first evidence of
regulation of alternative splicing by siRNA mediated transcriptional gene
silencing. We proposed the transcriptional gene silencing alternative splic-
ing (TGS-AS) model. Previous evidences showed a similar mechanism that
was exclusive to promoters, siRNAs directed to promoter regions mediated
gene silencing (Morris et al., 2004; Castanotto et al., 2005; Suzuki et al., 2005;
Ting et al., 2005). As proposed by (de la Mata et al., 2003), the slow down of
the RNAPII elongation rate leads to the inclusion of the alternative exon. In
the TGS-AS, silencing marks act as roadblocks slowing down RNAPII subse-
quently affecting splice site selection, which supports the involvement of an
RNAPII elongation mechanism. Recently reports showed further support of
a role of Argonaute i mechanism (Guang et al., 2010; Cernilogar et al., 2011).
It seems that the role of nuclear RNAi in co-transcriptional silencing and later
inhibition of RNAPII elongation and transcription can be generalize to other
eukaryotes. Guang et al found that C. elegans Argonaute protein NRDE-2,
that has the slicer activity as mammalian AGO2, is recruited by siRNAs to
mediate transcriptional gene silencing in the nucleus leading to inhibition of
RNAPII (Guang et al., 2010).

In order to find a general mechanism, we looked for evidence of alterna-
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tive exons that shared the same characteristics that the FN1 model. We found
that alternative exons that were affected by AGO1 depletion had shorter up-
stream introns. This lead us to hypothesize that RNAPII elongation changes
may be a response on different genic structural features. Shorter introns
could be more sensitive to RNAPII elongation changes originated by chro-
matin structure. Later evidences showed that histone modifications can pro-
mote recruitment of splicing factors affecting the regulation of an alternative
exon (Luco et al., 2011). This mechanism can also be explained as cotran-
scriptional, involving both the RNAPII kinetics and the recruitment of splic-
ing factors as proposed by (Cramer et al., 1999).

Since we found evidence of AGO1 and DCR dependent alternative splic-
ing events (ASE) from a cancer related alternative splicing platform in HeLa
and Hep3B, it was possible that endogenous sRNAs could also be acting
as promoters of the TGS-AS. We actually found a high number of miRNAs
overlapping intronic regions. Moreover, we found introns that were flanking
alternative exons with overlapping miRNAs. Our results also showed that
miRNAs could have targets in introns flanking alternative exons, as pro-
posed by (Kim et al., 2008). These results suggested that the regulation of
alternative splicing by TGS could not be only restricted to siRNAs. Previ-
ous reports showed that AGO1 can be localized in the nucleus (Kim et al.,
2006; Janowski et al., 2006) and in eukaryotes, different classes of sSRNAs
associate with Argonaute family proteins (Hock and Meister, 2008). Arg-
onaute sSRNA (AGO-sRNA) complexes induce transcriptional silencing at-
taching chromatin remodelers to target loci (Sugiyama et al., 2005). In S.
pombe this mechanism is well known, where the AGO-sRNA complex asso-
ciates with H3K9 to repress the target region. Then, methylation of H3K9
leads to recruitment of swi6, HP1 S. pombe homolog, which produces the si-
lencing and the interaction with the AGO-sRNA complex (Nakayama et al.,
2001; Maison and Almouzni, 2004). Interestingly, we also found ASEs reg-
ulated upon DCR depletion. DCR is also known to affect chromatin struc-
ture, Haussecker et al found upregulation of 5-globin intergenic transcripts
in cells that were regulated upon DCR depletion leading to chromatin relax-
ation and histone tail modifications (Haussecker and Proudfoot, 2005). This
suggested that DCR can also act as one of the effectors of the TGS-AS. These
evidences out forward AGOL as a strong candidate to mediate TGS-AS, and
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DCR as a key enzyme to generate some of the physiological effectors of TGS-
AS.

Experimental evidence showed that an antisense siRNA lead to forma-
tion of local heterochromatin marks near the alternative EDI exon (Allo et al.,
2009), probably due to the hybridization with the nascent sense FN1 pre-
mRNA. These results suggested a similar mechanism as proposed by Morris
et al, where the sSRNA guide strand loaded into the silencing complex inter-
acted with a nascent transcript leading to an RNA-RNA hybridization (Mor-
ris et al., 2004). We also found an antisense EST that covered the affected
region, consistent with (Schwartz et al., 2008; Morris et al., 2008). How-
ever, when we looked for further evidence of antisense transcription, we
only found three antisense transcripts that fall in the flanking introns of the
ASEs affected upon AGO1 depletion. Due to limited available data at that
moment, it is easy to think that a more complete annotation and analysis
of RNA-Seq data would probably provide more evidence of antisense tran-
scripts overlapping candidate ASEs. In this sense, recently Ameyar-Zazoua
et al proposed a model in which they suggested that long antisense non-
coding RNAs could have a role in the recruitment of AGO1, AGO2 and
splicing factors. Indeed, they proposed that AGO2 sense short RNA com-
plexes bind to antisense transcripts, leading to H3K9 methylation in the
CD44 gene model (Ameyar-Zazoua et al., 2012). The genome-wide relation
between alternative splicing and antisense transcription has been known be-
fore (Enerly et al., 2005). Furthermore, Ameyar et al found a physical associ-
ation between AGO1 and AGO2 with some spliceosome components. Thus,
Ameyar-Zazoua et al proposed a similar mechanism to S. pombe Argonaute-
containing RNA-induced transcriptional gene silencing (RITS) that gener-
ates local heterochromatin remodeling (Nakayama et al., 2001; Maison and
Almouzni, 2004). These results showed the link between Argonaute pro-
teins, chromatin remodelers and the splicing machinery (Ameyar-Zazoua

et al., 2012), in agreement with previous results (Allo et al., 2009).

It is not yet clear the origin of the sSRNAs involved in the mechanism.
We found that there was evidence of miRNAs overlapping the ASEs and
that the introns flanking these alternative exons could be candidate target

regions for miRNAs. On the other hand, our results showed ASEs that were
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only regulated upon AGO1 depletion and not DCR which suggested that
TGS-AS may be not limited to double-stranded sRNAs. Interestingly, there
are multiple classes of SRNAs and some have a DCR independent process-
ing. Indeed, RNAs from different genomic sources have been reported to
mediate transcriptional gene silencing and some of them are able to affect
chromatin structure independently of DCR. Among these, PIWI small RNAs
(piRNAs) are good candidates for TGS-AS. piRNAs can direct a specialized
sub-class of Argonaute proteins, the PIWI proteins, to silence complemen-
tary target regions. However, results from Ameyar-Zazoua clearly showed
that the recruitment of AGO1 and AGO2 to CD44 required DCR (Ameyar-
Zazoua et al., 2012). Thus, the sRNAs involved in their model should be
restricted to miRNAs or siRNAs. We proposed that the sSRNAs involved
in our model could be originated from different pathways, DCR dependent
and independent. Recently, Le Thomas et al suggested based on their results
that Drosophila PIWI could act similarly to Argonautes establishing repres-
sive H3K9me3 on its targets by recruitment of an enzymatic machinery, as it
is known in S. pombe (Le Thomas et al., 2013).

In summary, our results defined a mechanism for the regulation of alter-
native splicing showing the link between alternative splicing and the RNAi
pathway, the TGS-AS. We found that AGO1 was is involved in the pathway,
we predicted ASEs canditates that could be regulated by the TGS-AS and
we suggested that endogenous sRNAs from different classes and sources
could be involved. Later reports confirmed further evidence in that direc-
tion. However, there are still differences between the mechanisms described
by different groups. For that reason, we continued to study the AGO1 genome-
wide distribution and its effect in the regulation of alternative splicing in

order to find genome-wide evidence of the TGS-AS.
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4.2 Genome-wide analysis of AGO1 and its
role in alternative splicing

In view of our results in (Allo et al., 2009) and the more recent results from
other groups (Guang et al., 2010; Cernilogar et al., 2011, Ameyar-Zazoua
et al., 2012; Taliaferro et al., 2013) we proceeded to define the genomic distri-
bution of AGO1. Recent reports showed further evidence for a role of Arg-
onaute in alternative splicing (Ameyar-Zazoua et al., 2012; Taliaferro et al.,
2013). In this work we found that AGO1 regulates constitutive and alterna-
tive splicing genome-wide in MCF7 cells. Our results suggested that AGO1
presence can inhibit intron excision through a direct mechanism. Moreover,
we found exon skipping events regulated upon AGO1 knockdown that were
correlated with AGOL1 presence. In addition, AGO1 was enriched genome-
wide with silencing heterochromatin marks (H3K9me2 and H3K27me3). Our
results showed AGO1 regulated alternative splicing in MCF7 cells and sev-
eral evidences suggested that the mechanism could act through sRNA di-
rected TGS.

Recently, Ameyar-Zazoua et al found that Argonaute proteins localize
in the nucleus with spliceosome components and that AGO1 and AGO2 re-
cruitment leads to local H3K9 methylation affecting the alternative splicing
regulation of the CD44 gene model. However, the origin of the sSRNAs im-
plicated in the process is still unclear, Argonaute recruitment is RNAi de-
pendent. On the other hand, recent results showed that Drosophila AGO2
regulates alternative splicing but by a direct association through chromatin
and not through sRNA mediated transcriptional gene silencing (Taliaferro
etal., 2013).

We analyzed the distribution of AGO1 in MCF7 and MCF10A cells and
we found a non-random distribution with significant enrichment in spe-
cific regions. AGO1 was significantly enriched in CpG islands (CGI) and
the 5’UTRs. Recently, Taliaferro et al showed the distribution of Drosophila

AGO2, where they found enrichment at promoter regions (Taliaferro et al.,
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2013). However, when we looked to promoter regions we did not find a
significant enrichment. The AGO enrichment at promoters (Taliaferro et al.,
2013) may be explained by an accumulation on the 5’UTRs that in our results
was also correlated with highly expressed genes in MCF7. In addition, the
significant enrichment found in the first part of the first intron was consis-
tent with a regulation through the first 5’ss. There is evidence of alternative
splicing regulation associated with the position of the first 5’ss (Bieberstein
etal., 2012), AGO1 localized in this region could suggest a downstream effect
on transcription dependent alternative splicing. The distribution of AGO1
showed the same specific regions enriched in MCF7 and MCF10A. How-
ever, only MCF7 (tumoral breast cancer cell line) showed AGO1 enrichment
on CGIs, which may suggest cell specific differences due to the tumoral ori-
gin of MCF7. On the other hand, we found a higher signal of AGO1 around
the TSS in highly expressed genes in MCF7, suggesting a relation of AGO1
with activation of transcription. The overlap between pairs of histone modi-
fications was higher in AGO1 binding sites specially for the repressive marks
H3K9me?2 and H3K27me3, in agreement with our results in (Allo et al., 2009),
which supported the role of AGO1 in gene silencing. However, we found
that there was a weaker but detectable enrichment of H3K36me3 mark in
AGO1 binding sites when compared to whole genome. This suggests re-
lation to both activation and repression of transcription. Moreover, AGO1
presence in promoter regions was higher when it was localized with sRNAs
from different sources, which supported a possible sSRNA mediated regula-
tion of transcription. In this sense, it has been found that active promoters
could be sites of sense and antisense sSRNA generation at canonical promot-
ers (Core et al., 2008; He et al., 2008; Preker et al., 2008; Seila et al., 2009) or
at intragenic promoters and enhancers (Kim et al., 2010; Kowalczyk et al.,
2012), which may indicate that AGO1 presence around TSS with RNAPII in
highly expressed genes might be associated to the loading of short RNAs to
act elsewhere in trans.

Our previous results showed that there was evidence of endogenous sR-
NAs overlapping ASEs intronic regions and also predicted targets. How-
ever, we also found experimentally siRNAs targeting both introns and exons,
which could suggest different action mechanisms for the SRNAs in the intra-

genic regions (Allo et al., 2009). Different reports found that there is evidence
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of sSRNAs involved with AGO complexes, suggesting their involvement in
the regulation of the alternative exons (Ameyar-Zazoua et al., 2012). How-
ever, as we discussed before, the nature of these SRNAs in still unclear. It has
been described that the origin of many sRNAs comes from the backtrack-
ing of the RNAPII near the transcription starts sites (TSS) (Fejes-Toth et al.,
2009) and derived from sequences on the same strand as the TSS associated
with promoters (Taft et al., 2009). Our comparison between tiRNAs (Taft
et al., 2009) and pasRNAs with sRNAs from MCF7 (Mayr and Bartel, 2009),
showed clearly their different nature. While tiRNAs and pasRNAs where lo-
calized in promoters, sSRNAs in MCF7 were mainly found on introns. When
we considered the sRNAs localized with AGO1 ChIP-Seq signal, the three
classes showed higher enrichment in intronic regions, which suggested that
AGO1 sRNAs complexes may preferentially localize on introns where they
can regulate in some way intragenic processes, like RNAPII elongation. In
this sense, Dumesic et al found that intron-containing genes showed siRNAs
mapping to intronic and exon-intron junctions, which suggested that they
could act as a template for siRNA synthesis (Dumesic et al., 2013). More-
over, they proposed an inverse correspondence between splicing efficiency
and siRNA synthesis due to a kinetic mechanism based on the intronic struc-
tural features in C. neoformans (Dumesic et al., 2013). Which agreed with our
results from (Allo et al., 2009), where we found different intronic structure
on AGOL regulated ASEs.

To address this and other questions we performed RNA-seq of MCF7
cells where AGO1 was knocked down by RNAi using an siRNA for lu-
ciferase as control. Even though, AGO1 depletion upregulates and downreg-
ulates expression of a considerable number of genes (1274), the proportion
of genes with AGO1 clusters in their promoters that change their expression
levels upon AGO1 knockdown is not enough to attribute to AGO1 a role in
the control of transcriptional initiation, neither negative nor positive. Our
results suggest that the presence of AGO1 in association to RNAPII around
the TSS may reflect an important step for downstream effects, not related to
transcriptional regulation at the initiation level. In that sense, recently re-
ported evidence of Argonaute in alternative splicing from different reports
and the localization with splicing factors, lead us to think that AGO1 func-

tion is alternative splicing is more general than expected. Our results showed
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that alternative and constitutive ASEs events could be genome-wide. Fur-
thermore, RNA-Seq revealed that AGO1 depletion promotes skipping of 334
and inclusion of 401 alternative cassette exons. RN A-seq data indicated that
AGO1 regulated constitutive splicing negatively. If AGO1 was loading sR-
NAs, AGO1 depletion promoted intron excision may be related to the results
reported from Dumesic et al, where splicing efficiency was affected inversely
to the siRNA production (Dumesic et al., 2013).

Interestingly, we found that AGO1 depletion clearly correlated with splic-
ing efficiency, where AGO1 density and alternative exons inclusion changes
were related in the sense of exon skipping. Our previous report (Allo et al.,
2009) suggested that one of the nuclear roles of AGO1 was the local inhibi-
tion of RNAPII elongation with the subsequent upregulation of fibronectin
E33 inclusion according to the kinetic coupling model (Caceres and Kornbli-
htt, 2002). Ameyar-Zazoua et al provided more evidences in that direction
(Ameyar-Zazoua et al., 2012) and Taliaferro et al found that AGO regulated
splicing but not in an RNAi mediated transcriptional gene silencing (Talia-
ferro et al., 2013). Thus, we proposed that AGO1 regulation of both constitu-
tive and alternative splicing may be mediated through two different ways,
one through AGO1 localization to chromatin by its interaction to other fac-
tors (Moshkovich et al., 2011; Taliaferro et al., 2013; Cuddapah et al., 2009)
and the other one through sRNA mediated chromatin formation (Allo et al.,
2009; Guang et al., 2010; Ameyar-Zazoua et al., 2012). Our results suggest
that for some of the regulated events endogenous sRNAs may be involved,
and in some cases antisense to the gene direction. In summary, we provide
here genome-wide evidence for a direct role of AGO1 in splicing efficiency

and alternative splicing.
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4.3 A chromatin code for cell specific
alternative splicing

The results for the previous work provided some evidence for the role
of AGOIL in splicing and alternative splicing control. We found that AGO1
correlated with different histone modifications and RNAPII. Additionally,
we found ASEs that supported AGO1 dependent regulation of alternative
splicing. The work discussed in this section, we have provided evidence for
a chromatin code for splicing differences between MCF7 and MCF10A cell
lines.

Even though the core histones are mainly the same throughout the chro-
matin structure, histone modifications act as markers for different chromatin
states. Strahl and Allis proposed that some proteins, like heterochromatin
protein 1 (HP1) or polycomb group proteins (PcG), could act as readers of the
combination of different histone modifications to translate them into differ-
ent states, which they named the histone code (Strahl and Allis, 2000). Sub-
sequent genome-wide analysis of different chromatin proteins in Drosophila
has shown that the genome can be defined by domains characterized by the
different chromatin types (Filion et al., 2010). In addition, there is clear ev-
idence of the histone modifications and its relation to alternative splicing
regulation (Luco et al., 2010). In the case of splicing, while several evidences
suggested a mechanism in which splicing would influence histone mark-
ing (Kolasinska-Zwierz et al., 2009; Tilgner et al., 2009; Schwartz et al., 2009;
Spies et al., 2009), some reports showed equal exonic methylation in skip-
ping and inclusion of specific exons (Huff et al., 2010). These in principle
contradictory results, suggested that splicing changes based on differential
combination of histone marks may be related to cell specific patterns and
also to the association between histone marks with other factors.

Using ChIP-Seq data combined with alternative splicing arrays from the
two cell lines, we have derived a chromatin RNA-map that shows a strong

association between HPla and CTCF activity around regulated exons, as
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well as AGO1, RNAPII and histone marks. Our model shows that AGO1
activity downstream of exons, near the 3’ss, correlates with splicing changes
in MCF7 compared to MCF10A patterns, providing further indication that
AGO1 association to chromatin could be implicated in splicing regulation
(Allo et al., 2009; Ameyar-Zazoua et al., 2012; Taliaferro et al., 2013), at least
for some specific cases. Additionally, the strong association found between
HPla and CTCF appeared to be strongly directed in the sense of exon in-
clusion in MCF7, whereas the relation between CTCF and 5 methylated Cy-
tosine (5metC) appeared to be antagonistic, as reported by (Shukla et al.,
2011b). The results support the evidence of a genome-wide chromatin reg-
ulation of alternative splicing mediated by chromatin, in our case specific
of splicing changes between MCF7 and MCF10A cell lines. The model also
involve RNAPII and different factors that act as intermediates of different
chromatin patterns that are associated to inclusion and skipping of the stud-

ied cassette exons.

Since it is still unclear how different histone marks are established and
maintained at specific splicing events, we expanded our analysis about AGO1
role on alternative splicing to study a genome-wide splicing chromatin code.
We thus, analyzed the code with the combination of the TGS-AS poten-
tial partners (AGO1,H3K27me3,H3K9me2 RNAPII and HP1«), markers as-
sociated with elongation (Li et al., 2007) or nucleosome occupancy at exons
(Kolasinska-Zwierz et al., 2009; Tilgner et al., 2009; Schwartz et al., 2009;
Spies et al., 2009) (H3K36me3), factors that were found recently to have a role
in alternative splicing (CTCF) (Shukla et al., 2011b) and DNA modifications
that appear to be enriched in heterochromatin (5metC). In this sense, we used
a Machine Learning approach combining chromatin signals and ASEs, that
lead us to be able to predict splicing and inclusion patterns for the 68% of
the selected regulated cassette exons. The relative changes of chromatin-
associated signals between MCF7 and MCF10A cells lines recapitulated reg-
ulatory modes previously described, as the indication that an increase of
CTCF binding downstream of the regulated exons correlated with inclusion,
and its decrease in combination with 5metC increase correlated with skip-
ping (Shukla et al., 2011b). Moreover, we found association between CTCF
and HP1a that was strongly related with inclusion of the cassette exons.
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For RNAPII we found that the splicing change correlated better with the
densities near the exon boundaries. Such is the case that the accumulation
of RNAPII at junctions can reflect the interaction between transcription rates
and alternative splicing efficiency (Kornblihtt, 2006). RN APII was selected as
one of the attributes in the model covering the downstream intron-exon junc-
tion (J4). There is evidence supporting a regulation of alternative splicing
mRNA transcripts directly associated with RNAPII elongation rates (Nogues
et al., 2002). In this sense, it has been found that higher RNAPII occupancy
nearby exons is associated of alternative exons (Brodsky et al., 2005). Ac-
cordingly, our analysis indicated that a change in the region flanking the
exon was indicative of the change in exon inclusion, in agreement with (Allo
et al., 2009). Moreover, the change was also correlated with higher basal lev-
els in included exons in MCF7.

H3K36me3 appeared as a very informative mark in our model. Sev-
eral reports showed that H3K36me3 could be considered as an exon marker
(Kolasinska-Zwierz et al., 2009; Tilgner et al., 2009; Schwartz et al., 2009;
Spies et al., 2009). There is also evidence of higher densities of H3K36me3 at
constitutive exons compared to alternative exons (Kolasinska-Zwierz et al.,
2009; Hon et al., 2009), however the opposite pattern has been also described
(de Almeida et al., 2011). For specific genes, an increased density of H3K36me3
has been related to exon skipping (Schor et al., 2009; Luco et al., 2010). Our
model indicates that H3K36me3 is a crucial mark for splicing decisions. In
our results the densities of H3K36me3 were not a consequence of gene ex-
pression. Thus, the H3K36me3 pattern observed near exon boundaries could
correspond to a direct effect of splicing. Interestingly, skipping events showed
higher H3K36me3 densities that also correlated with a higher change to-
wards skipping, while RNAPII showed the contrary effect, even though the
RNAPII signal found in inclusion events in the downstream junction (J4)
was not very evident. The mean densities over the three exons boundaries
showed accumulations of RNAPII, as mentioned before, when the exon was
included, while in skipping events we found accumulation of H3K36me3.
This agrees with recent reports showing that inhibition of RNAPII elonga-
tion can yield some kind of dependencie over other marks, particularly in-
clusion and skipping (Ip et al., 2011). As H3K36me3 affects RNAPII elonga-
tion, both effects are likely to be related. Moreover, H3K36me3 was found to
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be dependent on splicing (de Almeida et al., 2011; Kim et al., 2011).

Interestingly, we found a strong association between CTCF and HPl«a
that also correlated with our chromatin map results. Both, CTCF and HP1¢,
were related to inclusion and the densities around the three exons of the
events showed a colocalization of both signals, specially in inclusion events.
HP1 recognizes methylated H3K9 (Bannister et al., 2001), is responsible for
the spreading and maintaining of heterochromatin formation (Ayyanathan
et al.,, 2003) and is a key player in the transcriptional gene silencing (TGS)
pathway (Moazed, 2009). Moreover, HP1 also participates in the TGS-mediated
regulation of alternative splicing (Allo et al., 2009; Ameyar-Zazoua et al,,
2012), and its accumulation has been observed to correlate with the inclu-
sion of alternative exons (Allo et al., 2009; Saint-Andre et al., 2011; Ameyar-
Zazoua et al., 2012). Even though we did not find significant signal of hete-
rochromatin marks correlated with HP1«, possibly because in general H3K27me3
and H3K9me2 did not seem to have enough informative signal in our model,
HP1 has been found to interplay directly or indirectly with other non-histone
proteins (Kwon and Workman, 2008). There is also evidence that Drosophila
HP1a binds more strongly to methylated H3 while it shows a weak binding
to methylated chromatin, suggesting that HP1la may have another binding
to chromatin besides H3K9 (Kwon and Workman, 2011). On the other hand,
CTCF has been implicated in diverse functions related to the global organi-
zation of chromatin (Phillips and Corces, 2009). Besides acting as insulator,
it also works as a barrier for spreading of heterochromatin (Cuddapah et al.,
2009) and shukla et al showed CTCF involvement in alternative splicing reg-
ulation (Shukla et al., 2011b) as antagonistic to methylation.

Our results showed that apart from the association between CTCF and
HP1q, both were reciprocally associated to methylation. We proposed based
on our chromatin RNA map, that HP1« signals downstream and upstream
of the cassette exon were localized with CTCF and could inhibit in some
way RNAPII activity, since non-regulated cassette exons showed high levels
of methylation but absence of CTCF, HP1a and RNAPII signals. The recip-
rocal association with methylation suggests that intragenic CTCF HP1« in-
teraction and possibly binding could be affected by variations in basal DNA
methylation. It has been shown that changes in DNA methylation can lead
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to alternative splicing regulation changes in tissue or cell specific manner
(David and Manley, 2010).

AGO1 was selected as an informative attribute in our model, which sug-
gested that a fraction of the events could be explained by AGO1 presence.
Moreover, we found association of AGO1 with CTCF and AGO1 with HP1q,
but not the other way around. AGO1 showed correlation in the change of in-
clusion. However, comparison of the changes with CTCF and HP1a showed
that there was not an increase in the fraction of inclusion events when AGO1
was upregulated. Thus, the results suggest that more than leading to inclu-
sion, AGOL1 inhibits exon skipping, in agreement with our previous results.
We propose that while CTCF and HP1« are directly associated together with
inclusion of the exon, AGO1 absence leads to a higher skipping of the exon.
This combination of factors would explain the association of AGO1 with
CTCF and HP1« in inclusion events.

Interestingly, we found consistent DNA binding motifs for HP1a and
AGO1 and recovered the known CTCF motif (Essien et al., 2009). Although,
there is no clear evidence of AGO1 binding to DNA, Taliaferro et al found
Drosophila AGO2 binding sites that were consistent with a previously re-
ported motif for AGO2 (Moshkovich et al., 2011). However, they suggested
that AGO would mainly colocalize with other DNA binding factors (Talia-
ferro et al., 2013). Our AGO1 motif is also consistent throughout our data
and is similar to the motif of (Moshkovich et al., 2011). In addition, the G-
rich pattern of the motif, as suggested by Ameyar-Zazoua et al, could refer
to sequences similar to those that allow AGO binding to mRNA in the cyto-
plasm. We hypothesize, that enrichment of sequences with the AGO1 motif
localized in inclusion events would show a non RNAi mediated regulation of
alternative splicing mechanism without a binding between AGO1 and chro-
matin. However, contradictory results showed that AGO regulated alterna-
tive splicing could require the presence of SRNAs (Allo et al., 2009; Ameyar-
Zazoua et al., 2012; Dumesic et al., 2013). Additionally, HP1a motif could
also show controversy since there is no known DNA binding described. HP1
proteins consist of two main domains that are separated by a hinge region,
while one of the domains is known to bind H3K9me the other acts with in-

teraction of other proteins (Kwon and Workman, 2011). Although there is
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no defined DNA binding region, the hinge linker domain was found to be
involved in length dependent DNA and RNA binding (Zhao et al., 2000).

There have been attempts to systematically establish a relation between
histone marks and splicing regulation (Dhami et al., 2010; Hon et al., 2009;
Enroth et al., 2012; Zhou et al., 2012). However, only in one case a predic-
tive model has been proposed (Enroth et al., 2012). Our model, which is
based on continuous relative changes, can explain about 68% of the splicing
changes. Earlier approaches have analyzed the relation between chromatin
and splicing looking at one single condition at the time (Dhami et al., 2010;
Hon et al., 2009; Enroth et al., 2012; Zhou et al., 2012), rather than comparing
between two conditions. In previous methods exons were generally classi-
fied as constitutive or alternative based on expression data from one single
condition. Our method showed the advantage that, by comparing two con-
ditions, besides circumventing the caveats of comparing genomic regions
with different local biases, we could relate changes of the chromatin signal
between two conditions to the actual splicing change of exons between the
same two conditions. We thus propose that the relative change in the his-
tone mark or any other chromatin-related signal provides a better descriptor
of the association between chromatin and splicing regulation. Our analy-
sis also shows an strong association of HP1la and CTCF in the chromatin
dependent regulation of alternative splicing as further evidence of AGO1
regulated alternative splicing events. We showed that the chromatin code is
defined by the combination of different marks and factors that differentiate
patterns around skipping, inclusion and non-regulated exons. Additionally,
we report a possible DNA binding motif for HP1a and AGO1.
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1. There is evidence of alternative splicing events regulated upon AGO1
depletion. These events show shorter upstream introns, which sug-
gests that RNAPII elongation changes may be a response on different

genic structural features.

2. There is bioinformatical evidence of miRNAs overlapping and target-
ing introns flanking alternative exons. Moreover, there is evidence of
AGO1 dependent alternative splicing events with predicted miRNA

targets.

3. Some of the alternative splicing events are AGO1 dependent but DCR
independent, which suggests that the possible transcriptional gene si-
lencing mediated regulation of alternative splicing, involves sRNAs
other than siRNAs and miRNAs.

4. AGOI1 follows a non-random distribution in the genome and shows en-
richment in specific regions in different cells lines. While MCF7 shows
enrichment over CpG islands and 5"UTRs, MCF10A only shows en-
richment over the 5’UTR. Interestingly there is a high enrichment in
the first 300 nt of the first introns, AGO1 which suggests a downstream
effect on transcription dependent alternative splicing.

5. AGOl1 localizes with sSRNAs from different classes that are mainly present
in intronic regions. There is a considerable proportion of SRNAs that
overlap in antisense to regulated genes and mainly colocalize in the
first introns. There is also overlap between AGO1 and sRNAs in the
promoters and 5'UTRs. The results suggest that active promoters with
AGOL1 could be sites of sense and antisense SRNA generation.

6. AGOI1 colocalizes with silencing histone modifications H3K27me3 and
H3K9me2, which would suggest a gene silencing role of AGO1. How-
evwe, there is a detectable enrichment of AGO1 with H3K36me3, sug-
gesting that AGO1 activity requires active transcription. Moreover,
there is AGO1 presence around TSSs with RNAPII in highly expressed
genes that might be associated to the loading of short RNAs to act else-
where in trans.

7. The proportion of genes with AGOL1 clusters in their promoters that



117

10.

11.

12.

13.

change their expression levels upon AGO1 knockdown is not enough
to attribute to AGO1 a role in the control of transcription initiation,

neither negative nor positive.

. RNA-Seq revealed that AGO1 depletion promotes skipping and inclu-

sion of 334 and 401 alternative exons respectively. Additionally, RNA-
seq data indicated that AGO1 regulated constitutive splicing negatively.
AGOI1 depletion correlates with splicing efficiency, where AGO1 den-
sity and alternative exons inclusion changes are related in the sense of

exon skipping.

For some of the alternative splicing events endogenous sRNAs may be
involved, in some cases antisense to the gene direction. This suggests
an endogenous sRNA mediated regulation of alternative splicing de-
pendent of AGO1.

We have provided evidence for a chromatin code associated to splicing
differences between MCF7 and MCF10A cell lines. We have derived
a chromatin RNA-map that shows a strong association between HP1a
and CTCF activity around regulated exons, as well as some association
of AGO1, RNAPII and histone marks.

AGO1 activity in the downstream intron, near the 3’ss, correlates with
splicing changes in MCF7 compared to MCF10A patterns, providing
further indication that AGOL1 association to chromatin could be impli-
cated in splicing regulation.

There is a strong reciprocal interplay between HP1la and CTCF, di-
rected in the sense of exon inclusion in MCF7, whereas the relation
between CTCF and 5metC is antagonistic. The results show a genome-
wide association of chromatin and alternative splicing and that ex-
plains part of the inclusion and skipping changes between MCF7 and
MCF10A change.

We report possible DNA binding motifs for HP1ae and AGO1, and
we recover the previously known DNA binding motif for CTCFE. The
AGO1 motif suggests a non RNAi mediated regulation of alternative

splicing mechanism with a direct binding of AGO1 to DNA.
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14. Our model is based on continuous relative changes and can explain
about 68% of the splicing changes. We propose that the relative change
in the histone marks or any other chromatin-related signal provides
a better descriptor of the association between chromatin and splicing
regulation than using a singgle condition. We show that the chromatin
code is define by the combination of different marks and factors that

differentiate patterns of skipping, inclusion and non-regulated exons.
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6.1 Appendix A: Databases and resources
for human small non-coding RNAs

In this section I attached the review that I published about human sRNA

databases in Human Genomics journal (Agirre and Eyras, 2011).

Abstract

Recent advances in high-throughput sequencing have facilitated the genome-
wide studies of small non-coding RNAs (sRNAs). Numerous studies have
highlighted the role of various classes of sSRNAs at different levels of gene
regulation and disease. The fast growth of sequence data and the diversity
of sRNA species have prompted the need to organise them in annotation
databases. There are currently several databases that collect SRNA data.
Various tools are provided for access, with special emphasis on the well-
characterised family of micro-RNAs. The striking heterogeneity of the new
classes of sSRNAs and the lack of sufficient functional annotation, however,
make integration of these datasets a difficult task. This review describes the
currently available databases for human sRNAs that are accessible via the in-
ternet, and some of the large datasets for human sRNAs from highthrough-
put sequencing experiments that are so far only available as supplementary
data in publications. Some of the main issues related to the integration and

annotation of sSRNA datasets are also discussed.
e Article abstract:http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3500172/?report=abstract

e Fulltext:http://www.pubmedcentral.nih.gov/articlerender.
fcgi?tool=pubmed&pubmedid=21504869

e PDF:http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3500172/
pdf/1479-7364-5-3-192.pdf


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3500172/?report=abstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3500172/?report=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pubmed&pubmedid=21504869
http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pubmed&pubmedid=21504869
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3500172/pdf/1479-7364-5-3-192.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3500172/pdf/1479-7364-5-3-192.pdf

Agirre E, Eyras E. Databases and resources for human small non-

coding RNAs. Hum Genomics. 2011 Mar; 5(3):192-199.
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Hep3B
SAGOL

p value A
ECT2 2E05 4140
DNMT3B 6.E-05 39.56
INSR LE04 1538
CHEK2 2E-04 739
AKAP13 3.E-04 18.35
NUP98 4E-04 462
N1 (IICS ¢) 5E-04 3461
DRF1 7.E-04 18.59
MYO18A 9E-04 6091
UTRN 1E-03 154
TLK1 2E-03 37
CASP9 3E-03 1676
FANCL 4E-03 310
SYNE2 4E-03 7481
LIG4 5.E-03 3.10

5E-03  21.00
N1 (EDII) 8E-03 0.97
FGFR2 8.E-03 21.48
TOPBP1 9E-03  13.89
POLB LE02 1225
BCL2L11 1.E-02 8.14
APC 2E-02 4601
CCNE1 2E-02 1.10
Cliorfl7 2E-02 1047
Clorfl6 2.E-02 32.89
SHC1 3E-02 2.09
PTPRB 3E-02 849
C110RF4 3.E-02 3.93
MCL1 4E-02 5.44
SDCCAGS 4E-02 455
LRDD 5.E-02 21.34
N1 (ICS #) 5.E-02 3.36
PCSK6 5E-02  12.65
EN1 (EDI) 5E02  19.98

Figure 6.1: For each splicing event, the ratio of long isoform versus total isoform
concentrations, expressed as a percentage and termed the percent splicing index, ),
was determined fot the Hep3B cell line. The absolute ¢ change between control and
AGO1 depleted samples, termed A1, is reported for each gene
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Hep3B
siAGO1
p value I3
ECT2 2.E-05 4140
DNMT3B 6.E-05 39.56
INSR 1E-04 15.38
CHEK2 2.E-04 7.39
AKAP13 3.E-04 18.35
NUP98 4.E-04 4.62
FN1 (ICS ) 5.E-04 34.61
DRF1 7.E-04 18.59
MYOI18A 9.E-04 60.91
UTRN 1.E-03 1.54
TLK1 2.E-03 3.7
CASP9 3.E-03 16.76
FANCL 4.E-03 3.10
SYNE2 4E-03 7481
LIG4 5.E-03 3.10
OPA1 5.E-03 21.00
FN1 (EDI) 8.E-03 097
FGFR2 8.E-03 21.48
TOPBP1 9.E-03 13.89
POLB 1.E-02 12.25
BCL2L11 1.E-02 814
APC 2.E-02 46.01
CCNE1 2.E-02 1.10
Cllorfl7 2.E-02 10.47
Clorfl6 2.E-02 32.89
SHC1 3.E-02 2.09
PTPRB 3.E-02 8.49
C110RF4 3.E-02 3.93
MCL1 4.E-02 5.44
SDCCAG8 4E-02 455
LRDD 5.E-02 21.34
FN1 (IICS ) 5.E-02 3.36
PCSK6 5.E-02 12.65
FN1 (EDI) 5.E-02 19.98

Figure 6.2: For each splicing event, the ratio of long isoform versus total isoform
concentrations, expressed as a percentage and termed the percent splicing index, 1),
was determined for the Hela cell line. The absolute ¢) change between control and

AGOI1 depleted samples, termed A1), is reported for each gene.



6.2 Appendix B: Supplementary figures and tables

171

Table 6.1: Predicted miRNA targets in ASEs affected by siAGO1 knockdown

in Hel a.

Mature miRNA annotation source MiRbase database (Griffiths-Jones et al., 2008;
Kozomara and Griffiths-Jones, 2011; Griffiths-Jones et al., 2006; Griffiths-Jones, 2004)

miRNA chr start end strand score  RefseqlD
hsa-miR-610 chrl5 42460467 42482376 + 166.00  CASC4
hsa-miR-1294 chrl5 42460467 42482376 + 173.00 CASC4
hsa-miR-187 chrll 114554706 114585503 - 166.00 CADMI1
hsa-miR-127-3p  chrl5 84002826 84008797 + 165.00 AKAP13
hsa-miR-1913 chrl7 41420299 41423080 + 167.00 MAPT
hsa-miR-146b-5p chrl5 42460467 42482376 + 171.00  CASC4
hsa-miR-519b-5p  chr19 35000289 35003448 + 166.00  CCNE1
hsa-miR-219-2-3p chrl0 74869666 74874488 - 168.00  PPP3CB
hsa-miR-196b chrll 114554706 114585503 - 167.00 CADM1
hsa-miR-1278 chrl0 74869666 74874488 - 166.00  PPP3CB
hsa-miR-891a chrll 114554706 114585503 - 166.00 CADMI1
hsa-miR-101 chrll 114554706 114585503 - 172.00 CADMI1
hsa-miR-1913 chrll 8889347 8889566 + 167.00  Cllorfl7
hsa-miR-146b-5p  chrl 241608789 241645626 + 171.00 SDCCAGS8
hsa-miR-516b chrll 4061305 4064282 + 166.00 STIM1
hsa-miR-634 chr19 35000289 35003448 + 167.00  CCNE1
hsa-miR-28-5p  chrll 114554706 114585503 - 166.00 CADMI1
hsa-miR-1537  chrl5 84000023 84006622 + 175.00 AKAP13
hsa-miR-499-5p  chrl5 84000023 84006622 + 166.00 AKAP13
hsa-miR-518¢ chrl7 = 22993502 22996466 + 178.00  LGALS9
hsa-miR-541 chrl5 84000023 84006622 + 166.00 AKAP13
hsa-miR-518¢ chrl7 22994774 22996466 + 178.00 LGALS9
hsa-miR-425 chrl 241608789 241645626 + 170.00 SDCCAGS8
hsa-miR-520e chr19 35000289 35003448 + 169.00  CCNE1
hsa-miR-663 chr5 176452392 176452938 + 168.00 FGFR4
hsa-miR-758 chr22 27471997 27477228 + 171.00  HSC20
hsa-miR-487b chrl 241608789 241645626 + 166.00 SDCCAGS8
hsa-miR-125a-3p  chr22 27471997 27477228 + 165.00  HSC20
hsa-miR-519b-5p chrll 114554706 114585503 - 170.00 CADMI1
hsa-miR-1276 chrl 241608789 241645626 + 167.00 SDCCAGS
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hsa-miR-875-5p  chr6 167347046 167355886 + 169.00 FGFR10P
hsa-miR-196b chrl5 42482545 42492825 + 188.00 CASC4
hsa-miR-518d-3p chrl7 22993502 22996466 + 165.00 LGALS9
hsa-miR-518f chrl7 22993502 22996466 + 168.00 LGALS9
hsa-miR-412 chr6 167347046 167355886 + 167.00 FGFR10P
hsa-miR-1261 chrl7 30334685 30337119 + 169.00 LIG3
hsa-miR-1197 chrl7 40171319 40174229 + 168.00 DBF4B
hsa-miR-519¢-5p chrl9 35000289 35003448 + 166.00 CCNE1
hsa-miR-631 chr6 45588123 45620931 + 174.00 RUNX2
hsa-miR-933 chrll 114554706 114585503 - 179.00 CADM1
hsa-miR-1197 chrl 241608789 241645626 + 168.00 SDCCAGS8
hsa-miR-223 chrl5 42482545 42492825 + 167.00 CASC4
hsa-miR-499-5p chrl5 84000023 84002771 + 166.00 AKAP13
hsa-miR-412 chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-miR-200a chrl7 30334685 30337119 + 166.00 LIG3
hsa-miR-518¢ chrl7 22994774 22996466 + 178.00 LGALS9
hsa-miR-516b chrl5 84006689 84008797 + 168.00 AKAP13
hsa-miR-873 chrl7 30331755 30334133 + 175.00 LIG3
hsa-miR-873 chrl7 40174347 40179976 + 169.00 DBF4B
hsa-miR-339-3p  chr5 176452392 176452938 + 168.00 FGFR4
hsa-miR-1537 chrl5 84000023 84002771 + 175.00 AKAP13
hsa-miR-371-5p chrll 4060789 4061068 + 170.00 STIM1
hsa-miR-1300 chrl7 40174347 40179976 + 174.00 DBF4B
hsa-miR-127-3p  chrl5 84000023 84006622 + 165.00 AKAP13
hsa-miR-518a-3p chrl5 42482545 42492825 + 173.00 CASC4
hsa-miR-409-5p chrll 4061305 4064282 + 170.00 STIM1
hsa-miR-758 chr19 35000289 35003448 + 170.00 CCNE1
hsa-miR-934 chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-miR-632 chrll 8890657 8892948 + 165.00 Cllorfl?7
hsa-miR-371-5p  chr6 45588123 45620931 + 168.00 RUNX2
hsa-miR-371-5p  chr6 30971271 30972376 + 172.00 DDR1
hsa-miR-483-5p chrll 114554706 114585503 - 168.00 CADMI1
hsa-miR-875-5p chrl5 42460467 42482376 + 168.00 CASC4
hsa-miR-1300 chr6 45588123 45620931 + 167.00 RUNX2
hsa-miR-148b chr6 45588123 45620931 + 169.00 RUNX2
hsa-miR-518f chrl7 22994774 22996466 + 168.00 LGALS9
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hsa-miR-483-5p  chr6 30970428 30971159 + 167.00 DDR1
hsa-miR-1231 chrll 114554706 114585503 - 167.00 CADMI1
hsa-miR-483-5p  chr6 30970428 30972376 + 167.00 DDR1
hsa-miR-361-5p  chrl 241608789 241645626 + 170.00 SDCCAGS
hsa-miR-218 chrll 4061305 4064282 + 168.00 STIM1
hsa-miR-28-5p  chr19 35000289 35003448 + 166.00 CCNE1
hsa-miR-219-2-3p chrll 114554706 114585503 - 170.00 CADMI1
hsa-miR-371-5p  chr6 30971271 30972376 + 172.00 DDR1
hsa-miR-1913 chr6 167347046 167355886 + 175.00 FGFR1OP
hsa-miR-202 chrl5 84000023 84002771 + 170.00 AKAP13
hsa-miR-513a-5p chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-miR-516b chrl5 84002826 84008797 + 168.00 AKAP13
hsa-miR-610 chrll 114554706 114585503 - 173.00 CADM1
hsa-miR-371-5p chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-miR-518f chrl7 22994774 22996466 + 168.00 LGALS9
hsa-miR-193a-3p chrll 63812517 63812650 + 165.00 GPR137
hsa-miR-518d-3p chrl7 22994774 22996466 + 165.00 LGALS9
hsa-miR-591 chr1l 114554706 114585503 - 167.00 CADMI1
hsa-miR-200a chrl 241645755 241647892 + 175.00 SDCCAGS8
hsa-miR-541 chrl5 84002826 84008797 + 166.00 AKAP13
hsa-miR-361-5p chr6 45588123 45620931 + 172.00 RUNX2
hsa-miR-200a chr22 27471997 27477228 + 166.00 HSC20
hsa-miR-1282 chrl 241608789 241645626 + 168.00 SDCCAGS
hsa-miR-1913 chr2 111595237 111597780 + 177.00 BCL2L11
hsa-miR-516b chrl 241608789 241645626 + 196.00 SDCCAGS8
hsa-miR-519¢-5p  chr6 167347046 167355886 + 166.00 FGFR1OP
hsa-miR-193a-3p chr19 35003596 35004468 + 170.00 CCNE1
hsa-miR-1294 chr6 30969180 30970261 + 172.00 DDR1
hsa-miR-1295 chrl7 30331755 30334133 + 165.00 LIG3
hsa-miR-507 chrl5 42482545 42492825 + 170.00 CASC4
hsa-miR-518d-3p chrl7 22994774 22996466 + 165.00 LGALS9
hsa-miR-483-5p chr6 30970428 30972376 + 167.00 DDR1
hsa-miR-875-5p  chrl 241608789 241645626 + 178.00 SDCCAGS
hsa-miR-200b chr6 45588123 45620931 + 167.00 RUNX2
hsa-miR-632 chrl7 22993502 22996466 + 166.00 LGALS9
hsa-miR-483-5p  chr6 30970428 30971159 + 167.00 DDR1
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hsa-miR-1280 chrl5 84002826 84008797 + 169.00 AKAP13
hsa-miR-10b  chr1l 114554706 114585503 - 178.00 CADMI1
hsa-miR-147 chrl 241608789 241645626 + 166.00 SDCCAGS
hsa-miR-10a  chrll 114554706 114585503 - 180.00 CADM1
hsa-miR-192  chrl5 42460467 42482376 + 171.00 CASC4
hsa-miR-1276  chr6 167344372 167346985 + 169.00 FGFR1OP
hsa-miR-152 chrl 241608789 241645626 + 166.00 SDCCAGS8
hsa-miR-483-5p chrl0 74869666 74874488 - 167.00 PPP3CB
hsa-miR-1913  chrll 4061305 4064282 + 171.00 STIM1
hsa-miR-1197  chrll 114554706 114585503 - 171.00 CADM1
hsa-miR-516b  chr6 45588123 45620931 + 171.00 RUNX2
hsa-miR-937 chr2 111595237 111597780 + 169.00 BCL2L11
hsa-miR-660 chr6 45588123 45620931 + 169.00 RUNX2
hsa-miR-1287  chr6 45588123 45620931 + 172.00 RUNX2
hsa-miR-10a  chrl5 42460467 42482376 + 172.00 CASC4
hsa-miR-1261 chrl 241608789 241645626 + 168.00 SDCCAGS8
hsa-miR-210 chr6 167347046 167355886 + 169.00 FGFR10P
hsa-miR-361-5p chrl5 42460467 42482376 + 165.00 CASC4
hsa-miR-770-5p chrl7 40171319 40174229 + 166.00 DBF4B
hsa-miR-129-5p chrl7 41423279 41424662 + 173.00 MAPT
hsa-miR-507 chrl 241608789 241645626 + 172.00 SDCCAGS8
hsa-miR-1914  chrll 8890657 8892948 + 168.00 Cllorfl7
hsa-miR-615-3p chrl7 40174347 40179976 + 169.00 DBF4B
hsa-miR-1280 chr1l5 84006689 84008797 + 169.00 AKAP13
hsa-miR-876-3p chrl0 74869666 74874488 - 167.00 PPP3CB
hsa-miR-202  chrl5 84000023 84006622 + 170.00 AKAP13
hsa-miR-1308  chr22 27471997 27477228 + 165.00 HSC20
hsa-miR-371-5p chr6 30970428 30972376 + 172.00 DDR1
hsa-miR-1539 chr2 111595237 111597780 + 167.00 BCL2L11
hsa-miR-524-5p chr5 162824387 162827287 + 166.00 HMMR
hsa-miR-299-5p chrl5 42460467 42482376 + 166.00 CASC4
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hsa-miR-1913  chrll 63812517 63812650 + 175.00 GPR137
hsa-miR-425 chrl5 42460467 42482376 + 170.00 CASC4
hsa-miR-202 chr4 87891302 87893185 + 167.00 PTPN13
hsa-miR-1322 chrl 241608789 241645626 + 171.00 SDCCAGS
hsa-miR-412 chrl7 40174347 40179976 + 165.00 DBF4B
hsa-miR-208b chr6 167347046 167355886 + 166.00 FGFR10P
hsa-miR-541 chrll 114554706 114585503 - 167.00 CADM1
hsa-miR-877 chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-miR-663 chrl7 41420299 41423080 + 165.00 MAPT
hsa-miR-1275  chrll 63812517 63812650 + 165.00 GPR137
hsa-miR-1275  chrl7 30331755 30334133 + 175.00 LIG3
hsa-miR-412 chr2 111595237 111597780 + 167.00 BCL2L11
hsa-miR-200a chrll 114554706 114585503 - 170.00 CADM1
hsa-miR-634 chr2 111595237 111597780 + 176.00 BCL2L11
hsa-miR-891a chrll 8890657 8892948 + 171.00 Cllorfl7

hsa-miR-371-5p  chr6 30970428 30972376 + 172.00 DDR1

hsa-miR-519b-5p chr6 167347046 167355886 + 166.00 FGFR1OP

hsa-miR-519¢-5p chrll 114554706 114585503 - 170.00 CADMI1
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Table 6.2: Predicted miRNA targets in ASEs affected by siAGO1 knockdown

in Hep3B.

Mature miRNA annotation source MiRbase database (Griffiths-Jones et al., 2008;
Kozomara and Griffiths-Jones, 2011; Griffiths-Jones et al., 2006; Griffiths-Jones, 2004)

miRNA chr start end strand score  RefseqlD
hsa-miR-193a-3p chr19 35003596 35004468 + 170.00  CCNE1
hsa-miR-127-3p  chrl5 84002826 84008797 + 165.00 AKAP13
hsa-miR-30b chr6 145183848 145190176 + 182.00 UTRN
hsa-miR-142-3p  chrl5 84002826 84008797 + 167.00 AKAP13
hsa-miR-1539 chr2 111595237 111597780 + 167.00 BCL2L11
hsa-miR-877 chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-miR-142-3p  chrl5 84000023 84006622 + 167.00 AKAP13
hsa-miR-642 chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-miR-892a  chr20 30853938 30856804 + 170.00 DNMT3B
hsa-miR-499-5p  chrl5 84000023 84002771 + 166.00 AKAP13
hsa-miR-634 chr19 35000289 35003448 + 167.00  CCNE1
hsa-miR-133a chr5 112228329 112230999 + 165.00 SRP19
hsa-miR-1537 chrl5 84000023 84006622 + 175.00 AKAP13
hsa-miR-499-5p  chrl5 84000023 84006622 + 166.00 AKAP13
hsa-miR-16 chr3 194818321 194819351 + 167.00 OPA1
hsa-miR-30d chr15 84000023 84006622 + 165.00 AKAP13
hsa-miR-30b chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-miR-30d chr6 145183848 145190176 + 171.00 UTRN
hsa-miR-301b chr3 194819420 194826574 + 173.00 OPA1
hsa-miR-513a-5p chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-miR-151-3p  chrll 8890657 8892948 + 182.00 Cllorfl7
hsa-miR-142-3p  chr3 194819420 194826574 + 167.00 OPA1
hsa-miR-1537  chrl5 84000023 84002771 + 175.00 AKAP13
hsa-miR-127-3p  chrl5 84000023 84006622 + 165.00 AKAP13
hsa-miR-140-5p chr20 30853938 30856804 + 173.00 DNMT3B
hsa-miR-133b chr5 112228329 112230999 + 165.00 SRP19
hsa-miR-934 chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-miR-520e ~ chr19 35000289 35003448 + 169.00 CCNE1
hsa-miR-634 chr2 111595237 111597780 + 176.00 BCL2L11
hsa-miR-16 chr3 194818321 194819351 + 167.00 OPA1
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Table 6.3: Predicted miRNA targets in ASEs affected by siAGO1 knockdown

in Hel a.

Mature miRNA annotation source Argonaute database (Shahi et al., 2006)

miRNA chr start end strand score  RefseqID
hsa-miR-142-3p chr3 194819420 194826574 + 167.00 OPA1
hsa-miR-152 chrl 241608789 241645626 + 166.00 SDCCAGS
hsa-miR-151-3p chr20 30853938 30856804 + 174.00 DNMT3B
hsa-miR-611 chr5 112228329 112230999 + 165.00 SRP19
hsa-miR-642  chr20 30857795 30859228 + 186.00 DNMT3B
hsa-miR-770-5p chrl7 40171319 40174229 + 166.00 DBF4B
hsa-miR-154  chr20 30853938 30856804 + 165.00 DNMT3B
hsa-miR-1282 chrl 241608789 241645626 + 168.00 SDCCAGS8
hsa-miR-615-3p chrl7 40174347 40179976 + 169.00  DBF4B
hsa-miR-937 chr2 111595237 111597780 + 169.00 BCL2L11
hsa-miR-1914  chrll 8890657 8892948 + 168.00 Cllorfl7
hsa-miR-1280  chrl5 84006689 84008797 + 169.00 AKAP13
hsa-miR-1910  chr8 42315745 42321627 + 165.00 POLB
hsa-miR-668 chr3 194819420 194826574 + 168.00 OPA1
hsa-miR-1322 chrl 241608789 241645626 + 171.00 SDCCAGS8
hsa-mir-522* chrll 114554706 114585503 - 170.00 CADM1
hsa-mir-340* chr6 45588123 45620931 + 166.00  RUNX2
hsa-mir-875-5p  chr6 167347046 167355886 + 169.00 FGFR10P
hsa-mir-522*  chr19 35000289 35003448 + 166.00 CCNE1
hsa-mir-196b  chrl5 42482545 42492825 + 188.00  CASC4
hsa-mir-148b ~ chr6 ~ 45588123 45620931 + 169.00 RUNX2
hsa-mir-132* chrl7 22993502 22996466 + 174.00 LGALS9
hsa-mir-519¢-5p chr19 35000289 35003448 + 166.00 CCNE1
hsa-mir-522* chr6 167347046 167355886 + 166.00 FGFR1OP
hsa-mir-16-1*  chrll 114554706 114585503 - 166.00 CADM1
hsa-mir-132* chr6 30970428 30972376 + 166.00 DDR1
hsa-mir-519a-1* chrl9 35000289 35003448 + 166.00  CCNE1
hsa-mir-516b-1  chrll 4061305 4064282 + 166.00  STIM1
hsa-mir-412  chrl7 40174347 40179976 + 165.00  DBF4B
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hsa-mir-218-1 chrll 4061305 4064282 + 168.00 STIM1
hsa-mir-147 chrl 241608789 241645626 + 166.00 SDCCAGS
hsa-mir-24-1* chrl7 22993502 22996466 + 169.00 LGALS9
hsa-mir-937 chr2 111595237 111597780 + 169.00 BCL2L11
hsa-mir-520e chr19 35000289 35003448 + 169.00 CCNE1
hsa-mir-758 chr22 27471997 27477228 + 171.00 HSC20
hsa-mir-425 chrl 241608789 241645626 + 170.00 SDCCAGS8
hsa-mir-518e* chrll 114554706 114585503 - 170.00 CADM1
hsa-mir-92a-2* chrl7 40174347 40179976 + 165.00 DBF4B
hsa-mir-196b chrll 114554706 114585503 - 167.00 CADM1
hsa-mir-518a-1-3p chrl5 42482545 42492825 + 173.00 CASC4
hsa-mir-518c chrl7 22993502 22996466 + 178.00 LGALS9
hsa-mir-202 chr4 87891302 87893185 + 167.00 PTPN13
hsa-mir-339-3p chr5 176452392 176452938 + 168.00 FGFR4
hsa-mir-183* chrl5 42482545 42492825 + 167.00 CASC4
hsa-mir-154* chrl5 42460467 42482376 + 167.00 CASC4
hsa-mir-154* chr19 35003596 35004468 + 173.00 CCNE1
hsa-mir-634 chr2 111595237 111597780 + 176.00 BCL2L11
hsa-mir-632 chrll 8890657 8892948 + 165.00 Cllorfl?7
hsa-mir-770-5p  chrl7 40171319 40174229 + 166.00 DBF4B
hsa-mir-523* chr6 167347046 167355886 + 166.00 FGFR1OP
hsa-mir-24-1* chrl7 22993502 22994677 + 169.00 LGALS9
hsa-mir-200a chr22 27471997 27477228 + 166.00 HSC20
hsa-mir-933 chrll 114554706 114585503 - 179.00 CADM1
hsa-mir-610 chrll 114554706 114585503 - 173.00 CADM1
hsa-mir-193a-3p  chrll 63812517 63812650 + 165.00 GPR137
hsa-mir-183* chrl7 40174347 40179976 + 165.00 DBF4B
hsa-mir-891a chrll 114554706 114585503 - 166.00 CADM1
hsa-mir-148b* chrl 241608789 241645626 + 168.00 SDCCAGS
hsa-mir-541 chrll 114554706 114585503 - 167.00 CADM1
hsa-mir-202 chrl5 84000023 84002771 + 170.00 AKAP13
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hsa-mir-376a-1* chrl5 42482545 42492825 + 170.00 CASC4
hsa-mir-516b-1  chrl5 84002826 84008797 + 168.00 AKAP13
hsa-mir-223 chrl5 42482545 42492825 + 167.00 CASC4
hsa-mir-16-1* chrl7 40174347 40179976 + 178.00 DBF4B
hsa-mir-507 chrl 241608789 241645626 + 172.00 SDCCAGS
hsa-mir-183* chrl 241608789 241645626 + 166.00 SDCCAGS8
hsa-mir-132* chr6 30971271 30972376 + 166.00 DDR1
hsa-mir-129-1-5p chrl7 41423279 41424662 + 173.00 MAPT
hsa-mir-412 chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-487b chrl 241608789 241645626 + 166.00 SDCCAGS
hsa-mir-132* chr6 167347046 167355886 + 165.00 FGFR1OP
hsa-mir-507 chrl5 42482545 42492825 + 170.00 CASC4
hsa-mir-361-5p  chrl5 42460467 42482376 + 165.00 CASC4
hsa-mir-516b-2 chrl 241608789 241645626 + 196.00 SDCCAGS8
hsa-mir-361-5p chrl 241608789 241645626 + 170.00 SDCCAGS8
hsa-mir-412 chr6 167347046 167355886 + 167.00 FGFR1OP
hsa-mir-299-5p  chrl5 42460467 42482376 + 166.00 CASC4
hsa-mir-96* chrl5 42482545 42492825 + 165.00 CASC4
hsa-mir-518c chrl7 22994774 22996466 + 178.00 LGALS9
hsa-mir-132* chrl7 22994774 22996466 + 174.00 LGALS9
hsa-mir-409-5p  chrll 4061305 4064282 + 170.00 STIM1
hsa-mir-183* chrl5 84000023 84006622 + 166.00 AKAP13
hsa-mir-513-1-5p chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-192 chrl5 42460467 42482376 + 171.00 CASC4
hsa-mir-193a-3p chr19 35003596 35004468 + 170.00 CCNE1
hsa-mir-28-5p chr1l9 35000289 35003448 + 166.00 CCNE1
hsa-mir-376a-1* chrl 241608789 241645626 + 166.00 SDCCAGS8
hsa-mir-499-5p  chrl5 84000023 84002771 + 166.00 AKAP13
hsa-mir-92a-2* chr6 45588123 45620931 + 167.00 RUNX2
hsa-mir-571 chrll 114554706 114585503 - 169.00 CADMI1
hsa-mir-221* chr6 45588123 45620931 + 166.00 RUNX2
hsa-mir-518e* chr19 35000289 35003448 + 166.00 CCNE1
hsa-mir-16-1* chr6 30971271 30972376 + 166.00 DDR1
hsa-mir-219-2-3p chrl0 74869666 74874488 - 168.00 PPP3CB
hsa-mir-10a chrll 114554706 114585503 - 180.00 CADM1
hsa-mir-873 chrl7 30331755 30334133 + 175.00 LIG3
hsa-mir-181a-1* chr2 111595237 111597780 + 167.00 BCL2L11
hsa-mir-634 chr19 35000289 35003448 + 167.00 CCNE1
hsa-mir-591 chrll 114554706 114585503 - 167.00 CADMI1
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hsa-mir-19b-2* chr6 167347046 167355886 + 172.00 FGFR10OP
hsa-mir-146b-5p chrl5 42460467 42482376 + 171.00 CASC4
hsa-mir-934 chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-516b-2  chrl5 84002826 84008797 + 168.00 AKAP13
hsa-mir-132* chrl7 22994774 22996466 + 174.00 LGALS9
hsa-mir-891a chrll 8890657 8892948 + 171.00 Cllorfl7
hsa-mir-708* chr6 45588123 45620931 + 181.00 RUNX2
hsa-mir-523* chrll 114554706 114585503 - 170.00 CADMI1
hsa-mir-92a-2*  chrll 114554706 114585503 - 171.00 CADM1
hsa-mir-125a-3p chr22 27471997 27477228 + 165.00 HSC20
hsa-mir-16-1* chrl0 74869666 74874488 - 167.00 PPP3CB
hsa-mir-541 chrl5 84002826 84008797 + 166.00 AKAP13
hsa-mir-877 chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-412 chr2 111595237 111597780 + 167.00 BCL2L11
hsa-mir-96* chr6 45588123 45620931 + 167.00 RUNX2
hsa-mir-19b-2* chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-200a chrll 114554706 114585503 - 170.00 CADM1
hsa-mir-208b chr6 167347046 167355886 + 166.00 FGFR10P
hsa-mir-183* chr6 45588123 45620931 + 166.00 RUNX2
hsa-mir-210 chr6 167347046 167355886 + 169.00 FGFR10P
hsa-mir-758 chr1l9 35000289 35003448 + 170.00 CCNE1
hsa-mir-27b* chrl5 42482545 42492825 + 181.00 CASC4
hsa-mir-660 chr6 45588123 45620931 + 169.00 RUNX2
hsa-mir-516b-2 chr6 45588123 45620931 + 171.00 RUNX2
hsa-mir-218-2 chrll 4061305 4064282 + 168.00 STIM1
hsa-mir-200b chr6 45588123 45620931 + 167.00 RUNX2
hsa-mir-523* chr19 35000289 35003448 + 166.00 CCNE1
hsa-mir-23b* chrl 241608789 241645626 + 175.00 SDCCAGS
hsa-mir-708* chrll 114554706 114585503 - 168.00 CADM1
hsa-mir-101-1 chrll 114554706 114585503 - 172.00 CADM1
hsa-mir-10b chrll 114554706 114585503 - 178.00 CADM1
hsa-mir-367* chrl0 74869666 74874488 - 166.00 PPP3CB
hsa-mir-518f chrl7 22993502 22996466 + 168.00 LGALS9
hsa-mir-632 chrl7 22993502 22996466 + 166.00 LGALS9
hsa-mir-127-3p  chrl5 84002826 84008797 + 165.00 AKAP13
hsa-mir-513-2-5p chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-875-5p  chrl5 42460467 42482376 + 168.00 CASC4
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Table 6.4: Predicted miRNA targets in ASEs affected by siAGO1 knockdown

in Hep3B.

Mature miRNA annotation source Argonaute database (Shahi et al., 2006)

miRNA chr start end strand score  RefseqlD
hsa-mir-142-3p  chr3 194819420 194826574 + 167.00 OPA1
hsa-mir-513-1-5p  chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-193a-3p chr1l9 35003596 35004468 + 170.00  CCNE1
hsa-mir-301b chr3 194819420 194826574 + 173.00 OPA1
hsa-mir-668 chr3 194819420 194826574 + 168.00 OPA1
hsa-mir-193a-3p chrll 63812517 63812650 + 165.00  GPR137
hsa-mir-133a-1  chr20 30853938 30856804 + 167.00 DNMT3B
hsa-mir-499-5p  chrl5 84000023 84002771 + 166.00 AKAP13
hsa-mir-142-3p  chr3 194819420 194826574 + 167.00 OPA1
hsa-mir-16-2 chr3 194818321 194819351 + 167.00 OPA1
hsa-mir-133b chr5 112228329 112230999 + 165.00 SRP19
hsa-mir-148b*  chrl 241608789 241645626 + 168.00 SDCCAGS
hsa-mir-30a* chrl 241608789 241645626 + 173.00 SDCCAGS
hsa-mir-30d chrl5 84000023 84006622 + 165.00 AKAP13
hsa-mir-301b chr3 194819420 194826574 + 173.00 OPA1
hsa-mir-16-1 chr3 194818321 194819351 + 167.00 OPA1
hsa-mir-152 chrl 241608789 241645626 + 166.00 SDCCAGS
hsa-mir-26b* chr6 145183848 145190176 + 171.00 UTRN
hsa-mir-181a-1*  chr2 111595237 111597780 + 167.00 BCL2L11
hsa-mir-151-3p  chr20 30853938 30856804 + 174.00 DNMT3B
hsa-mir-634 chr19 35000289 35003448 + 167.00  CCNE1
hsa-mir-499-5p  chrl5 84000023 84006622 + 166.00 AKAP13
hsa-mir-30a* chr5 112228329 112230999 + 165.00 SRP19
hsa-mir-892a  chr20 30853938 30856804 + 170.00 DNMT3B
hsa-mir-611 chr5 112228329 112230999 + 165.00 SRP19
hsa-mir-615-3p  chrl7 40174347 40179976 + 169.00 DBF4B
hsa-mir-668 chr3 194819420 194826574 + 168.00 OPA1
hsa-mir-642 chrl 241608789 241645626 + 167.00 SDCCAGS
hsa-mir-23b* chrl 241608789 241645626 + 175.00 SDCCAGS
hsa-mir-625* chrl 241608789 241645626 + 171.00 SDCCAGS
hsa-mir-30d chrl5 84002826 84008797 + 165.00 AKAP13
hsa-mir-411* chr6 145183848 145190176 + 168.00  UTRN
hsa-mir-642 chr20 30857795 30859228 + 186.00 DNMT3B
hsa-mir-133b ~ chr20 30853938 30856804 + 171.00 DNMT3B
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hsa-mir-487b  chrl 241608789 241645626 + 166.00 SDCCAGS8
hsa-mir-934 chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-mir-30a* chrl5 84006689 84008797 + 165.00 AKAP13
hsa-mir-30d chr6 145183848 145190176 + 171.00 UTRN
hsa-mir-30a* chrl5 84002826 84008797 + 165.00 AKAP13
hsa-mir-140-5p chr20 30853938 30856804 + 173.00 DNMT3B
hsa-mir-935 chrl 181782096 181784965 + 168.00 SMG7
hsa-mir-133a-2 chr20 30853938 30856804 + 167.00 DNMT3B
hsa-mir-142-3p chrl5 84000023 84006622 + 167.00 AKAP13
hsa-mir-26b chrl 241608789 241645626 + 169.00 SDCCAGS8
hsa-mir-634 chr2 111595237 111597780 + 176.00 BCL2L11
hsa-mir-16-2 chr3 194818321 194819351 + 167.00 OPA1
hsa-mir-770-5p chrl7 40171319 40174229 + 166.00 DBF4B
hsa-mir-127-3p chrl5 84000023 84006622 + 165.00 AKAP13
hsa-mir-222 chr3 194826686 194832094 + 166.00 OPA1
hsa-mir-154  chr20 30853938 30856804 + 165.00 DNMT3B
hsa-mir-877 chrl 241608789 241645626 + 167.00 SDCCAGS8
hsa-mir-133a-2 chr5 112228329 112230999 + 165.00 SRP19
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