
 

Functional impact of alternative splicing 

in vertebrate proteomes across tissues 
and cell types 

 

 

 

Javier Tapial Rodríguez 

 

TESI DOCTORAL UPF / 2018 
 

THESIS DIRECTOR: 

Dr. Manuel Irimia Martínez 

Centre for Genomic Regulation 

Department of Systems Biology 

  



 



 

 
“There is nothing like looking, if you 
want to find something. You certainly 
usually find something, if you look, 
but it is not always quite the 
something you were after.”  
 

J. R. R. Tolkien, “The Hobbit”
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ABSTRACT 
 
Alternative splicing (AS) is a post-transcriptional mechanism 
for gene expression regulation affecting almost every multi-
exonic gene in mammals. However, the impact of AS at the 
proteomic level remains under debate. In this thesis, we 
explored the landscape of AS across a variety of tissues, cell 
types and developmental stages in human, mouse and 
chicken, through the analysis of a panel of more than 300 
publicly available RNA-seq samples. We confirm the 
presence of highly specific AS programmes in neural, muscle, 
testis and pluripotent cells in these species, and identify 
additional conserved modules of co-regulated AS events in 
kidney, liver, adipose tissue and immune cells by the 
application of a network analysis approach. In addition, we 
describe a subset of exons undergoing AS in virtually all 
analysed tissues and cell types. These exons are enriched in 
genes of pathways related to regulation of gene expression, 
where they likely operate through their translation into 
alternative protein isoforms coexisting at the single cell level. 
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RESUMEN 
 
El corte y empalme alternativo del ARN (CEAA) es un 
mecanismo post-transcripcional de regulación de la 
expresión génica que afecta a un alto porcentaje de genes en 
mamíferos. Sin embargo, la magnitud del efecto del CEAA a 
nivel proteómico permanece todavía en debate. En esta tesis 
se explora el efecto del CEAA en un panel de más de 300 
muestras públicas de experimentos de secuenciación masiva 
de ARN, correspondientes a diversos tejidos, tipos celulares 
y etapas del desarrollo de humano, ratón y pollo. Nuestros 
resultados confirman la presencia de importantes programas 
de CEAA en tejidos neurales, musculares, en testículo y en 
células pluripotentes. Además, hemos identificado módulos 
adicionales de exones co-regulados en riñón, hígado, tejido 
adiposo y células del sistema inmune, mediante la aplicación 
de métodos de análisis de grafos. Por otra parte, describimos 
un conjunto de exones regulados por CEAA en la práctica 
totalidad de las muestras analizadas. Estos exones se 
localizan preferentemente en genes relacionados con 
procesos de regulación de la expresión génica, donde 
podrían actuar mediante su traducción a isoformas proteicas 
coexistentes a nivel celular. 
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PREFACE 
 
The application of next-generation sequencing technologies 
to the study of gene expression has sparked the interest in 
alternative splicing (AS) and its role in the establishment of 
tissue and cell identity. 
 
Numerous studies highlight that, far from being an isolated 
biological peculiarity, AS affects virtually every multi-exonic 
gene in mammals, and alternative RNA isoforms are known 
to be often differentially expressed at the tissue and 
developmental level. The global potential of AS to confer 
tissue-specific plasticity to vertebrate proteomes without the 
need for a drastic increase in gene number or genome size is 
enormous. However, experimental detection rates of 
alternative protein isoforms do not match the estimates 
obtained from RNA-based techniques, and therefore the 
actual impact of AS in the phenotypic variability between cell 
types is under question. The present thesis is a humble 
attempt to contribute to this debate. 
 
The first two chapters act as an introduction to the field. 
Chapter 1 is a general introduction to the diverse 
mechanisms regulating gene expression in eukaryotes, and 
Chapter 2 provides an overview of the current knowledge 
about AS, its regulation, biological functions and its role in 
three of the contexts where it has been more thoroughly 
studied: neurons, muscular tissues and pluripotent cells. 
 
The central part of the thesis is devoted to the results 
obtained during this work, summarised by means of the three 
publications where they were released. The two first chapters 
in this section correspond to two collaborations providing 
insights into specific AS programmes in two different tissues. 
Chapter 3 is focused on the splicing landscape of neurons 
and neuronal differentiation, with a particular emphasis on 
microexons (a set of short exons with remarkable biological 
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features and highly specific inclusion profiles in neurons). 
Chapter 4 is dedicated to the relationship between AS and 
pluripotency in planarians. The regenerative abilities of 
planarians and the high evolutionary distance between this 
organism and the vertebrate lineage allow for an assessment 
of the conservation of global mechanisms governing AS 
programmes in the process of self renewal and pluripotency. 
The first-author publication in Chapter 5 constitutes a more 
comprehensive survey of AS in vertebrates, by a systematic 
analysis across more than 300 RNA-seq samples from 
tissues, cell types and developmental stages in human, 
mouse and chicken. Finally, in Chapter 6 we discuss our view 
about the contribution of AS to tissue identity and proteomic 
complexity in the light of our results. 
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OBJECTIVES 
 

• To comprehensively characterize novel tissue-
regulated AS programmes in vertebrate species, with a 
focus on human, mouse and chicken. 

• To study regulatory patterns and mechanisms of those 
AS programmes. 

• To characterize the effect of alternative exons at the 
protein level. 

• To establish a centralized repository of AS exons, 
including their inclusion patterns and their effect on 
their protein counterparts, where they can be accessed 
by the research community in order to develop new 
testable hypotheses about AS function.
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1. REGULATION OF GENE EXPRESSION IN 
EUKARYOTES 

1.1 Cell theory and biochemical bases of cellular 
composition 

 
Of all the features of life on Earth that have gathered the 

interest of mankind, its diversity is probably among the most 
important ones. Throughout millions of years of natural 
history, a variety of organisms have roamed our planet. The 
number of living species is believed to be in the range of 
1,000 million (Larsen et al., 2017), and new species are 
described year after year. 

 
Despite this diversity, it is among the main aims of biology 

to discover basic principles applicable to all living organisms. 
The application of the light microscope to the observation of 
biological tissue samples paved the way to the discovery of 
one of such landmarks of biology: the development of the cell 
theory by the botanist Matthias Schleiden and the zoologist 
Theodor Schwann. In its classical form, the cell theory is 
typically summarized in three short statements: ‘All organisms 
are composed by cells’, ‘The cell is the basic unit of life’, and 
‘All cells arise from pre-existing cells’ (Schwann and 
Schleiden, 1839). Altogether, this theory provided a unified 
view of the composition of animal and vegetal living matter, 
which, until then, had been considered intrinsically different in 
their internal organization. While many of the details that 
Schleiden and Schwann predicted about cells have been 
proved wrong in the 150 years since their theory was 
published, these three main conclusions remain at the 
foundations of cell biology as a field. 

 
The fact that cells compose all living matter does not mean 

that all cells of the same species, or even organism, are 
equal to each other. Although the life cycle of unicellular 
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organisms can also go through several stages, it is in 
multicellular organisms where this is most clearly observed. 
Cells have very specialised morphologies, adapted to the 
functions that they perform in their respective tissues. 
However, under their apparent differences, all cells are made 
of the same basic molecule types. On average, up to 75% of 
a cell is just a solution of water, ions, sugars, lipids and other 
small molecules. The second most abundant fraction —about 
20%— corresponds to proteins. Nucleic acids (DNA and 
RNA), and polysaccharides make up the rest of the 
composition of a cell. 
 

Proteins are the most functionally diverse kind of 
biomacromolecule and, as such, they are the most numerous 
and varied effectors in a cell. In the first place, proteins serve 
as structural scaffolds for many intracellular structures. In 
addition, most biochemical reactions that living organisms 
need to stay alive can happen at physiological conditions only 
because they are catalysed by proteins, which maintain the 
substrates in conformations that lower the activation energy 
threshold needed for those reactions to happen. Finally, 
proteins can serve as signalling molecules used by the cell to 
sense its environment and to transmit this information to other 
cells. 

 
The reason why a protein can perform a function is 

because it has the precise three-dimensional shape needed 
for it. Intermolecular interactions in a living organism only 
happen because the molecules taking part in them show 
structural complementarity, in such a way that the interaction 
is energetically favourable. A protein is a linear polymer of 
amino acids, joined together by peptide bonds. But three 
main factors act together to force this chain into a particular 
three-dimensional structure. In order of importance, these 
factors are: the hydrophobic effect (the tendency to minimise 
the global entropy of the system, by minimising the size of the 
solvation sphere of the protein), physicochemical interactions 
between protein residues (such as disulphide bonds between 
cysteine residues, salt bridges, hydrogen bonds and Van der 
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Waals interactions), and interactions between the protein and 
its —usually aqueous— environment. 

 
Given a relatively constant set of conditions, the effect of 

these factors depends primarily on the amino acid sequence 
of the protein itself. As there are 21 different amino acids 
forming part of proteins sequences (including 
selenocysteine), and only four different nucleotides in either 
DNA or RNA polymers, the potential for structural diversity in 
proteins is much higher than that of nucleic acids. The 
transition from an RNA-based world (where biochemical 
reactions were catalysed mainly by RNA molecules) to a 
protein-based metabolism is considered a major event in the 
history of evolution, as it allowed for a vast increase in 
metabolic complexity of cells. 
 

Although the cytoplasm is mainly composed of water, there 
is a relatively high concentration of proteins and other solutes 
—it is estimated that a prototypic mammalian cell can have as 
many as 2.7 million protein molecules per cubic micrometre 
(Milo, 2013)—, as well as high numbers of organelles and 
vesicles. All of these molecules and structures are 
surrounded by their own solvation spheres, whose existence 
constrains the mobility of around 25% of water molecules in 
the cell (reviewed in Ball, 2017). It is estimated that the 
average distance between macromolecules in the cytoplasm 
is about 1 nm, which would correspond to three to four layers 
of water molecules (Ball, 2017). In such a crowded 
environment, with intermolecular contacts happening at a 
high frequency, the structural complementarity between 
proteins and their interacting partners is the main mechanism 
to ensure selectivity in biological reactions. 
 

Biochemical processes in the cell are, however, tightly 
regulated. Comprehensive elucidation of how this regulation 
is achieved is, still today, one of the most intensely pursued 
questions in biological research. One of the foundational 
steps in this pursuit were the experiments of Beadle and 
Tatum in 1941, which proved that the repertoire of enzymatic 
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activities of a cell and its descendants could be altered by 
affecting their DNA (Beadle and Tatum, 1941). Only three 
years later, DNA was discovered as the molecule storing 
inheritable information about an organism (Avery et al., 
1944). Together, these two experiments brought together the 
worlds of genetics and biochemistry, which used to be 
considered as separate disciplines. 

 
A turning point in the history of biology was the postulation 

of the structural model of double-stranded DNA by Watson 
and Crick (Watson and Crick, 1953), heavily influenced by the 
experimental work made by Rosalind Franklin and Maurice 
Wilkins  (Franklin and Gosling, 1953b, 1953a; Wilkins et al., 
1953). This model led Crick to the idea of the DNA sequence 
acting as a code for protein sequence (Crick, 1958), and later 
to the so-called central dogma of molecular biology (Figure 
1), where RNA was postulated as an intermediary in the 
information flow from DNA to protein (Crick, 1970). The 
discovery of the genetic code —the universal correspondence 
between triplets of RNA nucleotides and protein amino acid 
residues— finally provided a mechanistic explanation of how 
protein sequences can be encoded in a DNA-based genome 
(Lengyel et al., 1961; Nirenberg and Matthaei, 1961; 
Nirenberg et al., 1965; Nishimura et al., 1964). 
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Although the genome is the container of all the information 

that a cell needs to survive and perform its functions, the 
genomic sequence of a cell does not suffer big changes 
throughout its lifespan. In contrast, biochemical processes 
taking place inside cells change significantly during the same 
period. By modulating the relative rates of the different 
metabolic pathways taking place inside a cell, it can adapt to 
changes in its environment, respond to external stimuli, and 
reproduce successfully. In many multicellular organisms, an 
the existing diversity between cell types —each of them with 
specialised functions— is reminiscent of the diversity of 
species on Earth. In those organisms, cell growth and division 
rates must be regulated in a way that ensures renewal of 
damaged or old tissues, while avoiding uncontrolled 
proliferation that would lead to development of a tumour. 
Furthermore, some processes that are essential for the 
survival of an organism, such as development, can only 
happen through coordinated replication, migration, cross-talk 
and death of many cells from different tissues. 

 
The reason behind this apparent paradox —the existence 

of many different cell types, and the ability of each cell type to 
adapt its behaviour to its environment, despite having an 

Figure 1: Information transfers in biological organisms according to 
the ‘central dogma’ on its 1970 version. Solid arrows show general 
transfers; dotted arrows show special transfers. The absent arrows are 
undetected transfers (Crick, 1970). 
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essentially identical genome in all cells and situations 
throughout the lifespan of an organism— is that not every 
gene is equally expressed in every cell type and condition. In 
eukaryotes, regulation of gene expression is a complex 
process, with multiple layers of regulation operating 
simultaneously on each gene. Typically, these regulation 
mechanisms are classified as transcriptional or post-
transcriptional, depending on the stage of the expression 
process in which they take place. 

1.2 Regulation of gene expression by 
transcriptional mechanisms 
 
Although the first studies of transcriptional regulation were 
performed in prokaryotes (Jacob and Monod, 1961), several 
elements are shared by eukaryotes. In both domains, 
transcriptional regulation follows the cis-trans model: genes 
are activated or repressed through certain regions in their 
same chromosome (cis-acting elements), which can be 
bound by other molecules (trans-acting factors, usually 
proteins). The key event for transcription initiation is the 
recruitment of an RNA polymerase to the gene promoter. This 
is triggered by the binding of several trans-acting factors 
(called basal transcription factors), to a set of cis-acting 
elements located in the 5’ start of the gene, in a region 
named promoter (reviewed in Sainsbury et al., 2015). 

 
Nevertheless, eukaryotic transcriptional regulation 

presents several particularities. As a general rule, eukaryotic 
genes are repressed by default, and their transcription can 
only be initiated by means of several additional trans-
activators (Struhl, 1999). These transcription factors 
specifically recognise and bind additional regulatory 
sequences (enhancers), usually located in genomic regions 
distant to the core promoter (reviewed in Cho, 2012). 
Transcription factors bound to enhancers are recognised by 
an additional type of regulators: Mediator proteins (Conaway 
and Conaway, 2011). These proteins lack DNA binding 
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activity, but they have affinity for different trans-activators and 
for the RNA polymerase II. Together with basal transcription 
factors, the Mediator complex is also essential for recruitment 
of RNA polymerase II to promoters in order to induce 
transcriptional initiation. Although different enhancers acting 
on the same gene can be distant from each other and from 
the gene promoter in the DNA sequence, loops in the DNA 
structure stabilised by cohesin complexes can bring these 
elements together in the three-dimensional space, where 
their respective trans-activator complexes can interact with 
Mediator proteins (Kagey et al., 2010; Li et al., 2012). 
Ultimately, these large multi-protein complexes trigger 
transcription initiation in most eukaryotic genes, inducing 
phosphorylation of specific serine residues in the carboxy 
terminal domain (CTD) of RNA polymerase II by TFIIH 
(Plaschka et al., 2015). Genes transcribed by RNA 
polymerases I and III, such as ribosomal genes, transference 
RNA genes, and other small functional RNAs, follow different 
variations of this mechanism (reviewed in Vannini and 
Cramer, 2012). 

 
The specific requirement for activation of eukaryotic genes 

avoids the need to actively repress every gene that does not 
need to be transcribed in a particular situation, which would 
require the production of the corresponding repressor 
proteins. Since eukaryotes tend to have larger genomes than 
prokaryotes, both in size and in number of genes, this 
mechanism is more efficient for the needs of a eukaryotic 
organism. Several studies in human and mouse suggest that 
the percentage of these genomes covered by enhancers is 
significantly higher than their transcribed fraction, highlighting 
the level of regulatory complexity in these organisms (Cho, 
2012; Dunham et al., 2012; Shen et al., 2012). Usually, 
transcriptional activation of each gene is mediated by several 
enhancers, presumably as a mechanism of combinatorial 
control to minimise off-target activation. Although pervasive 
transcription still takes place in eukaryotes, including human 
(Djebali et al., 2012), many mechanisms, such as DNA 



 8 

methylation, operate to minimise its effects (Neri et al., 2017, 
and see below). 
 

Another source of differences between prokaryotes and 
eukaryotes comes from the high-order structural organisation 
of eukaryotic genomes. In eukaryotes, most of the genome is 
assembled into nucleosomes. Moreover, large portions of the 
genome are condensed in heterochromatic regions. These 
two factors greatly influence the accessibility of the 
transcriptional machinery to the corresponding cis-acting 
sequences, and therefore, they have a significant impact in 
transcription rates (reviewed in Lee and Young, 2013). While 
local differences in DNA sequence affect nucleosome 
occupancy (because of the differences in bendability 
introduced by changes in sequence composition), it is well 
established that the position of some nucleosomes is heavily 
regulated by additional factors (Gross and Garrard, 1988). 
Therefore, nucleosome occupancy is difficult to predict from 
sequence alone in a genome-wide fashion (van der Heijden 
et al., 2012). 

 
In a genome, some regions consistently show depletion in 

nucleosome occupancy. Classically, this has been quantified 
by nuclease digestion assays, and therefore, nucleosome-
depleted regions are also called nuclease hypersensitive 
sites (NHS). These sites are usually flanked by nucleosomes 
with very strict positioning, and they tend to overlap with cis-
acting elements of genes (Crawford et al., 2004; Wu, 1980). 
Transcriptional activation of a gene is associated with 
changes in its nucleosome position pattern, with 
nucleosomes being released from NHS, or mobilized to 
adjacent regions. Reduced nucleosome occupancy of NHS 
can be regulated by chromatin remodelling agents —such as 
the SWI/SNF complex, that destabilizes histone-DNA 
interactions and mobilizes nucleosomes—, post-translational 
modification of histones (like acetylation of H3K27 (H3K27ac), 
trimethylation of H3K4 (H3K4me3), or ubiquitylation—, usage 
of histone variants —such as H3.3 and H2A.Z—, or directly 
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by trans-acting factor binding, which hinders packing of new 
nucleosomes around the NHS (reviewed in Bell et al., 2011). 
 

Epigenetic regulation of gene transcription is deeply 
intertwined with regulation by transcription factors. Even 
genes in heterochromatic regions usually have at least one 
NHS accessible. Accessible sites can be bound by a subset 
of transcription factors, called pioneer factors (Lai et al., 2018; 
Zaret and Mango, 2016; Zaret et al., 2016), which induce 
recruitment of chromatin remodellers to the region. The 
subsequent increase in chromatin accessibility enables 
access of additional trans-activators, and, ultimately, the 
beginning of transcription. Histone variants and post-
translational modifications of histones also contribute to the 
process, as they serve as recognition sites for binding of 
certain transcription factors (Ahsendorf et al., 2017; Xin and 
Rohs, 2018). 

 
Some genomic cis-acting regions act as transcriptional 

repressors, although they tend to be less abundant than 
enhancers. Very frequently, repression is mediated by 
proteins with co-repressor activity, that sequester other 
positive transcription regulators and impede their binding to 
their corresponding cis-acting regions (reviewed in 
Payankaulam et al., 2010). Similarly, epigenetic modifications 
can also contribute to maintain genes in a repressed state. 
Full transcriptional silencing is associated to post-translational 
modifications of histones such as H3K9 trimethylation 
(H3K9me3) and H4K20 trimethylation (H4K20me3) (Feng et 
al., 2010; Lejeune and Allshire, 2011; Schotta et al., 2004). 
Several chromatin remodellers, such as the Polycomb group 
proteins, introduce other histone modifications like 
trimethylation of H3K27 (H3K27me3) at genes that must be 
repressed at certain developmental stages (Cao et al., 2002; 
Müller et al., 2002). In general, all these mechanisms trigger 
chromatin condensation as a way to ensure long-term 
efficient repression. 
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DNA methylation is another epigenetic mechanism related 
to transcriptional repression of gene expression. There is a 
great deal of heterogeneity among methylation patterns 
observed in eukaryotic genomes, both in terms of methylation 
frequency and in the variability of sequences that get 
methylated. Within metazoans, methylation usually takes 
place in position 5 of cytidines, if they are followed by 
guanosine (that is, in CpG dinucleotides), although there are 
reports of CpT methylation in the D. melanogaster embryo 
(Lyko et al., 2000), and low levels of CpA and CpT 
methylation in mammalian embryonic stem cells (ESCs) —but 
not in differentiated tissues— have also been detected 
(Laurent et al., 2010; Lister et al., 2009; Ramsahoye et al., 
2000). 

 
The clearest distinction in metazoan methylation occurs 

between vertebrates and invertebrates (Hendrich and 
Tweedie, 2003; Tweedie et al., 1997). Some invertebrate 
genomes seem to lack methylation completely —including 
several model organisms like the nematode C. elegans and 
the yeast species S. cerevisiae and S. pombe (Antequera et 
al., 1984; Proffitt et al., 1984; Tweedie et al., 1997)—, while 
others show intermediate degrees of methylation. In contrast, 
the vast majority of CpG dinucleotides in vertebrate genomes 
are methylated, including introns, exons, intergenic regions, 
repetitive sequences and many regulatory elements. The 
exceptions are some unmethylated CpG-rich regions of about 
1 kb in length, often mapping to promoters or distal regulatory 
regions, named CpG islands (Bird, 1986). Methylation of CpG 
islands —especially at vertebrate promoters— has been 
extensively linked to transcriptional repression, since 
methylated CpG islands can be recognised by proteins of the 
methyl-CpG binding containing (MBD) family, which in turn 
recruit epigenetic modifiers responsible for chromatin 
condensation (reviewed in Bogdanović and Veenstra, 2009). 
According to this model, genome-wide methylation of 
enhancers and promoters acts as a safe-lock mechanism to 
avoid pervasive transcription in vertebrates (Hargan-
Calvopina et al., 2016). 
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In the last years, nuclease-based methods such as DNase 

and MNase sensitivity assays are often replaced by other 
approaches such as chromatin immunoprecipitation coupled 
with sequencing (ChIP-seq) or assays for transposase-
accessible chromatin using sequencing (ATAC-seq) 
(Buenrostro et al., 2013), based on chromatin 
immunoprecipitation and transposase accessibility, 
respectively. Recently, ATAC-seq has been applied in 
combination with the use of microfluidic devices to analyse 
the chromatin accessibility landscape of human 
lymphoblastoid cells at single-cell resolution, revealing two 
subsets of trans-acting factors associated to increased and 
decreased cell-to-cell variability in chromatin accessibility 
(Buenrostro et al., 2015). 

1.3 Regulation of gene expression through post-
transcriptional mechanisms 
 

Eukaryotic pre-mRNAs undergo a complex sequence of 
chemical modifications between their transcription and their 
translation. These RNA maturation reactions take place 
mainly in the cell nucleus, and their effect, together with other 
processes —such as RNA export, RNA stability and 
subcellular localisation, translational regulation and post-
translational protein modifications— form an additional 
regulatory layer that, in combination with transcriptional 
control mechanisms, shapes cellular behaviour in every set of 
conditions. A summary of the levels of regulation operating in 
gene expression is shown in Figure 2. 

 
For simplicity, we will only describe a few of these 

mechanisms in this thesis: pre-mRNA capping and 
polyadenylation, RNA editing and, especially, pre-mRNA 
splicing, whose patterns and regulation are the core of this 
work (see section 1.4). Although we generally refer to these 
as post-transcriptional regulatory mechanisms of gene 
expression, in the case of splicing it is worth noting that most 
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introns are spliced co-transcriptionally (Tilgner et al., 2012), 
even though it is true that some introns, especially alternative 
introns, may be retained in the nucleus for a long time after 
transcription of their pre-mRNA has finished. In fact, splice 
site choices are far from independent from transcriptional 
parameters such as RNA polymerase elongation speed, as 
lower elongation rates tend to favour usage of weaker splice 
sites (SS) instead of downstream stronger SS that are 
transcribed later because of their position in the gene 
(reviewed in Bentley, 2014). A withstanding open question is 
whether transcriptional elongation is regulated to affect AS. 
 

  
  

Figure 2: Overview of the levels of regulation in gene expression. 
Adapted from (Alonso and Wilkins, 2005). 
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1.3.1 Pre-mRNA capping and polyadenylation: 
 
RNA polymerase II transcripts are ‘capped’ with a 7-

methylguanosine group bound at the 5’ end by a 5’,5’-
triphosphate bond. The process of capping happens co-
transcriptionally, after the first 20-30 nucleotides of the pre-
mRNA has been transcribed. This cap protects the transcript 
from the action of exonucleases, serves as a recognition site 
for protein complexes responsible for further RNA processing, 
and improves translation efficiency (Shatkin, 1976; reviewed 
in Furuichi, 2015 and Shuman, 2015). 

 
Most of the transcripts produced by RNA polymerase II are 

also cleaved at the 3’ end after transcription termination, and 
then elongated with a poly(A) tail. The length of this tail is 
highly variable between species and genes, with an average 
length of 250-300 adenosines in human (Elkon et al., 2013). 
The poly(A) tail is essential in the maturation process, as it 
has an important function in regulation of gene expression, 
and in signalling the mRNA for nuclear export. Poly(A) tails 
with reduced length cause transcript degradation by 
mechanisms such as nonsense-mediated decay (NMD), or 
their storage in a dormant state, where they are not translated 
(D’Ambrogio et al., 2013; Guhaniyogi and Brewer, 2001; 
reviewed in Elkon et al., 2013). 

 
3’ modifications of RNA depend on the recognition of 

several cis-acting elements in the 3’ region of the pre-mRNA 
by certain protein complexes, such as CPSF, CSTF, 
CFIm/IIm and a poly(A) RNA polymerase (PAP) (Elkon et al., 
2013), as well as several single proteins such as the 
Symplekin scaffolding protein. These factors perform their 
function by binding to several cis-regulatory elements in the 
pre-mRNA: a poly-A signal (PAS) with the consensus 
sequence AAUAAA located 15-30 nucleotides upstream of 
the cleavage site, and several upstream and downstream 
sequence elements (USE and DSE, respectively), usually 
GU-rich. While most of these factors are conserved, the 
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intervening cis-elements are highly variable in eukaryotes. An 
overview of the machinery involved in pre-mRNA cleavage 
and polyadenylation is shown on Figure 3. 

 

 

1.3.2 RNA editing:  
 
In some cases, RNA sequences are altered after they are 

transcribed. This process is known as RNA editing, and it has 
important effects in the expression of several eukaryotic and 
prokaryotic genes. While more than a hundred of these 
modifications have been described in eukaryotes 
(summarised in Table 1), the most common editing process is 
the hydrolytic deamination of adenosines in their sixth carbon 
of the purine ring, to yield inosine. 

 
While adenosine can form Watson-Crick base pairs with 

thymidine or uridine, inosine pairs with cytidine instead 
(Figure 4). This causes inosine to be effectively recognized as 
guanosine by the cellular machinery responsible for RNA 
splicing and translation, which, in turn, can generate non-
synonymous substitutions at the protein sequence level 

Figure 3: Main factors involved in transcript cleavage and 
polyadenylation. PAS: polyadenylation signal. CPSF: cleavage and 
polyadenylation specificity factor. CSTF: cleavage stimulating factor. PAP: 
poly(A) polymerase. CFIm: cleavage factor Im. CFIIm: cleavage factor 
IIm. Adapted from (Elkon et al., 2013). 
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(known as recoding), alter the splicing pattern of the 
transcript, or affect miRNA binding sites. 

 
In mammals, this process is catalyzed by the adenosine 

deaminases ADAR1 and ADAR2. Both are ubiquitously 
expressed, although ADAR1 has higher expression. There 
are two isoforms of ADAR: ADAR1p110 (constitutive, and 
localized in the nucleus), and ADARp150 (cytoplasmic and 
induced by interferon). While ADAR1 edits most of the sites in 
mammalian genomes, the function is to avoid triggering of an 
immune response in the cytosol by the interaction of MDA5 
with double-stranded RNA (dsRNA), that can be sensed as 
viral RNA. ADAR2 is responsible for most of the recoding 
events, and a third member of the family, ADAR3, is only 
expressed in the brain and lacks catalytic activity. 

 
 

 
Editing 
type 

Mediated 
by 

Number of 
sites 

Targeted 
transcripts Organisms 

Insertion 
and deletion 
of U 

RECC 1,000s 
Mitochondrial 
mRNAs; 
recoding 

Kinetoplastids 

C-to-U APOBECs 100s 
Mostly non-
coding; in a few 
tissues 

Mammals 

C-to-U PPR 
proteins 100s 

Chloroplast and 
mitochondrial 
mRNA; mostly 
recoding 

Plants 

A-to-I ADAR 
proteins 1,000,000s Mostly non-

coding Metazoa 
 

Table 1: Description of the four main known types of mRNA editing. 
Adapted from (Eisenberg and Levanon, 2018). 
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Figure 4: A) Deamination reaction of adenosine, catalysed by ADAR 
proteins. B) Effect on deamination on Watson.Crick base pairing. 
Adapted from (Zinshteyn and Nishikura, 2009). 

 
The human genome is estimated to contain more than 100 

million editing sites, although most of these sites are edited 
by ADAR1, and they are edited at low levels, below 1% 
(Bazak et al., 2014). The majority of human editing events 
map to intronic positions or untranslated regions (UTRs) of 
their pre-mRNAs, especially in the 3’ end (Chen, 2013). 

On the other hand, only around 1,000 recoding sites have 
been mapped in human. Regarding tissues, the human brain 
transcriptome is particularly enriched in editing sites 
(Nishikura, 2010), and recoding sites are enriched in genes 
with neural functions, both in human and in invertebrate 
species (reviewed in Rosenthal & Seeburg, 2012). An 
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example is the glutamate receptor GRIA2. The editing site in 
this gene is conserved in mouse, and it is the only tested 
ADAR2 editing site that is essential for survival in mice 
embryos (Higuchi et al., 2000). 

 
Most editing sites discovered in human are either species-

specific, or conserved only in primates (Eisenberg and 
Levanon, 2018). The dsRNA structural motif recognized by 
ADAR proteins can be generated by neighbouring inverted 
pairs of repetitive elements. This explains the high proportion 
of primate-specific editing sites, as more than 99% of editing 
sites in the human genome overlap with repetitive elements 
of the Alu family, which are found only in primates (Bazak et 
al., 2014). Interestingly, recruitment of ADAR1 to one of these 
sites can enhance editing in additional sites of the same pre-
mRNA, at distances of several hundreds of nucleotides, 
which would not be edited otherwise (Daniel et al., 2014). 
 

The mammalian editing landscape is substantially different 
from other clades. Besides ADAR1, cephalopods have two 
isoforms of ADAR2. While ADAR2b is similar to the 
mammalian ADAR2, ADAR2b has an additional RNA binding 
domain, more editing activity in vitro, and increased 
resistance to saline environments such as in squid neurons, 
which have higher salt concentrations than those of other 
species (Palavicini et al., 2012). More than 10,000 conserved 
recoding events have been characterized in this lineage, 
suggesting that this regulatory mechanism plays a key role in 
proteomic diversification of cephalopods (Alon et al., 2015; 
Liscovitch-Brauer et al., 2017) 

 
Misregulation of RNA editing has been linked to several 

diseases. Mutations in ADAR1 cause Aicardi-Goutières 
syndrome, an autoimmune disease affecting the brain and 
the skin, characterized by an increased production of 
interferon α (Rice et al., 2012). Significant differences in 
editing levels have also been found in amyotrophic lateral 
sclerosis (ALS) (reviewed in Kwak & Kawahara, 2005) and 
some neuropsychiatric disorders (Schmauss, 2005). Altered 
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editing is also associated to tumour malignancy (Paz and 
Levanon, 2007), and there is a negative correlation between 
global editing levels and patient survival (Paz-Yaacov et al., 
2015). 

1.4 Pre-mRNA splicing 

1.4.1 ‘Why genes in pieces?’ and the discovery of pre-
mRNA splicing 
 

In 1977, the detection of single-stranded DNA (ssDNA) 
loops in electron micrographs of dsDNA restriction fragments 
from adenovirus incubated with their corresponding mRNA 
surprised two teams of molecular biologists at MIT and Cold 
Spring Harbor Laboratory (Berget et al., 1977; Chow et al., 
1977). The micrographs indicated that adjacent segments in 
the viral mRNA formed stable hybrids with regions that were 
distant to each other in the viral genomic sequence (Figure 
5). They explained the result by postulating the existence of a 
previously unknown step in viral RNA processing: the 
formation of mRNA by “intramolecular joining” of segments 
separated by intervening sequences in the original pre-mRNA 
(Berget et al., 1977). 

 
Soon afterwards, R-loops were also observed in eukaryotic 

pre-mRNAs (Konkel et al., 1978; Leder et al., 1978; Tilghman 
et al., 1978). The advent of the first DNA sequencing 
methods (Maxam and Gilbert, 1977; Sanger et al., 1977) 
allowed the elucidation of the first complete sequences of 
eukaryotic genes, such as the mouse β-globin gene (Konkel 
et al., 1978). These studies established the consensus 
sequences of cis-elements operating in several mRNA 
maturation processes, including the presence of conserved 
CU and AG dinucleotides at the boundaries of the intervening 
sequences of genes, even in different species (Table 2, 
Figure 5). 
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A seminal ‘News and Views’ piece written by Walter Gilbert 

in 1978 analysed the impact of this new paradigm of gene 
expression on the existing models of genomic evolution, with 
three main ideas (Gilbert, 1978). First, the existence of 
intervening sequences (introns) implied that point mutations 
could have a greater effect at the protein level than previously 
expected, by creating or disrupting splice sites and altering 
the expressed sequences (exons) of a gene. Second, Gilbert 
also predicted the possibility of alternative splicing patterns in 
a single gene, and with it, the end of the ‘one gene – one 
polypeptide’ axiom. Finally, he highlighted introns as hotspots 
of future evolution (due to their non-coding nature), as well as 
their role in facilitating evolution of new protein products after 
recombination, by exon shuffling. 

 
 
 
 
 
 
 

Figure 5: Sequence comparison between the splice junctions of the 
first two introns described in the mouse βmaj globin gene  first 
described in mouse. Numbers in the figure represent amino acid codon 
positions. IVS: intervening sequence (intron). Adapted from (Konkel et al., 
1978). 
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Gene 5’ boundary Intron 3’ boundary 

Mouse βmaj GCAGGTTG IVS1 TTAGGCTGCTG 
Mouse βmaj TCAGGGTG IVS2 ACAG-CTCCTG 
Mouse βmin TCAGGGTG IVS2 ? 
Mouse α TCAGGTAT IVS2 ? 
Mouse λ1 TCAGGTCA IVS1 GCAGGGGCCA 
Mouse λ1 CTAGGTGA IVS2 CCTGCGGCCA 
Mouse λ2 TCAGGTCA IVS1 GCAGGAGCCA 
Prevalent 
sequence TCAGGT     CAGG 

 

Table 2: One of the first comparisons of splice junction sequences 
across different globin and immunoglobulin mouse genes. IVS: 
intervening sequence (intron). Adapted from (Konkel et al., 1978). 

1.4.2 Types of introns and their evolution 
 
The current picture of RNA splicing distinguishes four 

classes of introns (reviewed in (Irimia and Roy, 2014)): 
spliceosomal introns, group II introns, group I introns and 
tRNA introns. 

 
Spliceosomal introns take their name from the need of a 

complex assembly of snRNAs and auxiliary proteins 
(collectively called spliceosome) for their excision. They are 
divided in two groups. The most abundant subgroup of 
spliceosomal introns in eukaryotes are U2 introns, as they are 
present in all nuclear eukaryotic genomes studied to date. As 
shown in Figure 6, in most species U2 introns are 
characterized by their short 5’ SS and minimal 3’ SS, with the 
sequences GT and AG almost always present at the intron 
borders (exceptionally, GC-AG, see Thanaraj, 2001). 
Additionally, they include a fixed adenine nucleotide (called 
branch point (BP)) with catalytic function near the 3’ SS, and 
a polypyrimidine tract (PPT) located between the branch point 
and the 3’ SS. These introns are excised by the so-called 
major spliceosome and released as a lariat structure (see 
section 1.4.2). The second subgroup of spliceosomal introns 
are U12 introns, present in many distant eukaryotic clades 
(including vertebrates). Their consensus sequence on the 5’ 
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SS is different from that of U2 introns (GT or AT) (Figure 6), 
and the distance between the BP and the 3’ SS usually 
ranges between 10 and 15 nucleotides. These introns lack a 
PPT, and are excised by a spliceosome with a different set of 
snRNAs and auxiliary proteins than U2 introns, also called 
minor spliceosome, although most components are common 
between both spliceosome types. 

 
 
 
Group II introns follow a very different phylogenetic 

distribution. They are present in around 25% of the 
sequenced bacterial genomes, as well as some archaea and 
the mitochondrial and chloroplast genomes of plants, fungi 
and protists (Lambowitz and Zimmerly, 2004; Robart and 
Zimmerly, 2005). Unlike spliceosomal introns, group II introns 
are able to catalyse their own splicing, although in vivo they 
make use of auxiliary proteins. Often, these proteins are 
encoded by the intron itself, and then they receive the generic 

Figure 6: Consensus sequences for spliceosomal intron core 
splicing signals for human U2 introns, yeast U2 introns and human 
U12 introns. The branc point adenosine is indicated by a red arrow. From 
(Irimia and Roy, 2014). 
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denomination of intron-encoded proteins (IEPs). The fact that 
IEPs sometimes have reverse transcriptase activity able to 
produce a DNA form of the intron —either in the same 
polypeptide or in a separate protein from the one involved in 
splicing—, makes these introns more similar to transposable 
elements. Because of their splicing mechanism, the 
sequence of these introns is evolutionary constrained 
throughout the intron length, instead of showing strong 
conservation in isolated locations of the intron. 

 
Group I introns are present in some bacteria and viruses, 

as well as nuclear rRNAs or organellar genomes of distant 
eukaryotic clades. These introns are self-spliced, although 
they use a free guanosine nucleotide as a phosphate donor 
instead of an endogenous branch point. As a result, these 
introns are not excised in a lariat configuration. 

 
A fourth group of introns, usually called tRNA introns, are 

found in tRNAs of eukaryotes and archaea, and also in 
several archaeal coding genes. As opposed to the three 
types described above, these introns are spliced by protein 
enzymes, and not by RNA. 

 
The evolutionary history of introns, especially spliceosomal 

introns, was the subject of an intense debate in the research 
community for approximately 30 years after their discovery 
(reviewed in (Irimia and Roy, 2014; Koonin, 2006)), given that 
introns are almost absent from bacterial genomes, and 
widespread in many eukaryotic genomes. For a long time, 
experts were divided between two main hypotheses. The 
introns-late hypothesis postulated that introns are an 
evolutionary novelty in eukaryotes —which could have gained 
them progressively after their divergence from prokaryotes, 
perhaps by accumulation of transposable elements—. This 
theory was supported by the absence of introns in 
prokaryotes, and the detection of transposable elements 
inside introns (Doolittle and Stoltzfus, 1993). On the other 
hand, the introns-early hypothesis defended that introns were 
already present in the common ancestor of prokaryotes and 
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eukaryotes --where they could play a decisive role in the 
assembly of functional mature transcripts, as replication and 
transcription machineries were likely error-prone in this 
organism-- and some clades, including bacteria, underwent a 
process of intron loss in order to streamline their gene 
expression and accelerate their genome replication. Intron 
loss would confer these organisms a selective advantage by 
decreasing their duplication rate, at the cost of the genome 
plasticity conferred by introns (Darnell, 1978; Doolittle, 1978). 

 
The current consensus combines elements from both 

theories (Figure 7). The discovery of group II introns in 
bacteria and eukaryotic organellar genomes, and their 
similarity to spliceosomal introns, led to the hypothesis that 
type II introns were carried by the genome of the 
endosymbiotic prokaryote (probably an α-proteobacteria) that 
originated mitochondria (Martin et al., 2015; Mereschkowsky, 
1905; Sagan, 1967). These introns would have invaded the 
host genome, where they proliferated and eventually evolved 
into spliceosomal introns (Cech, 1986; Koonin, 2006). By the 
time of the last eukaryotic common ancestor (LECA), both 
types of spliceosomal introns would already exist (Irimia and 
Roy, 2014). The very presence of a nucleus could have 
evolved as a defence mechanism to prevent unspliced or 
mis-spliced transcripts to be translated into proteins (Martin 
and Koonin, 2006) 

 
During the divergence of eukaryotic lineages from their 

common ancestor, several clades —such as yeast— lost 
most of their introns. Massive intron loss is associated to loss 
of heterogeneity in intronic cis-elements involved in splicing 
(Irimia and Roy, 2008; Irimia et al., 2007; Schwartz et al., 
2008). In extreme cases, U12 introns were completely lost, as 
it happens in S. cerevisiae. However, many eukaryotic 
lineages (including most vertebrates) retained a high amount 
of ancestral introns, and even acquired many novel ones 
(Irimia and Roy, 2014). 
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Figure 7: A reconstruction of the process of establishment of the 
spliceosomal system in LECA during eukaryogenesis, and a 
representation of the diverse evolution of intron number across 
eukaryotic clades.  Adapted from (Irimia and Roy, 2014). 
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1.4.3 Excision mechanisms of spliceosomal introns 
 

Spliceosomal introns are removed through two bimolecular 
transesterification reactions (SN2). In the first step, the 2’-OH 
group of the BP adenosine carries out a nucleophilic attack 
on the phosphodiester bond at the exon-intron boundary on 
the 5’ SS of the intron, leaving a free 3’-OH group at the end 
of the 5’ exon. In the second step, this group acts as a 
nucleophile on the phosphodiester bond at the exon-intron 
boundary on the 3’ SS. The final products of the reaction are 
a shortened pre-mRNA with both exons joined together, and 
the intron in a lariat configuration, with its 5’ SS bound to the 
BP adenosine. Interestingly, both reactions are reversible. 
 

The spliceosomal machinery consists of several RNA-
protein complexes (U1, U2, U4/U6, U5, U6atac/U4atac, U11 
and U12), collectively called small nucleolar 
ribonucleoproteins (snRNPs), and assembled in a step-wise 
manner during the splicing reaction. Each snRNP is made of 
a single snRNA (two, in the case of U4/U6 and 
U4atac/U6atac), a common set of seven Sm proteins, and a 
variable set of snRNP-specific proteins. Additionally, many 
proteins not associated with any snRNP take part in the 
process. Altogether, proteins constitute two thirds of the total 
mass of the spliceosome when it is assembled on short 
introns. Unlike other RNP molecular machines, such as the 
ribosome, snRNPs do not have pre-assembled catalytic sites, 
and the splicing reaction depends on a sequence of complex 
structural rearrangements in the spliceosomal subunits 
happening while the spliceosome is being assembled upon 
the mRNA. 
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1.4.3.1 Splicing of U2 introns 
 

U2 spliceosomal introns are spliced by a set of snRNPs 
denominated major spliceosome, made of U1, U2, U4/U6 and 
U5. The canonical splicing mechanism for these introns 
(summarised in Figure 8) involves the recognition of intron-
exon borders by spliceosomal factors, and the assembly of 
the spliceosome across the intron. 

 
In a first step, the 5’ region of the U1 snRNA binds to the 5’ 

SS of the intron, and the binding is stabilised by the snRNP-
associated protein U1C. It is known that the U1 snRNP can 
interact with the CTD domain of RNA polymerase II, which 
could have a role in co-transcriptional positioning of U1 at this 
stage. In parallel, the SF1 protein recognises and binds the 
BP sequence. In metazoans, additional interactions are 
established between the pre-mRNA and U2 auxiliary factors: 
U2AF65 binds to the polypyrimidine tract, and U2AF35 to the 
3’ SS. These interactions are individually weak, but stabilised 
because of their cooperative character, as the proteins 
involved establish contacts with each other. For instance, it is 
known that U2AF65 interacts with the C-terminal RNA 
recognition motif (RRM) of SF1. At this point, binding of 
spliceosomal components to the pre-mRNA do not require 
ATP hydrolysis. In metazoans, SR proteins and the cap-
binding complex also contribute to the stabilization of this 
complex, known as complex E. 
 
From this point, the splicing reaction requires ATP hydrolysis 
in vivo, in order to catalyse conformational changes of the 
spliceosome. The internal region of the U2 snRNA pairs the 
BP and the PPT, displacing SF1, and forcing the intron into a 
conformation where the BP adenosine bulges out from the 
structure, exposing the 2’-OH group that will act as 
nucleophile in the first splicing reaction. The pairing is 
stabilised by the U2 proteins SF3a and SF3b, as well as the 
SR domain of U2AF65. At this point, the spliceosome-pre-
mRNA complex is denominated A complex. 
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The next step involves the recruitment of U4/U6 and U5, 
which enter the spliceosome as a protein-RNA complex 
called tri-snRNP. In the tri-snRNP, U4 and U6 are bound 
together by base pairing, while U5 is attached to the complex 
through protein-RNA interactions. In this conformation, U4 
masks the 5’ region of U6 —which will form part of the 
catalytic core of the spliceosome at a later stage—, avoiding 
premature cleavage of the pre-mRNA. With the incorporation 
of the tri-snRNP, the spliceosome (now called B complex) has 
incorporated all the snRNPs, although in a catalytically 
inactive conformation. 
 
Then, the U4/U6 hybrid is dissociated by Prp8, and U4 and 
U1 are released from the spliceosome. This exposes the 5’ 
end of U6, yielding a complex known as the activated B 
complex. Subsequent rearrangements of the spliceosome by 
Prp2 make the 5’ end of U6 pair with the 5’ SS, using an 
ACAGA motif located in U6. At the same time, the region of 
U6 downstream of this motif pairs with U2, and the central 
region of U6 assembles into an internal stem-loop called U6-
ISL. This loop is responsible for positioning a pair of divalent 
ions (usually Mg2+), which also take part in the splicing 
reaction. At this step (B* complex), catalytic activation of the 
spliceosome by the Prp2 helicase initiates the first 
transesterification between the BP 2’-OH bound to U2 and 
the 5’ SS bound to U6. 
 
After the first transesterification, the spliceosome is at the C 
complex stage. In this conformation, the stem-loop in U5 
contacts nucleotides from both exons in regions adjacent to 
the intron-exon boundaries, bringing them together for the 
second transesterification. In a final stage, the processed 
RNA products —the pre-mRNA with both exons bound 
together, and the intron in a lariat form— are released, and 
the snRNPs are separated and recycled for subsequent 
splicing rounds. 
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The relative contribution of snRNAs and proteins in the 

catalysis of the intron excision reaction is a subject of intense 
debate, although it is known that snRNAs are essential in this 
process, as shown above. In fact, splicing of a U2 intron has 
been achieved in an in vitro protein-free system with only U2 
and U6 snRNAs, although the reaction ocurred at a very slow 
rate, highlighting the role of peptidic splicing factors in 
increasing splicing efficiency and speed. In metazoans, the 
spliceosome is believed to include more than 170 proteins, 
although this number is reduced to 80 proteins in yeast. This 
can be attributed to the higher homogeneity of cis-acting 
sequences in yeast, in comparison with metazoan 
transcriptomes. 

 
At any individual stage of splicing —except for the E 

complex— the spliceosome contains about 125 protein 
subunits. Each spliceosomal snRNP has approximately 45 
distinct snRNP-associated proteins. These proteins belong 

Figure 8: Step-wise assembly mechanism of the U2 spliceosome. 
Boxes represent auxiliary proteins intervening in each step of the process. 
Adapted from (Matera and Wang, 2014). 
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mainly to two classes: DExD/H-box helicases and peptidyl-
prolyl isomerases (PPIases). DExD/H-box helicases use ATP 
for structural rearrangements of the spliceosome throughout 
the splicing reaction. In the formation of the A complex, Sub2 
and Prp5 facilitate the exchange of SF1 for the U2 snRNA at 
the BP. In the B complex, the helicase Brr2 unwinds the 
U4/U6 duplex, and Prp28 contributes to the transfer of the 5’ 
SS from U1 to U6, yielding the B* complex. These two 
activities need to be highly coordinated in time, and Prp8 —
which occupies a central position at the core of the catalytic 
site— mediates this coordination. Prp2 is also required after 
U4/U6 dissociation, but before the first catalytic step. In the 
second splicing reaction, there is an essential contribution 
from Prp16 and Prp22. Finally, spliceosome disassembly 
requires the activity of the helicase Prp43. In general, 
DExD/H-box helicases also have a key role in increasing 
splicing fidelity, as they act as kinetic proofreaders of the 
process, giving time for release of undesired intermediates. 
On the other hand, PPIases are responsible for 
conformational changes in proline residues of other protein 
factors, accelerating spliceosomal rearrangements. At least 
six PPIases take part in the splicing of U2 introns. 
 

The splicing process is characterized by the high degree of 
protein exchange between stages. In yeast, the transition 
from the A complex to the B complex involves the recruitment 
of about 25 proteins as part of the tri-snRNP, and 35 
additional non-snRNP proteins. In human, approximately 65 
proteins are recruited and 10 are lost. Many of these proteins 
belong to the Prp19 complex (the homologue of the yeast 
NTC complex). In yeast, this complex has 7 subunits with 4 
copies of Prp19 each. In the transition from the B complex to 
the C complex, about 35 proteins are recruited to the 
spliceosome, and a similar number of proteins are lost. Most 
of the released proteins belong to the U1, U2 and U4 snRNP. 

 
Many of these protein exchanges are mediated by 

conformational changes induced by post-translational 
modifications (PTMs), especially phosphorylations and 
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dephosphorylations (reviewed in Wahl et al., 2009). It is 
known that SR proteins need to be phosphorylated to 
function, and Prp8 must be phosphorylated before tri-snRNP 
addition to the spliceosome. On the other hand, U1-70K 
needs to be dephosphorylated before the first splicing 
reaction occurs. PTMs in some proteins are applied and 
reversed at different stages. For instance, the U2 protein 
Sf3b155 is hyperphosphorylated before the first catalytic step, 
but it needs to be dephosphorylated for the second splicing 
reaction to take place. Besides phosphorylations and 
dephosphorylations, other PTMs, such as protein 
ubiquitylation and acetylation, also happen during the splicing 
process. Interestingly, binding interfaces of several 
spliceosomal proteins map to intrinsically disordered regions 
(IDRs). For example, SF3b155 has a disordered N-terminal 
region of nearly 450 amino acids, while it undergoes a 
disorder-to-order transition upon binding to SF3b14a. It is 
thought that the higher radius of gyration of the disordered 
state allows SF3b155 to sample a larger fraction of its vicinity, 
thus increasing its effective interaction radius. 
 

Alternative assembly pathways have also been proposed 
for the U2 spliceosome. In yeast, a penta-snRNP complex 
without pre-mRNA has been detected in vitro. This complex 
can then transition to an active spliceosome upon addition of 
a pre-mRNA and other splicing factors, without an 
intermediate step of dissociation (Stevens et al., 2002). 

 
When introns are much longer than their neighbouring 

exons, the interaction between U1 and U2 can happen across 
an exon, instead of across the intron, in a process called 
exon definition (Berget, 1995). In vitro assays show that 
splicing in Drosophila pre-mRNAs occurs through formation of 
an exon definition complex when introns have lengths above 
250 nt (Fox-Walsh et al., 2005). This means that splicing of 
many metazoan introns requires formation of an exon 
definition complex instead of the canonical cross-intron 
assembly pathway shown above, as metazoan exons are 
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usually small (50-250 bp) compared to their flanking introns 
(Robberson et al., 1990). 

 
During the splicing reaction, the exon definition complex is 

equivalent to complex A in the canonical spliceosome 
assembly pathway. Eventually, this complex transitions to an 
intron-defined complex equivalent to complex E (De Conti et 
al., 2013; Reed, 2000; Smith and Valcárcel, 2000). The 
precise mechanisms for this transition are not completely 
understood, although it is believed that many regulatory 
mechanisms for splice site selection operate at this stage 
(Bonnal et al., 2008; House and Lynch, 2006; Sharma et al., 
2008). In fact, it is known that, because of the heterogeneity 
of their cis-acting elements with respect to consensus 
sequences, most of the introns in metazoans cannot be 
constitutively spliced by the spliceosome, and additional 
splicing factors are required for intron removal (Lim and 
Burge, 2001). One of these factor families are SR proteins, 
which bind to cis elements inside exons. There, they can 
stabilise the exon definition complex by bridging the structural 
gap between U2 and U1, located upstream and downstream 
of the exon, respectively (Hoffman and Grabowski, 1992; 
Reed, 2000). In turn, these proteins can be antagonized by 
additional splicing factors, which greatly expands the 
regulatory landscape of splice site selection in metazoans 
(see section 2.1). 

1.4.3.2 Splicing of U12 introns 
 

The U12 spliceosome, also called minor spliceosome 
consists of five snRNPs: U11, U12, U4atac, U5atac and U5 
(Tarn and Steitz, 1996). U11 and U12 perform similar 
functions to U1 and U2, respectively, while the 
U4atac/U6atac di-snRNP replaces U4/U6. U5 is present both 
in U2 and U12 spliceosomes. Despite their functional 
analogy, the percentage of sequence identity between each 
U2 spliceosome snRNAs and their U12 counterparts is 
surprisingly low. As an example, human and yeast U6 
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snRNAs have more sequence identity —about 60% (Brow 
and Guthrie, 1988)— than human U6 and human U6atac. 

 
Important similarities can be found between the assembly 

pathways of both spliceosomes (Figure 8, Figure 9). First, 
U11 and U12 bind to the 5’ and 3’ SS of the intron and bring 
them together, although they do so as a di-snRNP (Frilander 
and Steitz, 1999; Wassarman and Steitz, 1992). In the next 
stage, a tri-snRNP formed by U4atac, U6atac and U5 is 
incorporated to the complex, and U11 and U4atac are 
released, allowing U6atac to interact with both U12 and the 
5’SS, which triggers both catalytic steps. Interestingly, while 
in U2 introns the interaction between U6atac and the 5’ SS 
must happen before U4/U6 dissociation and U6/U2 pairing, in 
U12 introns the interactions between U4atac and the 5’ SS, 
and between U4atac and U12, can happen in any order 
(Frilander and Steitz, 2001). 

 
Besides the U5 snRNA, a large set of proteins are shared 

between both spliceosomes, including key splicing factors as 
the Sm proteins, SF3b, the protein fraction of the tri-snRNP, 
and Prp8 (Luo et al., 1999; Schneider et al., 2002; Will et al., 
1999) 

An exon definition mechanism can also operate in excision 
of U12 introns, even if they are flanked by U2 introns —which 
is usually the case—. Splicing rates of U12 introns are usually 
increased upon removal of neighbouring U2 introns (Wu and 
Krainer, 1996), and purine-rich splicing enhancers bound by 
SR proteins have been also been detected in exons flanked 
by U12 introns (Dietrich et al., 2001; Hastings et al., 2001; Wu 
and Krainer, 1996), which suggests that these elements can 
have a similar role than in U2 introns. 
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U12 introns are present in plants, as well as many 
metazoan taxa (including vertebrates and insects), and they 
have not been detected in several model organisms such as 
S. cerevisiae, S. pombe and C. elegans. Despite the scarcity 
of U12 introns in the organisms where they have been found 
—there are only 404 characterised U12 introns in the human 
genome (Levine and Durbin, 2001)— they are very 
conserved, and the U12 spliceosome has been found to be 
essential for development in Drosophila (Otake et al., 2002), 
which reveals their functional importance. Since U12 introns 
are removed more slowly than U2 introns in vivo, and the 
exchange of some U12 introns for U2 analogues has been 
found to increase the concentration of the corresponding 
mRNA and protein up to six-fold, it has been suggested that 
the reason of this conservation could be their role as rate-
limiting steps in splicing of their pre-mRNAs (Patel et al., 
2002). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (Next page) Figure 9: Assembly of the U12 spliceosome. 
Transesterification reactions are indicated by red arrows. Small 
ribonucleolar particles (snRNPs) are drawn as a small nucleolar RNA 
(snRNA) with the 5’ terminus marked as a dot), surrounded by a shaded 
area representing associated proteins. Adapted from (Patel and Steitz, 
2003). 
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2. ALTERNATIVE SPLICING 
 
The discovery of splicing in adenovirus included a 

surprising additional finding: the same viral transcript was 
processed into different mRNAs, which in turn generated 
more than ten different proteins (Chow et al., 1977). This 
differential processing of transcripts through usage of multiple 
sets of splice junctions to originate multiple mRNA isoforms 
receives the name of alternative splicing (AS). 

 
AS can involve several types of molecular events, as 

shown in Figure 10A. Complete exons (called cassette exons, 
hereafter AltEx events) may be included or skipped from their 
transcripts, or they can have alternative SS at their 5’ or 3’ 
end (Alt3 and Alt5 events). In other cases, polyadenylated 
mRNAs can also show intron retention (IR) events, when an 
intron is not excised before the transcript exits the nucleus. 
Moreover, many of these events —of the same or different 
categories— can coexist in the same transcript, giving rise to 
more complex AS event combinations like mutually exclusive 
exons. Some other sources of transcriptomic variation, such 
as the existence of alternative promoters or alternative 
polyadenylation sites in a gene, do not involve AS, although 
they can also introduce changes in the sequence of a mature 
mRNA. 
 

From an evolutionary point of view, the question of which 
genomic features underpin the biological complexity of 
organisms with a higher number of distinct cell types has 
been extensively studied since the publication of the first draft 
sequence of the human genome (Lander et al., 2001; Venter 
et al., 2001). The discovery that the number of human genes 
is not substantially different from those of other model 
organisms, such as the nematode C. elegans or the thale 
cress A. thaliana (Betrán and Long, 2002), known as the G-
value paradox (Betrán and Long, 2002; Hahn and Wray, 
2002), sparked a search for alternative explanations to the  
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higher diversity of human cell types (which, under this 

model, is assumed as equivalent to increased biological 
complexity). 

Figure 10: A) Main types of AS events. B) Representation of some of 
the main cis- and trans-acting regulators of most splicing reactions 
in vertebrates. SR: Ser/Arg-repeat containing protein. hnRNP: 
heteogeneous ribonucleoprotein. U2AF: U2 snRNP auxiliary factor. ISE: 
intronic splicing enhancer. ESE: exonic splicing enhancer. ESS: exonic 
splicing silencer. Adapted from (Irimia and Blencowe, 2012). 
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Nowadays, the hypothesis that AS could be one of the main 
explanations for this missing genomic complexity is widely 
supported, especially in the metazoan lineage (Barbosa-
Morais et al., 2012; Blencowe, 2006; Chen et al., 2014; Kim 
et al., 2007). An important reason for this are several studies 
published in the last decade that highlight the widespread 
occurrence of AS in vertebrates. According to these studies, 
about 95% of human multi-exonic genes undergo AS (Pan et 
al., 2008; Wang et al., 2008). 

2.1 Regulation of AS 
 

Computational analyses in eukaryotic model organisms 
reveals that, although the information content of 5’ and 3’ SS, 
PPTs and BP regions may be enough to specify exon-intron 
boundaries in S. cerevisiae, additional recognition 
mechanisms are required in other organisms such as human 
and A. thaliana (Lim and Burge, 2001). This is related with 
the degeneration of splicing-related sequences in these 
organisms, as shown on section 1.4.3 (Figure 6). In many 
cases, intervention of these additional factors makes splice 
site selection highly variable between tissues, cell types, 
developmental stages and biological conditions. 
Consequently, a plethora of cis- and trans-acting factors —in 
addition to the core spliceosomal components and the 
essential regulatory sequences described in section 1.4— are 
involved in AS regulation, in order to ensure both robustness 
and flexibility of the system. An overview of some of these 
factors is shown in Figure 10B. 
 

Cis-acting sequences involved in AS are typically 
catalogued depending on their intronic or exonic location, and 
the effect they induce on splicing of their nearest SS. 
Therefore, we can distinguish four types of such sequences: 
intronic splicing silencers (ISS), intronic splicing enhancers 
(ISE), exonic splicing silencers (ESS) and exonic splicing 
enhancers (ESE). Trans-acting factors involved in splicing 
regulation are typically RNA-binding proteins, regulating SS 
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choice through very diverse molecular mechanisms of action. 
Further elucidation of these mechanisms is a field of active 
research, as many of them are still poorly understood 
(reviewed in Nilsen & Graveley, 2010). Several splicing 
enhancers can actively recruit basal spliceosomal 
components to near SS, but there are also reports of 
enhancement of distal SS by alternative mechanisms 
involving communication between splice sites in a transcript. 
Splicing inhibitors, on the other hand, usually act by direct 
steric hindrance of the inhibited SS, but their incorporation to 
the pre-mRNA can also lead to the formation of dead-end 
complexes —assemblies of RBPs that prevent the formation 
of a full spliceosome for a pair of SS—. 
 

In terms of trans-acting factors, many splicing regulators 
belong to the SR and hnRNP families. An early classification 
established that SR proteins —which receive their name from 
characteristic domains with high serine and arginine 
content— recognize ESE elements both in constitutive and 
alternative exons, from where they recruit components of the 
core spliceosomal machinery. On the other hand, hnRNP 
proteins —an acronym for heterogeneous nuclear 
ribonucleoproteins— usually act as repressors, by binding 
both ISS and ESS elements and hindering the assembly of 
the spliceosome (Mayeda and Krainer, 1992). However, the 
current interpretation of AS regulation points to a much more 
complex model. Two main principles seem evident from the 
great deal of studies about AS regulation performed after the 
advent of high-throughput technologies such as splicing 
arrays and RNA-seq.  

 
First, AS regulation is fine-tuned by the collective effect of 

many regulatory proteins, through multiple cooperative low-
affinity interactions that exert combinatorial control over the 
spliceosome (Smith and Valcárcel, 2000). In many cases, 
cross-regulatory relationships exist between these proteins, 
meaning that expression levels of a single splicing factor are 
often a poor predictor of inclusion profiles in an AS 
programme. One of the causes for this is the existence of 
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abundant cross-regulatory relationships between splicing 
factors, in which some of these proteins mediate AS events in 
transcripts of genes also involved in splicing regulation, two 
splicing factors act in complex with each other, or their joint 
action at different points of the pre-mRNA is required for an 
effect on splice site selection. 

 
Second, identification of protein-RNA interactions in 

transcriptome-wide studies by means of RNA maps (Witten 
and Ule, 2011) has revealed that each splicing regulator can 
have antagonistic functions depending on its binding site with 
respect to the excised intron (reviewed in Fu and Ares, 2014). 
This is the case for many proteins both in the hnRNP and SR 
families. 

 
A particular set of proteins stands out among the repertoire 

of trans-acting factors involved in AS regulation. Some 
splicing factors are only expressed in very restricted sets of 
tissues, where they act in combination with the rest of 
regulators and their cis-acting elements to activate and 
repress entire AS programmes. Because of their dominant 
effect on the AS landscape in the tissues where they are 
expressed, these factors act as master regulators of tissue-
specific AS. Abundant examples of these regulators, the 
cross-regulatory relationships established between them and 
their context-dependent impact on the splicing patterns of 
several tissues are described in sections 2.2.1 to 2.2.3. 

2.2 Functions of AS 
 

The potential of AS to produce different transcript isoforms 
of the same gene can have very significant effects at the 
proteomic level, by generating diverse protein isoforms upon 
translation (see Discussion). Because these protein isoforms 
differ in their peptidic sequences, they can acquire different 
features in their three-dimensional structures, and therefore, 
they can present differences in their function, subcellular 
localization, activity, binding affinity for interaction partners, or 
ligand specificity. 
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The degree of isoform diversification introduced by AS can 
vary drastically between genes. While genes with a single AS 
event have the potential to express only two different 
transcript isoforms, several examples of extreme isoform 
diversification have been described. For example, the Dscam 
gene of D. melanogaster, encoding a cell adhesion molecule, 
contains 95 AltEx exons, arranged in four modules so that 
exons in each module are mutually exclusive. The Dscam 
gene has been reported to originate 38,016 distinct isoforms, 
which means that this gene alone generates a number of 
isoforms exceeding the number of genes in the whole D. 
melanogaster genome (Schmucker et al., 2000). 

 
Importantly, mRNA isoforms originated by AS can show 

differences in features not directly related to their coding 
sequences with other effects in quantitative regulation of 
gene expression. Alterations in the 5’ and, especially, 3’ 
untranslated regions (UTRs) of a transcript can affect miRNA 
binding sites, which in turn can lead to variations in transcript 
stability. Introduction of an in-frame termination codon 
through AS can influence transcript stability through 
mechanisms such as the nonsense-mediated decay (NMD) 
pathway of mRNA degradation (reviewed in Chang et al., 
2007). Several studies suggest that the triggering of the NMD 
pathway by a particular mRNA can be predicted according to 
the relative position of its first in-frame termination codon and 
its last exon-exon junction (EEJ). If the termination codon lies 
more than 50 nt upstream of an EEJ, the mRNA is likely to 
undergo NMD (reviewed in Kurosaki & Maquat, 2016; Popp & 
Maquat, 2016), contributing to an effective decrease in gene 
expression levels. 
 

Although every kind of AS event can potentially introduce 
premature termination codons (PTCs), this is especially 
frequent in the case of IR events, since PTCs located in intron 
sequences are not subject to negative selection, as opposed 
to their counterparts in exons. In fact, short eukaryotic introns 
are under selective pressure to cause NMD through PTC 



 41 

introduction (Jaillon et al., 2008). While the majority of tissue-
regulated IR events down-regulate the expression levels of 
their transcripts through NMD, others trigger nuclear 
sequestration of their polyadenylated transcripts, that are 
eventually degraded in the nucleus by alternative pathways 
(Braunschweig et al., 2014). Interestingly, some studies in 
human and mouse cells report the detection of a conserved 
program of retained introns causing both nuclear retention 
and a reduction of nuclear degradation rates of their 
transcripts (Boutz et al., 2015). These introns are known as 
detained introns, and their excision can be triggered by 
inhibition of Clk proteins —a family of kinases responsible for 
SR protein phosphorylation in the nucleus, whose transcripts 
also have detained introns— or DNA damage. Detained 
introns are enriched in genes belonging to RNA processing 
pathways, including splicing, and therefore, their regulation 
can indirectly affect AS patterns of many other genes upon 
these environmental cues. 

 
In quantitative terms, high-throughput mass spectrometry 

(MS) studies report the detection of multiple protein isoforms 
for approximately 37% of human protein-coding genes (Kim 
et al., 2014). The contribution of AS to tissue- and 
developmentally-regulated transcriptomic diversification, and 
its potential to introduce alterations both in translated mRNA 
regions and UTRs —as previously highlighted— suggest that 
AS-induced transcript variability between tissues could in turn 
have important effects at the proteomic level. However, the 
extent of this effect is currently under debate (see 
Discussion). 
 

Many biological processes at very different pathways are 
known to be regulated by certain AS events (reviewed in 
Kelemen et al., 2013), ranging from sexual differentiation and 
dosage compensation in Drosophila (Valcárcel, Singh, 
Zamore, & Green, 1993; reviewed in Lucchesi & Kuroda, 
2015), to regulation of apoptosis (Izquierdo et al., 2005; Li et 
al., 2007), modulation of ion channel activity (Adams et al.; 
Dabertrand et al., 2006; Schlesinger et al., 2005), and 
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hormone secretion (Fernández et al., 2009). With the 
revelation of the widespread occurrence of AS in vertebrates 
—and especially, in mammals—a more systematic view has 
arisen, as some of the studies highlighting the prevalence of 
AS in human and other metazoans also remark the existence 
of co-regulated AS programmes in these organisms, with 
differential splicing signatures characteristic of certain tissues, 
cell types and developmental stages (Baralle and Giudice, 
2017; Wang et al., 2008). After these discoveries, the 
importance of AS as a genome-wide regulatory layer of gene 
expression has become more evident, and the hypothesis 
that proteome diversification through AS is a major molecular 
source of organismal complexity in metazoans has gained 
strength. 

2.3 AS programmes 
 

The landscape of AS in a particular biological context —
such as a certain cell type in physiological conditions— can 
be represented as a network with two different types of 
nodes, corresponding to splicing regulators (RBPs) and their 
target exons and introns, each of them connected to the 
RBPs influencing their splicing pattern. In these 
representations, master regulators have a prominent role, 
since they act as hubs orchestrating the behaviour of the 
whole network, both directly and through cross-regulatory 
relationships with other splicing factors. The topology of the 
network will diverge between biological conditions because of 
variations in the expression levels of regulatory RBPs and 
their target genes. 

 
It cannot be forgotten that, after accounting for variations in 

gene expression, AS is only the first among many layers of 
molecular diversification across cell types. However, 
transcriptomic complexity induced by AS can induce a 
cascade effect when it is considered in conjunction with 
downstream regulatory mechanisms such as translation 
rates, mRNA and protein stability, and post-translational 
protein modifications, among others. The compound effect of 
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variations in all these regulatory layers across the landscape 
of internal and external conditions can induce a dramatic 
amount of molecular variability, which ultimately constitutes 
the identity of each cell type in an organism (Alonso and 
Wilkins, 2005; Jangi and Sharp, 2014; Niklas et al., 2015). 
 

AS programmes have been described in many different 
vertebrate tissues and cell types. The following sections of 
this thesis contain a brief description of some of these 
programmes, as well as their corresponding regulators. For 
simplicity, we will focus on the landscape of tissue-specific AS 
in neural tissues, muscular tissues, and ESCs. For a more 
detailed overview of AS in other tissues, the reader is referred 
to many excellent reviews previously published on the same 
topic (Baralle and Giudice, 2017; Gallego-Paez et al., 2017; 
Jangi and Sharp, 2014). 

 
The following sections of this chapter contain a brief 

description of some of the tissue-specific AS programmes 
characterized to date, as well as their corresponding 
regulators. For a more detailed overview, the reader is 
referred to many other articles previously published on the 
same topic (Baralle and Giudice, 2017; Gallego-Paez et al., 
2017; Jangi and Sharp, 2014). 

2.3.1 AS in vertebrate neural tissues and neuronal 
differentiation 
 

Of all vertebrate tissues and cell types, neurons are 
arguably the one with the most characteristic, evolutionary 
conserved and best characterized specific AS programmes 
(Baralle and Giudice, 2017; Barbosa-Morais et al., 2012; 
Licatalosi and Darnell, 2006; Melé et al., 2015). As previously 
mentioned, the main driving force for the establishment of 
these programmes is the combined effect of the tissue-
restricted expression of several master splicing regulators, 
and a variety of cross-regulatory interactions between splicing 
factors causing some of these proteins to undergo neural-
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specific AS. In this section, we will focus on the role of 
splicing factors from the NOVA, RBFOX and PTBP families, 
as well as the SRRM4 protein. 
 

AS events up-regulated in neurons and during 
neurogenesis are often related to functions characteristic to 
this cell type. As an example, a comparison between the 
transcriptomes of embryonic and adult cerebral cortices in 
mouse revealed a programme of more than 400 AS events 
with differential inclusion patterns between embryonic and 
adult samples. Events selectively included in adult samples 
showed enrichment in genes associated with ion transport 
and homeostasis and transmission of nerve impulse, while 
up-regulated events in embryonic samples were enriched in 
genes related to cell cycle regulation and mitosis. The fact 
that 31% of these AS changes were not complemented by 
changes in global expression levels of their genes is a strong 
indicative of the importance of post-transcriptional regulation, 
and specifically AS, in neuronal development (Dillman et al., 
2013). 
 

RBPs from the NOVA family were among the first 
characterized neural-specific splicing factors (Ule et al., 
2005). Both mammalian paralogues —NOVA1 and NOVA2— 
are highly enriched in neurons and NPCs, where they 
regulate AS programmes essential for neuronal survival, 
inhibitory synaptic transmission, and axon guidance (Ule et 
al., 2005). Events regulated by Nova proteins include an exon 
in Dab1 critical for postnatal migration of cortical neurons 
(Yano et al., 2010), and an exon in the Agrin gene critical for 
neuromuscular junction formation (Ruggiu et al., 2009). The 
search for splicing targets and mechanisms of action of Nova 
proteins led to the development of several novel approaches 
now well established in the field of AS. Two examples of this 
are the detection of cis-regulatory RNA sequences 
responsible for binding of particular RBPs by coupling cross-
linking and immunoprecipitation with RNA sequencing (CLIP-
seq) (Licatalosi et al., 2008) —of which many variations would 
be developed later (reviewed in Li, Song, & Yi, 2014), 
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including single-nucleotide resolution CLIP (iCLIP) (Huppertz 
et al., 2014)— and the description of transcriptome-wide 
binding preferences of RBPs with RNA maps (Ule et al., 
2006; Witten and Ule, 2011). These efforts revealed the 
strong sequence specificity that mediates the binding of 
NOVA proteins to their target alternative exons and introns, 
strongly enriched in YCAY motifs. 
 

The RBFOX protein family has three paralogues in 
mammalian species —RBFOX1, RBFOX2 and RBFOX3 in 
human—. All of them have tissue-regulated expression and 
are expressed in neurons, although only RBFOX3 is neural-
specific. As an example of cross-regulation between splicing 
factors involved in tissue-specific AS programmes, RBFOX1 
and RBFOX2 are translated into a rich variety of tissue-
specific protein isoforms (Kuroyanagi, 2009). Skipping of 
exon 19 in RBFOX1 —mediated by the Rbfox1 protein 
itself— leads to the production of a nuclear protein product, 
while the inclusion isoform can be translated into a 
cytoplasmic protein (Lee et al., 2009). Up-regulation of 
RBFOX1 nuclear isoforms in an in vitro neuron differentiation 
assay triggered an AS programme of approximately 900 
exons, many of them with canonical RBFOX1 binding sites in 
the corresponding downstream introns. This programme 
includes RNA processing factors such as HNRNPH1, 
HNRNPA1 and HNRNPD, as well as many genes involved in 
neuronal development and cytoskeletal organization (Fogel et 
al., 2012; Lee et al., 2016). In turn, nuclear RBFOX1 
regulates the stability of mRNAs related to synaptic 
transmission, including candidate genes for autism spectrum 
disorder (ASD) susceptibility (Lee et al., 2016; Voineagu et 
al., 2011). 

 
An antagonistic temporal variation in the expression levels 

of PTBP1 and SRRM4 exists during mammalian 
neurogenesis. The high expression of PTBP1 in neural 
progenitors mediates skipping of a 34 nt exon in the PTBP2 
mRNA, which is subjected to NMD because of the 
introduction of an in-frame PTC. However, in later stages, a 
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drastic reduction of PTBP1 levels and up-regulation of 
SRRM4 induces inclusion of this exon. Successful translation 
of PTBP2 then initiates a splicing programme responsible for 
neural differentiation (Boutz et al., 2007; Makeyev et al., 
2007; Spellman et al., 2007). 

 
Therefore, PTBP1 and PTBP2 have antagonistic  functions 

in differentiating neurons (reviewed in Vuong et al., 2016). 
Transcriptome-wide RNA-binding profiles of PTBP1 and 
PTBP2 largely overlap and, interestingly, depletion of PTBP1 
induces trans-differentiation from fibroblasts into neurons 
(Xue et al., 2013), but its germline knockout in mice increases 
embryonic mortality (Shibayama et al., 2009; Suckale et al., 
2011). A combination of the higher affinity of PTBP1 for its 
targets and its repressive action on PTBP2 itself keeps 
PTBP2-regulated exons skipped during early stages of 
neuronal differentiation. In later stages, PTBP2 is down-
regulated again, which induces a transition towards an AS 
landscape characteristic of mature neurons (Linares et al., 
2015). This illustrates the complexity of the AS landscape in 
the context of neuronal differentiation. 
 

The SR protein Srrm4 is among the few splicing factors 
with truly neural-specific expression. As previously 
mentioned, it also shows cross-regulatory interactions with 
other regulators of neural splicing, as it has been shown to 
down-regulate up-regulate inclusion of exon 10 of PTBP2, 
contributing to decrease its protein levels as neuronal 
differentiation progresses (Calarco et al., 2009). SRRM4 
regulates an extensive group of neural exons, which often 
show sequence motifs for additional factors like CELF, 
RBFOX and MBNL proteins. In most cases, Srrm4 binds to 
UGC motifs located directly upstream of its regulated exons. 
Among the AS programme regulated by SRRM4 in mammals 
there is a set of very short exons (microexons), between 3 
and 27 nt in length, that show extremely high conservation in 
vertebrates, neural-specific inclusion, and are strongly 
enriched for genes related to neuronal differentiation, 
vesicular transport, cytoskeletal reorganization and synaptic 
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transmission (see Chapter 3). Srrm4-depleted mice show a 
tremor phenotype, and they die soon after birth because of 
defective diaphragm innervation and subsequent asphyxia. At 
the tissue level, they also show important defects in cortical 
layering, neurite outgrowth and brain midline crossing, 
supporting the essential role of SRRM4 for neuronal 
differentiation (Quesnel-Vallières et al., 2015). As other 
SRRM-regulated exons, microexons are also subject to 
regulation by RBFOX and PTBP1 proteins (Li et al., 2014b). 
Interestingly, many SRRM4 target exons lie in ASD candidate 
genes, and down-regulated SRRM4 expression and 
decreased microexon inclusion has been found in ASD 
patients (see Chapter 3). 

2.3.2 AS in vertebrate muscular tissues 
 

Together with neurons, striated muscle also shows a wide 
repertoire of specific AS events. As an example, a 
microarray-based study in 48 human tissues and cell types 
found more than 1,000 AS events with differential inclusion in 
skeletal muscle, and more than 500 events in heart (Castle et 
al., 2008). In particular, extensive splicing regulation has 
been observed during heart development, involving splicing 
factors such as RBM24, as well as proteins from the CELF, 
MBNL and RBFOX families (reviewed in Giudice & Cooper, 
2014) 

 
One of the best-known regulation mechanisms of muscle- 

and heart-specific AS programmes is the expression switch 
between CELF and MBNL proteins. As an example, 206 
alternative exons have been found to respond similarly to 
Mbnl1 depletion or CELF1 induction in murine heart and 
skeletal muscle samples. In this study, both MBNL1 depletion 
and CELF1 induction in differentiated cardiomyocytes caused 
splicing transitions in opposite directions of those found in 
normal development, suggesting that replacement of CELF1 
by MBNL1 throughout muscular and cardiomyocyte 
differentiation is a key driver of AS transitions in this 
developmental context (Wang et al., 2015). This is in 
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agreement with expression patterns of these proteins, as 
CELF is down-regulated and MBNL is up-regulated as 
postnatal heart development progresses (Kalsotra et al., 
2008). 

 
The fact that exons up-regulated in the differentiated state 

are also enriched in GO terms related to cell-cell junctions, 
cell differentiation and microtubule cytoskeleton supports their 
role in establishing tissue identity of differentiated muscular 
tissue. Moreover, more than half of these AS events 
preserved the reading frame of their transcripts, suggesting 
that the effect of this AS programme is largely mediated by 
generation of alternative protein isoforms in the proliferative 
and differentiated states (Wang et al., 2015). Other studies 
report even larger AS transitions during normal postnatal 
heart development, involving changes of more than 500 AltEx 
events with inclusion changes of more than 20% in their 
percentage of inclusion, and enrichments in functions related 
to cardiac muscle contraction and vesicular trafficking in up-
regulated exons, and DNA replication and cell cycle in down-
regulated exons (Giudice et al., 2014). Validation of four of 
these events in skeletal muscle in vivo revealed that 
disruption of their splicing patterns induces defects in 
muscular function, including misregulation of calcium 
signalling and muscle force generation (Giudice et al., 2016). 

 
 Both CELF and MBNL proteins can regulate splicing of 

particular exons in a positive and negative manner, 
depending on the positioning of their cis-acting sequences 
with respect to the regulated exon. In general, exons up-
regulated by MBNL1 and MBNL2 show MBNL binding sites in 
exonic or upstream exonic sequences, while down-regulated 
exons have MBNL binding sites in their downstream intronic 
region (Charizanis et al., 2012; Du et al., 2010; Wang et al., 
2012). Interestingly, AS events regulated by CELF1 tend to 
show an opposite pattern, since events with CELF1 binding 
sites in the exonic region are generally repressed by this 
protein (Wang et al., 2015). As previously discussed, this 
context-dependent effect is also observed in many tissue-
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specific splicing factors, such as NOVA proteins (Licatalosi et 
al., 2008). 

 
Besides their effect on splicing, there is also evidence for 

antagonistic effects of CELF and MBNL proteins in mRNA 
stability during heart development. Several mRNAs of genes 
related to acting cytoskeleton organization and mesoderm 
morphogenesis show CELF and MBNL binding sites in their 
3’ UTRs, and the effect of these factors in mRNA stability 
seems dependent on the ratio of CELF to MBNL binding sites 
(Wang et al., 2015). This study suggests a model in which 
CELF-mediated degradation of mRNAs with higher 
expression in differentiated muscle can be avoided by the 
binding of MBNL proteins, which leads to the establishment of 
a muscular gene expression programme during postnatal 
heart development. 
 

A particularly interesting case of heart-specific AS is the 
titin (TTN) gene. This gene has the highest number of exons 
of all known human genes, and many of them are regulated 
during postnatal heart development. In this context, AS of 
TTN induces an isoform switch regulated by RBM20, from a 
short neonatal isoform (N2B) to a long adult isoform (N2A) 
(Bang et al., 2001; Labeit and Kolmerer, 1995; Li et al., 
2013). Because the alternatively spliced region encodes for a 
region (I-band) influencing the elasticity of the titin molecule, 
the ratio between N2A and N2B isoforms affects myocardium 
wall stiffness and sarcomere length. Consequently, mutations 
in RBM20 have been linked to several cardiomyopaties 
(Beqqali et al., 2016; Brauch et al., 2009; Guo et al., 2012). 
Other splicing events of special interest are located in 
additional genes related to cytoskeletal regulation during 
cardiomyocyte contraction —for example, cardiac troponin T 
(Goo and Cooper, 2009; Warf et al., 2009)—, and genes 
involved in calcium signalling, such as the Ca2+ ATPase 
transporter SERCA2, and the ryanodine receptor RYR2 
(George et al., 2007; Ver Heyen et al., 2001). 
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Splicing networks related to skeletal muscle differentiation 
have also been detected, often with the use of myoblast cell 
lines such as C1C12 murine cells. The most important AS 
programmes found in differentiation of these cells are 
regulated by RBFOX2, QK and PTBP proteins (Hall et al., 
2013; Runfola et al., 2015; Singh et al., 2014). Among the set 
of regulated events, there is a cassette exon in the MEF2D 
transcription factor regulating susceptibility to phosphorylation 
of its protein and, as a result, its intracellular localisation. 
While the ubiquitous MEF2D isoform is phosphorylated and 
bound to co-repressors, the muscular isoform is able to 
recruit ASH2L as a co-activator and enter the nucleus, where 
it triggers transcription of muscle-specific genes (Sebastian et 
al., 2013). 

2.3.3 AS and pluripotency in vertebrate embryonic 
stem cells, reprogramming and trans-differentiation 
 
The existence of AS transitions between ESCs and several 
differentiated cell types has been well documented (Cloonan 
et al., 2008; Han et al., 2013; Venables et al., 2013; Wu et al., 
2010). Moreover, global regulation of AS landscapes have 
been also described to play an important role during 
differentiation of multi- and unipotent stem cells, as is the 
case during hematopoiesis (Clien et al., 2014), neurogenesis 
(Vuong et al., 2016a) and myogenesis (Bland et al., 2010). In 
line with their role as positive AS regulators of exons specific 
to other differentiated tissues and cell types, the RBPs 
MBNL1 and MBNL2 have been shown to have a 
supplementary function in differentiated cells, acting as 
splicing repressors of a set of 56 out of 119 exons 
differentially up-regulated in human ESCs (where these 
regulators are only expressed at very low levels) (Han et al., 
2013). Events in this AS programme and the role of MBNL 
proteins in their regulation are largely conserved in mammals, 
and are enriched in genes associated to the cytoskeleton, 
kinase activity, and plasma membrane. Among the genes 
regulated by this AS programme there are also several 
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transcription factors and chromatin regulators, which 
suggests important contributions of AS regulation to the 
transcriptional switch between the pluripotent and 
differentiated states. 
 
Among these events, mutually exclusive inclusion of exons 
18/18b (16/16b in mouse) of the transcription factor FOXP1 is 
especially relevant. Although several splicing variants of 
FOXP1 have been reported (Brown et al., 2008), this AS 
event regulates the production of two alternative protein 
isoforms where the alternative region encodes for part of the 
DNA-binding domain of FOXP1. Each of these two FOXP1 
isoforms has different sequence specificity and binding 
affinity for its DNA targets. Inclusion of the 18b/16b exon 
(which is up-regulated in pluripotent cells) affects the 
transcription of genes related to early development and 
maintenance of pluripotency. While the pluripotent-specific 
FOXP1 isoform acts mainly as a transcriptional repressor, it 
also induces transcription of several genes with documented 
roles in the establishment and maintenance of pluripotency, 
such as OCT4 and NANOG (Gabut et al., 2011). 
 
For more than a decade, it has been known that these two 
factors form part of a minimal set of four genes whose 
induction is sufficient to trigger cellular reprogramming —the 
reversal of the differentiation process through transcriptional, 
post-transcriptional and epigenetic changes, in order to 
confer pluripotency to cells from a differentiated lineage 
(Takahashi and Yamanaka, 2006)—. Consequently with the 
differences in AS profiles found during the process of 
differentiation, major AS transitions conserved in vertebrates 
and regulated by a reduction in the levels of MBNL1 and 
RBFOX2 have been characterized in the process of cellular 
reprogramming of fibroblasts to induced pluripotent stem cells 
(iPSCs) (Venables et al., 2013). This programme affects 
proteins involved in cell adhesion, migration and polarity, and 
can be reversed upon expression of MBNL1 and RBFOX2. 
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The initial stage in the process of cell reprogramming from 
fibroblasts to iPSCs also includes important AS transitions 
mediated by splicing factors of the ESRP family. 
Consequently, ectopic expression of ESRP has been linked 
to increased reprogramming efficiency (Cieply et al., 2016). 
ESRP1 and ESRP2 act as regulators of an AS programme 
characteristic of epithelial cells (Bebee et al., 2015). This 
programme is instrumental in epithelial-to-mesenchymal 
transitions (EMTs), a process that mediates morphogenesis 
of several embryonic structures during development 
(reviewed in Lamouille, Xu, & Derynck, 2014), as 
demonstrated by the cleft lip phenotype of mice embryos 
lacking ESRP1, and the generalized developmental 
aberrations found in double ESRP knockouts (Bebee et al., 
2015). Co-option of ESRP-mediated AS for different 
morphogenetic programmes has been shown in many 
deuterostome species, although the number of overlapping 
ESRP targets between human and other species decreases 
rapidly outside of the mammalian lineage (Burguera et al., 
2017). 
 
One of the most interesting ESRP targets is an AS event 
conserved in chordates, which affects two mutually exclusive 
exons encoding for the IgIII domain in several paralogues of 
the FGFR family of receptors. This event alters the ligand 
specificity of the receptor, as each isoform is sensitive to 
epithelial or mesenchymal signals (reviewed in Turner & 
Grose, 2010). In accordance with the function of these two 
factors during development, the AS programme regulated by 
ESRP1 and ESRP2 during reprogramming also includes an 
AltEx event in exon 5 of the GRHL1 gene. Skipping of this 
exon causes a frameshift leading to the appearance of a PTC 
just upstream of the DNA-binding domain, and produces a 
truncated version of the GRHL1 protein, with reduced 
efficiency as a transcription factor. ESRP-mediated inclusion 
of this exon is associated to increased reprogramming 
efficiency, presumably because of the role of GRHL1 in 
inducing transcription of more genes related to pluripotency 
(Cieply et al., 2016). 
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Overall, this and other high-throughput analyses of 
transcriptome changes during reprogramming have shown 
multiphasic reversion of AS landscapes from the 
differentiated-state towards a pluripotent state (Cieply et al., 
2016; Ohta et al., 2013; Tanaka et al., 2015) indicating that a 
widespread AS reprogramming is required for the acquisition 
of pluripotency. Interestingly, a genome-wide search for 
critical regulators of early stages of reprogramming identified 
the splicing factor SFRS11 as a crucial player (Toh et al., 
2016). SFRS11 acts as a repressor of reprogramming 
partially through the splicing of ZNF207 isoforms. Moreover, 
this study showed over 400 genes that were alternatively 
spliced upon SFRS11 depletion. Amongst them were MBNL1, 
SFRS3 and U2AF1, strongly suggesting that SFRS11 could 
be regulating reprogramming via the splicing of downstream 
splicing factors. 
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3. FIRST ARTICLE: “A HIGHLY CONSERVED 
PROGRAM OF NEURONAL MICROEXONS IS 
MISREGULATED IN AUTISTIC BRAINS” 
 
In this chapter, we make a first description of vast-tools, the 
RNA-seq analysis pipeline used for AS quantification 
throughout the present thesis, and apply this pipeline to a set 
set of more than 50 tissues and cell types in human and 
mouse, with the aim of making a comprehensive 
characterization of the AS landscape in neuronal tissues.  
 
Among neural-regulated alternative exons, we found a strong 
negative association between exon size and neural 
specificity, which led to the discovery of a set of highly neural-
specific microexons, strongly regulated by the SR protein 
SRRM4. These exons show strikingly high evolutionary 
conservation in vertebrates, and they are enriched in 
pathways related to neuronal biology. Consequently with this, 
they show sharp switch-like behaviour in their inclusion 
profiles during neuronal differentiation, and most of them 
peak during the postmitotic stage. Interestingly, we observed 
down-regulation of SRRM4 and microexons in brain samples 
from autistic patients, suggesting a decisive functional role for 
these events during neural development and for 
establishment of healthy neuronal function. 
 
With respect to their protein properties, microexons show a 
striking contrast with other alternative exons, as they have an 
increased trend to map in or near ordered protein domains. 
However, our structural data shows that microexon inclusion 
usually does not significantly remodel the fold of the nearby 
domains. At the same time, microexon-containing proteins 
tend to occupy central positions in protein-protein interaction 
(PPI) networks. With these results, we hypothesize that 
microexons act in neurons by fine-tuning the function of their 
nearby domains. 
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My personal contribution to this work was the description of 
microexons at the structural and domain level, by mapping 
microexons to available PDB structures where possible, and 
obtaining structural models using Phyre2 for the rest of cases. 
This structural dataset allowed for visualisation of protein 
features associated with microexons that could not be 
predicted from sequence-based analyses alone. In addition, 
the code developed for this publication served as a 
foundation for a more comprehensive structure mapping 
described in Chapter 5. 

Reference for this article and its supplemental materials: 

Irimia M, Weatheritt RJ, Ellis JD, Parikshak NN, 
Gonatopoulos-Pournatzis T, Babor M, et al. A Highly 
Conserved Program of Neuronal Microexons Is 
Misregulated in Autistic Brains. Cell. 2014 Dec 
18;159(7):1511–23. DOI: 10.1016/j.cell.2014.11.035

https://www.sciencedirect.com/science/article/pii/S0092867414015128
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4. SECOND ARTICLE: “CONSERVED
FUNCTIONAL ANTAGONISM OF CELF AND
MBNL PROTEINS CONTROLS STEM CELL-
SPECIFIC ALTERNATIVE SPLICING IN
PLANARIANS.”

In this article, we apply vast-tools to neoblasts —pluripotent 
cells involved in regeneration— and differentiated cells from 
the planarian species Schmidtea mediterranea, in order to 
compare the landscape of neoblast-regulated AS with the 
splicing programmes observed in mammalian ESCs and their 
differentiation process. We detected several hundreds of 
conserved neoblast-regulated AS events, including a 
programme of exons in genes related to the extraordinary 
regenerative abilities of this organism. We show that many of 
these exons are regulated by the CELF and MBNL splicing 
factors. Our results point to the existence of a conserved 
programme of AS contributing to regulate pluripotency and 
differentiation in mammalians and planarians, despite more 
than 500 million years of independent evolution of these two 
lineages. 

My personal contribution to this article was the analysis of the 
impact of some of these conserved neoblast-regulated exons 
at the protein level, as well as their relationship with the 
domain architecture of their proteins. 

Reference for this article, including supplemental material and 
additional figures: 



90 

Solana J, Irimia M, Ayoub S, Orejuela MR, Zywitza V, 
Jens M, et al. Conserved functional antagonism of CELF 
and MBNL proteins controls stem cell-specific alternative 
splicing in planarians. Elife. 2016 Aug 9;5. DOI: 10.7554/
eLife.16797

https://elifesciences.org/articles/16797
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5. THIRD ARTICLE: “AN ATLAS OF
ALTERNATIVE SPLICING PROFILES AND
FUNCTIONAL ASSOCIATIONS REVEALS NEW
REGULATORY PROGRAMS AND GENES THAT
SIMULTANEOUSLY EXPRESS MULTIPLE MAJOR
ISOFORMS”.

In this article, we thoroughly describe an updated version of 
the vast-tools pipeline, including a benchmark against several 
standard AS quantification tools widely used in the field. We 
also extend our previous analyses to a set of more than 300 
RNA-seq samples from a diverse repertoire of tissues, cell 
types and developmental stages from human, mouse and 
chicken, in order to identify previously uncharacterized 
splicing programmes in these tissues. 

Our results confirm the presence of highly tissue-specific AS 
signatures in brain, muscle, testis and pluripotent cells, and 
describe additional conserved modules of co-regulated exons 
in other tissues, such as liver, adipose tissue, colon, kidney 
and immune cells. 

In addition, we describe a set of exons alternatively spliced in 
virtually all analysed tissues and cell types, which we named 
PanAS exons. These exons show high evolutionary 
conservation and a trend to preserve the open reading frame 
of their transcripts. Our analyses suggest that the alternative 
character of PanAS exons is maintained at the single cell 
level and in ribosome-engaged RNA, suggesting that these 
exons are able to originate multiple coexisting protein 
isoforms at the cellular level. In stark contrast with switch-like 
exons, PanAS exons are enriched in genes involved in 
processes related to transcriptional regulation of gene 
expression, suggesting distinct functional roles for both types 
of AS programmes. 
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Finally, this work also describes VastDB, our centralized 
repository of AS events across vertebrate species, tissues, 
cell types and developmental stages. VastDB integrates AS 
profiles and gene expression levels with a variety of biological 
features that contextualize these events, including the impact 
of AS events at the protein domain and structure level, 
evolutionary conservation of individual events, and their 
respective genomic context. 

My personal contribution to this work included the description 
and characterization of PanAS events, the application of 
network analysis to reveal co-regulated splicing programmes 
in tissues distinct from brain and muscle, the assessment of 
evolutionary conservation of these programmes between our 
three species of study, and extensive involvement in the 
development and maintenance of VastDB.  

Reference for this article, including supplementary material 
and additional figures: 

Tapial J, Ha KCH, Sterne-Weiler T, Gohr A, 
Braunschweig U, Hermoso-Pulido A, et al. An atlas of 
alternative splicing profiles and functional associations 
reveals new regulatory programs and genes that 
simultaneously express multiple major isoforms. 
Genome Res. 2017 Oct;27(10):1759–68. DOI: 
10.1101/gr.220962.117

https://genome.cshlp.org/content/27/10/1759
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6. DISCUSSION 
 

The pervasiveness of AS in vertebrate transcriptomes has 
been repeatedly confirmed. An indicative of this is the amount 
of human multi-exonic genes estimated to undergo AS, which 
has suffered a steady increase during the last twenty years, 
reaching 95% of multiexonic genes by using RNA-seq 
datasets (Pan et al., 2008; Smith and Valcárcel, 2000; Wang 
et al., 2008). The fact that virtually all mammalian genes are 
transcribed and spliced into more than one RNA isoform 
seems now evident from the growing number of 
transcriptome-wide studies performed in different tissues and 
organisms during the last decade. In this thesis, we 
contributed to this body of knowledge, applying vast-tools to 
study two AS programmes in neurons and ESCs, two of the 
tissues with the most distinctive transcriptomic profiles. 

 
Of the many biological contexts where AS has been 

analysed, neuronal differentiation is one of the processes 
where the role of AS has been most frequently documented. 
In Chapter 3, we confirmed the existence of more than 2,500 
AS events differentially included in neurons from human and 
mouse. More than 50% of these events are predicted to 
preserve the open reading frame of their transcripts, which 
constitutes an important enrichment in neural-specific events 
generating alternative protein isoforms in comparison with 
non-specific events. In addition, these frame-preserving 
events are enriched in genes related with biological functions 
especially relevant for neuronal biology, such as 
axonogenesis, synaptic transmission, vesicle trafficking, ion 
channels, and cytoskeletal organisation. Genes regulated at 
the gene expression and AS levels constitute two largely 
independent sets, with only 8.5% of genes regulated by both 
mechanisms. Overall, this suggests an important role of AS in 
regulating neuronal-specific processes through the production 
of alternative protein isoforms fine-tuning biological pathways 
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that require special regulation in neurons in comparison to 
other tissues. 

Among neuronal-regulated exons, we unveiled the 
existence of 225 microexons conserved between human and 
mouse. These exons, between 3 and 27 nt in length, show a 
set of features that make them particularly interesting. Their 
levels of conservation and neural specificity are significantly 
higher than those of longer exons, and they show a stronger 
trend to generate alternative protein isoforms and higher 
enrichment in neuronal pathways. These features situate 
microexons at the core of the neuronal-specific AS 
programme. According to our sequence analyses and 
structural predictions, and in contrast to longer alternative 
exons —which tend to encode for disordered regions—, 
microexons show a trend to map near structured protein 
domains, presumably fine-tuning the behaviour of their 
proteins to adapt them to the specific requirements of 
neuronal biology. 

In Chapter 4, we gained insights on the role of AS in ESC 
biology by applying vast-tools to characterize AS 
programmes in two different cell populations on S. 
mediterranea, an invertebrate evolutionary distant from 
human and mouse showing great regenerative abilities 
mediated by neoblasts, a population of cells with similar 
pluripotency and replicative characteristics to vertebrate 
ESCs. We showed that there is a group of approximately 500 
AS events with differential inclusion between neoblasts and 
differentiated cells, regulated by a conserved mechanism 
involving Bruli and MBNL-1, which are planarian homologues 
of the CELF and MBNL families of splicing factors in 
vertebrates. 68% of these exons potentially generate 
alternative protein isoforms, affecting to disordered protein 
regions of proteins related to cytoskeletal regulation and 
cellular signalling. 

Interestingly, this neoblast-regulated AS programme is 
unexpectedly conserved in D. japonica, a planarian species 
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with an phylogenetic distance to S. mediterranea similar to 
that between human and mouse. 15 of the genes regulated 
by this AS programme in planarian also show orthologous 
gene groups in human and, of those, 10 have AS-regulated 
exons with differential splicing in human ESCs. Our analysis 
also shows conservation at the exon sequence level in four of 
these events, highlighting the importance of some of these 
exons in the shared pluripotency and proliferative character 
found in planarian neoblasts and human ESCs. 

While these levels of conservation do not seem very high 
at first sight, we must take into account the high evolutionary 
distance between these two organisms. More importantly, the 
regulatory role of MBNL proteins in an AS programme related 
to ESC pluripotency and differentiation, and the importance of 
CELF in the splicing landscape of several precursors, are well 
documented in vertebrates (see sections 2.3.1 and 2.3.2). 
Altogether, these results point to the existence of a conserved 
regulatory mechanism of an AS programme key for these 
biological functions, both in planarians and vertebrates, with 
only partial conservation in the regulated exons. In 
planarians, CELF proteins act as inducers of splicing profiles 
contributing to the maintenance of the pluripotent state, while 
MBNL proteins act in both clades repressing these exons as 
cells commit to differentiated lineages, and promoting 
inclusion of other exons characteristic of differentiated states. 
Future studies may confirm a role for CELF proteins in 
vertebrate ESCs, confirming the similarity of AS regulation in 
both organisms in this biological context. 

In Chapter 5, we thoroughly benchmarked vast-tools 
against several other tools for AS quantification. Our pipeline 
performs at least as well as every other tool in the 
comparison in terms of computing time, memory usage, and 
event discovery rate, —especially in the detection of 
microexons— both in real and simulated datasets. We then 
applied vast-tools to detect AS events in a diverse set of 
tissues, cell types and developmental stages in human, 
mouse and chicken (with 108, 139 and 61 RNA-seq samples, 
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respectively). Our results confirm the high degree of tissue 
specificity of neural, muscular, testis and embryonic AS 
programmes, and we have used a network analysis approach 
to identify additional conserved modules of co-regulated 
exons with differential inclusion in tissues with previous 
preliminary evidence of specific AS regulation, such as liver, 
adipose tissue and colon (Barash et al., 2010). 

 
In the same chapter, we also describe PanAS exons, a set 

of exons alternatively included across most of the tissues and 
cell types analysed. This pattern of AS is radically different 
from switch-like profiles observed in many other alternative 
exons, including tissue-specific ones. Interestingly, PanAS 
exons are enriched in genes with different biological functions 
as switch-like exons, including many genes regulating the 
process of gene expression at the transcriptional level, in 
contrast with the effector functions usually related to other 
alternative exons (see sections 2.3.1 and 2.3.2, and Chapters 
3 and 4). Similarly to switch-like exons, PanAS exons show 
relatively high evolutionary conservation between mammals, 
which suggests that they have an important biological role. 
The fact that PanAS are also enriched in frame-preserving 
exons, and their intermediate inclusion frequencies in 
ribosome-engaged RNA and single-cell RNA-seq data 
suggests that their effect is probably mediated by the 
coexistence at the cellular level of a regulated balance of 
multiple protein isoforms of the same gene. Taken together, 
our results suggest that these two types of AS programmes 
—PanAS exons and switch-like exons— evolved to regulate 
cellular processes at different levels, in many cases through 
production of alternative protein isoforms. 

 
In spite of these inferences, the effective contribution of AS 

to proteomic diversity between tissues and cell types remains 
a subject of intense debate in the field. Despite the attempts 
to systematically detect alternative protein isoforms using 
mass spectrometry (MS), only a minor percentage of AS-
regulated transcripts have been proved to exist at the protein 
level (Abascal et al., 2015; Tress et al., 2017). However, other 
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studies show that a high fraction of AS-regulated exons can 
be found in ribosome-engaged RNA, especially those in 
genes with medium and high expression levels (Weatheritt et 
al., 2016). Individual AS events have been often shown to 
play a role in a variety of biological processes, either through 
translation of transcript isoforms with differential inclusion of 
AS-regulated exons into alternative protein products, or 
through isoform-specific changes in mRNA stability 
introduced by inclusion or skipping of these exons (see 
section 2.2). Besides these effects of individual exons, more 
comprehensive analyses showed that genes with tissue-
specific AS exons have a strong general trend to occupy 
central positions in protein-protein interaction (PPI) networks 
(Buljan et al., 2012; Ellis et al., 2012), and a high-throughput 
co-immunoprecipitation analysis in mouse indicates that the 
introduction of neural-specific exons has an important effect 
on the interactomic profiles of the protein products of their 
genes. Specifically, one-third of the tested exons affected a 
PPI by at least 2-fold, either disrupting or enhancing it (Ellis et 
al., 2012). Other large-scale interactomic studies also show 
important differences in the repertoire of interacting partners 
of alternative protein isoforms in PPI networks (Corominas et 
al., 2014; Yang et al., 2016). Collectively, these results 
indicate a strong effect of AS-regulated exons in rewiring PPI 
networks in a tissue- and disease-specific manner. 

 
A major hurdle to elucidate this controversy is, to our 

knowledge, the lack of isoform-specific information in PPI 
databases, despite the high number of resources listing 
experimentally determined PPIs for any given gene (Chatr-
Aryamontri et al., 2017; Franceschini et al., 2013; Mosca et 
al., 2013, 2014; Orchard et al., 2014). An accessible resource 
including systematic annotation of the protein isoforms 
studied in PPI screens would constitute a major contribution 
to the field. 

 
Similarly, structural databases such as the Protein Data 

Bank (PDB) (Mir et al., 2018) rarely reflect isoform diversity 
introduced by AS, as the number of genes with structural data 
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for multiple isoforms is usually very reduced. In the case of 
human microexons, we could retrieve PDB protein structures 
describing inclusion isoforms for 7 out of 301 events, 
probably due to the highly neural-specific character of these 
isoforms (see Chapter 3). For a more general set of nearly 
30,000 alternative human exons, our pipeline only retrieved 
reliable PDB structures of inclusion isoforms containing the 
exon of interest and both flanking constitutive exons for 2,465 
events (see Chapter 5). Even in cases where structural 
characterization of these alternative isoforms has been 
attempted and structures of inclusion isoforms are deposited 
in the PDB, AS-regulated exons often map to disordered 
regions, which means that spatial coordinates for the protein 
residues encoded by these exons are missing from the 
structure. As we show in the two aforementioned studies, 
structural modelling tools can be helpful in addressing these 
situations. However, care must be taken when interpreting 
these structures, as the disordered nature of the protein 
regions of interest means that their structure in solution is 
inherently variable, and models will only capture a static 
conformation by definition. 

 
This trend of alternative exons to encode for disordered 

regions of their protein is well known (Buljan et al., 2012; Ellis 
et al., 2012; Romero et al., 2006). By no means it must be 
concluded that the lack of defined structure in these AS-
encoded regions implies a lack of function, since disordered 
regions have a variety of mechanisms to influence biological 
processes by affecting PPIs (reviewed in Buljan et al., 2013 
and Latysheva et al., 2015). Precisely thanks to their 
increased conformational variability, disordered regions 
confer greater interaction promiscuity to their proteins than 
ordered domains (Schreiber and Keating, 2011). PPIs 
mediated by disordered regions are usually more dynamic 
and transient than those between structured domains, 
because of their smaller interface area and reduced affinity 
(Tompa et al., 2014). Consequently, proteins with disordered 
regions tend to display two main characteristics. First, they 
act as hubs in PPI networks, connecting modules of the 
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interactome that would otherwise be very distant 
(Cumberworth et al., 2013). Second, they are enriched in 
genes with biological functions where transient interactions 
are particularly advantageous, such as genes belonging to 
signalling pathways (Wright and Dyson, 2015). Interestingly, 
these two features are shared by tissue-specific exons, 
suggesting that, rather than corresponding to transcriptional 
noise, these exons may have a very relevant function 
regulating biological processes mediated by disordered 
regions in their respective proteins, as previously remarked. 

 
Our own studies indicate an additional effect of AS at the 

proteomic level through the action of PanAS exons. Although 
we did not try to systematically detect PanAS-regulated 
isoforms at the protein level, we did detect intermediate 
inclusion levels of these exons both in ribosome-engaged 
RNA and in single-cell RNA-seq samples. Our results suggest 
that PanAS exons, especially those preserving the reading 
frame of their transcripts, are very likely to give rise to multiple 
protein isoforms of the same gene coexisting in individual 
cells. Given that PanAS exons make up for more than 18% of 
the protein-coding genes in the human genome, our data 
contradicts —at least to some extent— conclusions from 
other researchers suggesting that most genes may express a 
single protein isoform (Tress et al., 2017), rather indicating 
that AS has a systemic effect on proteomic diversity.  

 
Our results indicate that genes with tissue-regulated exons 

preserving the reading frame of their transcripts are often not 
differentially expressed in the tissues where these exons 
show differential inclusion. This suggests that AS contributes 
to cellular and tissue identity as a complementary but largely 
distinct regulatory layer with respect to transcriptional 
mechanisms. While AS shows poor evolutionary conservation 
between species in comparison with transcriptional regulatory 
mechanisms (Barbosa-Morais et al., 2012; Merkin et al., 
2012) several studies show that some tissue-specific AS 
programmes have higher conservation levels, which supports 
the importance of their biological role (Barbosa-Morais et al., 
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2012; Ellis et al., 2012; Han et al., 2013). Our results confirm 
the high conservation in vertebrates of tissue-specific exons 
in certain tissues such as neurons, muscle, testis, and 
pluripotent cells. Moreover, in the latter case, we showed that 
fundamental regulatory mechanisms of tissue-specific AS 
programmes can also be conserved in very distant 
organisms, such as planarians, even if individual regulated 
events show weaker conservation (see Chapter 4). 

 
Elucidation of the functional impact of microexons at the 

proteomic level is still far from complete. While global 
phenotypes for microexon down-regulation are well 
characterized in a SRRM4-depleted mouse line (Quesnel-
Vallières et al., 2015), and reduced levels of SRRM4 
expression and microexon inclusion have been detected in 
ASD patients, only a few microexons have described 
biological functions (Laurent et al., 2015; Ohnishi et al., 2017; 
Parras et al., 2018; Quesnel-Vallières et al., 2015; Toffolo et 
al., 2014; Zibetti et al., 2010).  

 
We showed that microexons display different patterns of 

inclusion during neuronal differentiation, with most of them 
peaking in maturing postmitotic neurons (see Chapter 3). 
However, Inclusion levels of microexons can vary throughout 
the lifespan of a mature neuron. An AS transition including 
about 100 microexons have been detected upon neuronal 
membrane depolarization in culture, as well as during 
neuronal activation, with decreased inclusion in almost all 
cases. Down-regulation of these exons is likely mediated by a 
decrease of SRRM4 observed under the same conditions. 
This AS programme regulated by neuronal activity is enriched 
in genes related to synaptic function, especially genes related 
with cytoskeletal organisation, vesicular trafficking, and 
membrane reorganisation (Quesnel-Vallières et al., 2016). 
Therefore, these microexons could potentially contribute to 
long-term homeostasis of the synaptic response in response 
to changes in membrane depolarization patterns. Other 
microexons have been reported to contribute directly to the 
process of synapse formation. As an example, several 
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microexons in presynaptic proteins of the LAR-RPTP family is 
determinant in the binding affinity of these proteins for 
different post-synaptic ligands. Inclusion of microexon B 
allows binding of LAR-RPTP proteins to SALM3 and 
ILRAPL1, while only the skipping LAR-RPTP isoforms can 
bind TrkC (Li et al., 2015; Yoshida et al., 2011; reviewed in 
Furlanis and Scheiffele, 2018). 

 
SRRM4 is not the only splicing factor involved in 

microexon regulation, although we show it is probably the 
most important regulator of these exons in neurons. At the 
same time, several studies report microexon inclusion in non-
neural tissues. Our results show inclusion of some 
microexons in muscular samples (see Chapter 3). In 
agreement with this, 159 and 113 microexons show 
regulatory motifs conserved between human and mouse, 
corresponding to up-regulation by RBFOX proteins and 
down-regulation by PTBP1, respectively. The tissues where 
some of these microexons are included correspond to those 
where expression of RBFOX proteins has been detected, that 
is, neurons, heart and muscle, suggesting a function for 
RBFOX1 in promoting microexon inclusion in muscle (Li et 
al., 2014b). In addition, up-regulation of SRRM4 has been 
described in treatment-induced neuroendocrine prostate 
cancer (t-NEPC), an aggressive and usually metastatic type 
of tumour sometimes found in prostate adenocarcinoma 
patients after therapy. Interestingly, an isoform switch of the 
SH3GLB1 gene is frequently observed in t-NEPC patients. 
This switch, also observed in neurons, includes up-regulation 
of a 24 nt microexon and a 39 nt exon in the t-NEPC-specific 
isoforms. Inclusion of these two exons changes the function 
of the protein from pro-apoptotic to anti-apoptotic, suggesting 
a role for these exons in the poor prognosis of t-NEPC 
compared to prostate adenocarcinoma (Gan et al., 2018). 

 
Our data suggests the existence of conserved 

programmes of co-regulated alternative exons in several 
tissues where the contribution of AS to cellular identity, its 
effects at the proteomic level, and its role in disease are only 
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starting to be unveiled (see Chapter 5). As an example, 
inclusion levels of a mammalian-specific exon of 36 nt in the 
insulin receptor gene (INSR) have been reported to decrease 
in adipose tissue of obese patients in response to weight 
loss, without significant variations in global INSR expression 
levels. Inclusion of this exon is also correlated with basal 
insulin levels in blood (Kaminska et al., 2014). 

 
The INSR isoform including this exon (INSR-A) 

predominates in fetal tissues, where it promotes cellular 
growth by binding to IGFII and to proinsulin (Frasca et al., 
1999). In contrast, the skipping isoform (INSR-B), 12 aa 
shorter, is more abundant in adult differentiated tissues 
including liver, muscle and adipose tissue (Benecke et al., 
1992), where it acts as a receptor specific for insulin with 
much lower affinity for IGFII. A correlation between the INSR-
A:INSR-B ratio and the expression levels of several splicing 
factors, such as HNRNPA1, SF3A1 and SFRS7 has also 
been observed in these patients, suggesting a regulatory 
mechanism for this event (Kaminska et al., 2014). Promotion 
of exon inclusion by SRSF3, SRSF1 and HNRNPF and 
skipping induced by CELF1 and HNRNPA1 have also been 
detected in culture (Sen et al., 2009; Talukdar et al., 2011). 
Interestingly, insulin levels can regulate phosphorylation and 
expression levels of several splicing factors affecting AS 
events in genes of signalling pathways related to of lipid 
metabolism in liver and muscle (Jiang et al., 2009; 
Pihlajamäki et al., 2011). This suggests that inclusion levels 
of this INSR exon might also be regulated by insulin in 
adipose tissue through changes in expression levels and 
PTMs of splicing factors triggered by insulin-dependent 
signalling pathways. 

 
The complexity of the landscape of cross-regulatory 

relationships between splicing factors, the context-dependent 
action of many of this proteins and the extensive cross-talk 
between AS and other mechanisms regulating gene 
expression in eukaryotes are three of the main factors 
hindering the elucidation of a universal ‘splicing code’ for 
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each organism (a reliable prediction of the splicing profiles of 
all AS events in a cell as a function of their intronic and 
exonic sequences, the expression levels of the different 
splicing factors, the chromatin state of the cell, and other 
parameters) (Baralle and Baralle, 2018). While attempts to 
predict the impact of genetic variants at the AS level have 
been made for human (Xiong et al., 2015), our knowledge of 
splicing networks at the tissue and cell type level is still 
incomplete. Novel AS events, novel regulators, or novel 
functions for known splicing factors still appear today. Even 
factors initially expected to be mere effectors of the splicing 
reaction, such as core spliceosomal snRNAs, have been 
shown to have a function as AS regulators across different 
tissues and cell types (Dvinge, 2018; Dvinge et al., 2018). 
Surely, more research is still needed to discover the 
importance of AS in specifying cellular identity throughout 
vertebrate organisms. 

 
With this in mind, we have developed a public web 

resource with AS event inclusion and gene expression levels 
derived from more than 300 RNA-seq samples of human, 
mouse and chicken tissues and cell types, plus additional 
datasets such as RNA-seq samples from the Genotype-
Tissue Expression Project (GTEx) (Melé et al., 2015) (see 
Chapter 5). These values are shown together with other 
layers of information, such as the impact of events in protein 
domains and structure, their evolutionary conservation at the 
exon level, and the genomic context surrounding each event. 
Currently, VastDB is visited about 500 times a month by 
researchers in the splicing field from dozens of countries. In 
the following years, we will maintain and extend this resource, 
increasing the number of available species and the amount of 
information supplied about each gene and AS event. As an 
example, we are gathering a catalogue of biological functions 
for AS events supported by published experiments. With 
collaboration from the VastDB user community, we have 
included on our website a total of 621 such annotations, a 
number that we expect to raise in subsequent releases. Our 
aim is to make VastDB a reference resource in the splicing 
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community, in order to help other researchers to devise new 
hypotheses and strategies that will set avenues for further 
studies.
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7. CONCLUSIONS 
 

1) Neuronal, muscular, testis and pluripotent samples 
exhibit the strongest AS signatures in human, mouse 
and chicken, confirming results from previous 
literature. 

2) Among neuronal-specific exons, a programme of more 
than 200 microexons between 3 and 27 nt in length 
show the highest conservation in vertebrates, as well 
as the highest levels of neural specificity. 

3) These microexons are enriched in frame-preserving 
events, and show an increased trend to map inside or 
near protein domains (without significantly disrupting 
the fold of their proteins) in comparison with longer 
neural-specific exons. 

4) Our network analysis reveals the existence of a 
second layer of conserved co-regulated AS 
programmes in other tissue types, including kidney, 
liver, adipose tissue and immune cells. 

5) Based on their regulatory pattern, we define a third 
type of alternative exons, the PanAS exons, which are 
alternatively spliced in more than 80% of our analysed 
tissues and cell types, presumably contributing to 
proteomic complexity in processes related with 
regulation of gene expression. 

6) We have developed VastDB, a publicly accessible web 
repository of AS events integrating their inclusion 
levels across a catalogue of tissues, cell types and 
developmental stages in human, mouse and chicken, 
as well as other features. 
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