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Alternative splicing is essential in many biological processes, including cell differentiation and reprogramming. In addition to well-known RNA-centric regulatory layers, chromatin has also been implicated in the modulation of specific splicing patterns. However, proof of a causal relationship between epigenetic modifications and splicing outcomes in a biological relevant context has remained elusive. We find that local changes in H3K27me3 and H3K27ac epigenetic marks at alternatively spliced genes important for EMT, such as FGFR2 and CTNND1, perfectly correlate in time with dynamic changes in alternative splicing during the epithelial-to-mesenchymal transition (EMT). CRISPR epigenome editing of these exon-specific histone marks is sufficient to induce inclusion of the mesenchymal-specific splicing isoform by impairing recruitment of the RNA-binding splicing regulator PTB, which triggers an EMT. These results reveal the direct capacity of histone marks to drive phenotypic changes via alternative splicing regulation, opening new perspectives on the development of novel chromatin-based therapeutic strategies to specifically target disease-related splicing events, such as EMT-related tumour metastasis.
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SUMMARY -SYNTHESE EN FRANCAIS ENGLISH

Alternative splicing is a key mechanism for cell identity that increases the protein diversity and plasticity of a limited coding genome. Disease-specific splice variants are more and more identified, and splicing-targeting strategies are turning into promising new therapies. Interestingly, emerging evidence suggest an important role for chromatin conformation and histone modifications in regulating this RNA process.

However, whether histone modifications are sufficient to impact the alternative splicing outcome in a meaningful biological context still remains unknown. To address this question, we have taken advantage of the epithelial-to-mesenchymal transition (EMT), an inducible and highly dynamic physiological model system of cell reprogramming.

To identify histone modifications involved in EMT-dependent splicing, we used as a cellular system human normal epithelial mammary MCF10a cells. We first correlated in time during the onset of the EMT changes in alternative splicing with changes in histone marks levels along genes essential for EMT, such as FGFR2 and CTNND1.

Surprisingly, we observed that marks, such as H3K27me3 and H3K27ac, changed very early in time, and in opposite ways, at the regulated exons even before the first changes in splicing could be detected. Whereas marks, such as H3K4me1, change late in time. To go beyond correlations and address the causative role of these histone marks on alternative splicing outcome, we adapted the CRISPR/dCas9 system to edit exon-specifically the levels of H3K27me3 and H3K27ac at the studied alternatively spliced genes. For the first time, we could induce a change in the splicing outcome by just changing the levels of a histone mark specifically and uniquely at the alternatively spliced exon of interest, proving that these histone marks are sufficient to trigger the highly dynamic changes observed during the EMT. Importantly, these chromatininduced changes in splicing were also sufficient to recapitulate an EMT, supporting a physiological role for these histone marks in alternative splicing regulation.

Altogether, our results support an important role for chromatin in orchestrating highly dynamic changes in alternative splicing relevant for a cell reprogramming process, such as the EMT. Moreover, we are showing for the first time that exon-specific changes in histone modifications are sufficient to induce a change in the splicing outcome that has phenotypic consequences on the cell identity. Ensemble, nos résultats démontrent un nouveau rôle de la chromatine dans la régulation de l'épissage alternatif au cours du processus de reprogrammation cellulaire qu'est la TEM, et qu'un changement spécifique des marques sur l'exon régulé est suffisant pour induire le changement d'épissage, ces modifications étant suffisantes pour induire des changements d'épissage qui vont à leur tour avoir des conséquences phénotypiques sur l'identité des cellules.
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The Role of histone modifications in the regulation of alternative splicing during the EMT Chapter 1: RNA splicing, alternative splicing (AS) and underlying mechanisms 1.1 History of splicing

Discovery of RNA splicing

In 1977, Richard Roberts [START_REF] Chow | An amazing sequence arrangement at the 5' ends of adenovirus 2 messenger RNA[END_REF] and Phillip Sharp [START_REF] Berget | Spliced segments at the 5′ terminus of adenovirus 2 late mRNA[END_REF] started fundamental works on genetic regulation leading to the discovery of RNA splicing. They received in 1993 the Nobel prize in Physiology and Medicine. In eukaryotic cells, DNA is transcribed in messenger RNA (mRNA) in the nucleus and is then transported into the cytoplasm where it is translated into proteins. By microscopic observations, they have identified differences between nuclear and cytoplasmic mRNAs from adenovirus. Complexes composed of cytoplasmic RNA and double strand DNA, called hybrids or R-loops, were not completely assembled, with corresponding regions and other regions that disappeared in the cytoplasmic RNA (Figure 1). A model has been proposed in which, additionally to the 5' capping and the 3' polyA tail, mRNA maturation would involve skipping of fragments from the primary transcript. They propose for the first time the term "Splicing". EM and representation of RNA-DNA hybrid. The mRNA is shown in red and DNA in black. Regions where RNA and DNA are in parallel represent hybrids and A, B and C are introns (adapted from [START_REF] Berget | Spliced segments at the 5′ terminus of adenovirus 2 late mRNA[END_REF].

Few months later, Pierre Chambon lab demonstrated the existence of split genes in eukaryotes with the ovalbumin gene containing two sequences not found in the coding region [START_REF] Breathnach | Ovalbumin gene is split in chicken DNA[END_REF]. In 1978, Walter Gilbert called them "exons" for included sequences in the mRNA and "introns" for skipped sequences [START_REF] Gilbert | Why genes in pieces?[END_REF].

The same year, the splicing machinery hypothesis was demonstrated with the β-globin gene that is transcribed in a precursor RNA containing an intron [START_REF] Tilghman | Intervening sequence of DNA identified in the structural portion of a mouse fl-globin gene[END_REF].

Discovery of alternative splicing

No longer after RNA splicing discovery, publications brought out that one single pre-mRNA can produce several mature mRNAs with various combinations of exons [START_REF] Berk | Spliced early mRNAs of simian virus 40[END_REF] and in 1982, alternative splicing has been demonstrated for the first time in an endogenous gene [START_REF] Amara | Alternative RNA processing in calcitonin gene expression generates mRNAs encoding different polypeptide products[END_REF]. CALCA gene was identified as alternatively spliced. The pre-mRNA of this gene encodes for 6 exons giving rise to two isoforms, one containing exons 1-4 and encoding for the calcitonin protein, and another in which the exon 4 is skipped and containing exons 1-3, 5 and 6, encoding for the CGRP protein (Figure 2). In the following years, more and more genes were shown as alternatively spliced such as the Immunoglobulin gene [START_REF] Maki | The role of DNA rearrangement and alternative RNA processing in the expression of immunoglobulin delta genes[END_REF]. In the thyroid, exon 5 and 6 are skipped giving a mature RNA composed of 4 exons and coding for calcitonin protein. In the brain, a different set of exons is retained, the exon 4 is skipped and give a mature RNA of 5 exons encoding CGRP protein (adapted from https://sciencecases.lib.buffalo.edu/ collection/ detail.html/?case_id=849&id=849).

RNA splicing

In eukaryotes, nuclear coding genes are composed of coding sequences (exons) interspaced with non-coding sequences (introns). These intronic sequences can be also found in genes of organelles such as mitochondria or chloroplast, or in specific bacterial genes, but in these cases, intron removal is done in a different manner than for nuclear genes. It exists three main types of RNA, the classical one that is the messenger RNA (mRNA), and two other that are ribosomal RNA (rRNA) and transfer RNA (tRNA) (Figure 3). Transcription occurs in DNA to generate a pre messenger RNA, through the RNA polymerase II, which will be then maturated to get a mature and functional messenger RNA. It is only after this processing that the mRNA will be translocated into the cytoplasm for its translation and protein synthesis. Three major steps are necessary for a proper mRNA maturation. The 5' capping of one extremity and the 3' polyadenylation of the other extremity, and the splicing of introns (Figure 4). Cap formation is performed by the addition of a 7-methylguanosine group at the 5' end of the pre mRNA. This capping protects RNA from 5' ribonucleases and is essential for the binding of the RNA to ribosomes for protein synthesis [START_REF] Furuichi | Discovery of m 7 G-cap in eukaryotic mRNAs[END_REF].

Polyadenylation occurs at the 3' end of the pre-mRNA. It implies an enzymatic cleavage and the addition of several adenine residues. A poly(A) signal sequence (5'-AAUAAA-3') is present at the 3' end of the transcript followed by a GU-rich sequence further downstream. These two sequences will permit cleavage of the 3' end and a subsequent addition of around 200 adenine residues to form the poly(A) tail. This tail will be bound by poly(A) binding proteins, protecting RNA from 3' ribonucleases [START_REF] Zhao | Formation of mRNA 3' ends in eukaryotes: mechanism, regulation, and interrelationships with other steps in mRNA synthesis[END_REF]. The third step of RNA processing is the RNA splicing, a process in which the non-coding regions of the transcript, called introns, are removed by excision, and remaining exons are connected to produce a mRNA. Intron excision and exon linking are performed by a large complex called spliceosome, composed of proteins and small nuclear RNAs (snRNA) [START_REF] De Conti | Exon and intron definition in pre-mRNA splicing: Exon and intron definition in pre-mRNA splicing[END_REF]. RNA splicing occurs mostly posttranscriptionally, after complete synthesis of the RNA transcript and 5' and 3'

maturation, but some transcripts can be spliced co-transcriptionally [START_REF] Bentley | Coupling mRNA processing with transcription in time and space[END_REF]. Once the pre-mRNA is transcribed, it undergoes maturation processes to be protected from degradation and for further cytoplasmic translocation. The three processes involved are the 5' capping, the 3' polyadenylation and introns removal (adapted from http://csls-text3.c.u-tokyo.ac.jp/inactive/ 08_03.html).

It exists two different types of splicing, a constitutive splicing and an alternative splicing (Figure 5). Constitutive splicing concerns exons that are systematically inserted into the final mature transcript while alternative splicing is a process during which specific exons can be either included or skipped from the final transcript. Alternative splicing increases the number of mRNA produced by the same gene and, consequently, increases the number of proteins that are translated [START_REF] Black | Mechanisms of Alternative Pre-Messenger RNA Splicing[END_REF]. The expressed isoforms will depend on the cell type, the differentiation state, the physiological state or the developmental stage [START_REF] Modrek | A genomic view of alternative splicing[END_REF][START_REF] Resch | Evidence for a subpopulation of conserved alternative splicing events under selection pressure for protein reading frame preservation[END_REF]. Competition occurs between different splicing sites present in the pre mRNA and depending on the one selected, it will differentially affect the splicing outcome. Splicing site selection depends on the strength of the site itself, the recruitment of specific splicing factors, or the RNA secondary structure. Among the 20.000 coding genes present in the human genome, around 95% of them are alternatively spliced, increasing the number of proteins that are encoded by the genome [START_REF] Pan | Deep surveying of alternative splicing complexity in the human transcriptome by high-throughput sequencing[END_REF]. 

RNA splicing reaction

The splicing reaction is a two-step process based on two successive transesterification reactions [START_REF] Saldanha | Group I and group II introns[END_REF] and involves three specific sequences, the 5' splice site (donor site), the 3' splice site (acceptor site) and the branch point (Figure 6). These sequences are conserved in yeast while they are degenerated in metazoans [START_REF] Will | Spliceosome Structure and Function[END_REF]. The first step is a nucleophilic attack of the 5' phosphate at the 5' end of the intron, on the donor site. This attack is carried out by the 2' OH of an adenosine residue in the branch point and will release 2 intermediate products, the exon 1 and the intron lariat intermediate containing the exon 2. This lariat intermediate as a 5' guanosine bound to the branch point through a 2'-5' phosphodiester binding. Following the first attack, a second nucleophilic attack occurs between the 3' OH of the exon 1 and the phosphate at the 3' end of the intron, on the acceptor site, leading to the ligation of the 2 exons and releasing the intron lariat that is then debranched and metabolized by cellular nucleases [START_REF] Montemayor | Structural basis of lariat RNA recognition by the intron debranching enzyme Dbr1[END_REF]. Schematic representation of the two-step splicing of pre-mRNAs. The 2' OH of the branch point carries out a nucleophilic attack on the 5' splice site, and in turn the 3' OH at the 3' end of the released exon carries out a nucleophilic attack on the 3' splice site (adapted from [START_REF] Wongpalee | The Pre-mRNA Splicing Reaction[END_REF].

Intron definition

As previously mentioned, intron splicing involves specific sequences that are important to recruit the splicing machinery. These consensus sequences are found at the 5' and 3' ends of introns and are respectively called donor site and acceptor site. The branch point is present upstream of the 3' splice site and is important for the two transesterification steps (Figure 7). Consensus sequences of the donor site, acceptor site and branch point for major-class introns. Nucleotide size of each position represents the frequency of this nucleotide at that position. Nucleotides in black are those involved in intron recognition (adapted from [START_REF] Patel | Splicing double: insights from the second spliceosome[END_REF][START_REF] Will | Spliceosome Structure and Function[END_REF].

a Donor site and acceptor site

Comparison of 5' splice sites led to identify the consensus sequence AG GURAGU (R: purine). AG represent the two last nucleotides of the first exon and GU are the most conserved nucleotides in the 5' splicing site [START_REF] Moore | Evidence for two active sites in the spliceosome provided by stereochemistry of pre-mRNA splicing[END_REF]. Mutations in one of these two nucleotides are responsible of abnormal splicing by recognition of a 5' cryptic site, usually close to the initial donor site, by the splicing machinery [START_REF] Roca | Intrinsic differences between authentic and cryptic 5' splice sites[END_REF].

The acceptor site is present at the 3' intron/exon junction and is composed of a consensus sequence: YAG G (Y: pyrimidine), where the last G represents the first nucleotide of the second exon. Such as the 5' splice site, mutations in the 3' site affect strongly recruitment of the spliceosome leading to splicing defects [START_REF] Anna | Splicing mutations in human genetic disorders: examples, detection, and confirmation[END_REF].

b Branch point

The branch point is a consensus sequence: CURACU (R: purine), found typically 20

to 40 nucleotides upstream the 3' splice site and a poly pyrimidine tract (Poly Y). This sequence contains an adenine residue (in red, Figure 7), called branching nucleotide, which binds to the guanosine residue at the 5' end of the intron [START_REF] Gao | Human branch point consensus sequence is yUnAy[END_REF].

Spliceosomal complex

The spliceosome is a ribonucleoprotein complex involved in the catalysis of the splicing reaction previously described. It is composed of more than 200 proteins [START_REF] Hegele | Dynamic Protein-Protein Interaction Wiring of the Human Spliceosome[END_REF] and different small nuclear ribonucleoproteins (snRNP). snRNPs are the combination of a snRNA (small nuclear RNA) and numerous associated proteins.

It exists two types of spliceosomes, a major spliceosome involved in more than 99% of intron skipping, and a minor spliceosome catalyzing around 0.5% of intron reactions [START_REF] Turunen | The significant other: splicing by the minor spliceosome: Splicing by the minor spliceosome[END_REF]. Major spliceosome is composed of 5 snRNAs (U1, U2, U4, U5 and U6) in addition to non snRNA factors. Introns processed by this spliceosome are called type U2 introns. Minor spliceosome has a distinct composition of snRNAs but with similar functions: U11, U12, U4atac and U6atac, analogues of U1, U2, U4 and U6, respectively. U5 snRNA is common with the major spliceosome. Introns processed by this spliceosome are called type U12 introns.

Major and minor spliceosomes imply similar regulation of splicing processes despite different compositions. Therefore, we will only describe the regulatory process of the major spliceosome in the following part.

a Spliceosome composition

The spliceosome is composed of two major components, snRNPs with their own biogenesis process, and non-snRNP proteins associated with the spliceosomal complex.

snRNPs formation can be divided in 4 different steps: transcription of a snRNA coding gene, co-transcriptional maturation, cytoplasmic translocation and maturation, and finally nuclear import and maturation [START_REF] Gruss | UsnRNP biogenesis: mechanisms and regulation[END_REF].

snRNAs are small RNAs rich in uridine residues of around 100 to 300 nucleotides with a highly conserved secondary structure (Figure 8) [START_REF] Branlant | U2 RNA shares a structural domain with U1, U4, and U5 RNAs[END_REF][START_REF] Branlant | High evolutionary conservation of the secondary structure and of certain nucleotide sequences of U5 RNA[END_REF]. At the exception of the U6 snRNA that is transcribed by the RNA polymerase III, all snRNAs (U1, U2, U4 and U5) are transcribed by the RNA polymerase II. A monomethyl capping occurs at the 5' end of the snRNA and the 3' end is extended by around 20 nucleotides.

This first processing step leads to the cytoplasmic export of U1, U2, U4 and U5

snRNAs. In the cytoplasm, each snRNA is associated with seven Sm proteins (B/B', D3, D2, D1, E, F and G), forming a pre-snRNP thanks to the SMN complex. A second maturation step of the 5' and 3' ends of the pre-snRNP occurs leading to a nuclear import where they accumulate in cajal bodies for subsequent post-transcriptional modifications. These modifications are targets of small RNAs called snoRNA/scaRNA [START_REF] Jady | A small nucleolar guide RNA functions both in 2'-O-ribose methylation and pseudouridylation of the U5 spliceosomal RNA[END_REF]. Final assembling of snRNPs ends with recruitment of more than 150 proteins specific to each snRNA. Secondary structures of the snRNAs present in the major spliceosome (adapted from [START_REF] Will | Spliceosome Structure and Function[END_REF].

During the biogenesis process, U6 snRNA is retained in the nucleus. It undergoes several maturation steps similarly to the other snRNAs and is associated with seven Lsm proteins [START_REF] Vidal | Characterization of U6 snRNA-protein interactions[END_REF], but its post-transcriptional modifications occur in the nucleolus (Figure 9).

Spliceosome involves many other non-snRNP proteins for a correct processing of introns. These proteins are not all present at the same time in the spliceosome and their recruitment depends on their functions in spliceosome assembling. They are involved in fundamental processes such as the recognition of the 5' and 3' splice sites or the structuration of the different spliceosomal complexes. Regulation of exchanges between each spliceosome state has a crucial role in spliceosome plasticity and is a major element for the splicing reaction (Table 1) (Wahl et al., 2009). Schematic representation of snRNAs U1, U2, U4, U5 and U6 biogenesis. U1 to U5 snRNAs are transcribed by RNA polymerase II and are processed the same way while U6 snRNA is transcribed by RNA polymerase III and has its own processing pathway (adapted from [START_REF] Kiss | Biogenesis of small nuclear RNPs[END_REF].

b Spliceosome assembling and catalytic activity Spliceosome assembling is a sequential and multi-step process. It starts with the recognition of the 5' and 3' splice sites and the recruitment of the splicing machinery that gives a specific spatial conformation to the pre-mRNA for the following splicing reaction. Studies have demonstrated the formation of 5 different complexes during pre-mRNA processing by the spliceosome (Figure 10) [START_REF] Jurica | Purification and characterization of native spliceosomes suitable for three-dimensional structural analysis[END_REF].

These different complexes, called E, A, B, C and P, correspond to the recruitment of different sets of snRNPs on the pre-mRNA for its processing. Once transcribed by the RNA polymerase II, the transcript is bound by different proteins and U1 snRNP is recruited at the 5' splice site. This first complex, called E complex, is important to initiate the dynamic process. Splice sites can be degenerated, and their recognition is facilitated by the recruitment in parallel of splicing factors such as SF1 and U2AF that bind cis-regulatory sequences in the exon and/or intron [START_REF] Rino | Splicing Factors SF1 and U2AF Associate in Extraspliceosomal Complexes[END_REF]. The A complex (pre-spliceosome) is formed by the recruitment of U2 snRNP on the acceptor splice site at the 3' end of the intron.

Table 1: Composition and dynamic of the different spliceosomal complexes.

Protein composition of the human A, B and C complexes determined by mass spectrometry. Proteins are grouped according to function, association with snRNPs or presence in a spliceosomal complex (adapted from Wahl et al., 2009).

Once the two extremities of the intron are recognized by U1 and U2 snRNPs, a tri-snRNP U4/U6.U5 integrates the pre-spliceosome to form the pre-B complex [START_REF] Gottschalk | Identification by mass spectrometry and functional analysis of novel proteins of the yeast [U4/U6.U5] tri-snRNP[END_REF]. This complex undergoes conformational changes to initiate spliceosome activation (B complex -pre-catalytic spliceosome) and U1 and U4 snRNPs are release, resulting in a new interaction between snRNPs U2 and U6 (B act complex). An ATP-dependent conformational change and a protein rearrangement occur leading to the formation of a catalytically active spliceosome (B* complex). The first splicing reaction is achieved, giving rise to the C complex of the spliceosome that in turn catalyzes the second splicing reaction after another ATP-dependent conformational change (C* complex). Finally, U5 snRNP of the post-splicing complex (P complex) interacts with the two extremities of the exons, making them in close proximity for ligation to generate the mature mRNA. Intron lariat stays attached to the ILS complex (intron lariat spliceosome) that is then released and metabolized by cellular nucleases while the spliceosome is disassembled [START_REF] Yoshimoto | Isolation and characterization of post-splicing lariat-intron complexes[END_REF]. 

Each splicing cycle involves different spliceosomal complexes with different compositions (E, A, B, C and P).

There are four stages: assembly of the spliceosome, its activation, splicing reaction, and disassembly of the spliceosome (adapted from [START_REF] Yan | Molecular Mechanisms of pre-mRNA Splicing through Structural Biology of the Spliceosome[END_REF].

Alternative splicing

Initially considered as an exception, it is now well established that alternative splicing occurs in almost all eukaryote genes. 40 years of studies and emergence of genome wide sequencing have progressively demonstrated that almost 95% of the multi-exons genes are alternatively spliced [START_REF] Barash | Model-based detection of alternative splicing signals[END_REF][START_REF] Pan | Deep surveying of alternative splicing complexity in the human transcriptome by high-throughput sequencing[END_REF]. Alteration of alternative splicing can lead to serious genetic disorders.

Different alternative splicing events

Alternative splicing involves the use of different donor and acceptor sites giving rise to several types of alternative splicing events. For the majority of them we find: cassette exons (skipping exons), mutually exclusive exons, intron retention, alternative 5' or 3' splice sites, and alternative promoters or termination sites (polyadenylation sites) (Figure 11).

a Cassette exons

It represents around 35% of alternative splicing events and is the most common type in mammalian pre-mRNAs (Wang et al., 2008). Exons are either included in the mature mRNA or spliced out. These exons usually code for extra domains bringing different functions to the isoforms. For example, Fibronectin (FN1) contains an EDA extradomain important to regulate cell adhesion and migration depending on the inclusion of the EDA exon (extradomain-A exon). In fibroblasts, EDA exon is included whereas in liver it is skipped generating a soluble FN1 isoform secreted into plasma [START_REF] Baralle | Alternative splicing as a regulator of development and tissue identity[END_REF]. Expression of an isoform lacking EDA exon in fibroblast has been shown as decreasing cell adhesion [START_REF] Manabe | Modulation of Celladhesive Activity of Fibronectin by the Alternatively Spliced EDA Segment[END_REF].

b Mutually exclusive exons

In this case, alternatively spliced exons are never present at the same time in the mature mRNA despite they have functional 5' and 3' splice sites. FGFR2, a transmembrane receptor tyrosine kinase of the fibroblast growth factor receptor family, has two mutually exclusive alternative exons, IIIb and IIIc, encoding for a part of the third extra-cellular immunoglobulin-like domain of FGFR2. These two exons undergo tissue-specific alternative splicing [START_REF] Carstens | An Intronic Splicing Silencer Causes Skipping of the IIIb Exon of Fibroblast Growth Factor Receptor 2 through Involvement of Polypyrimidine Tract Binding Protein[END_REF][START_REF] Warzecha | ESRP1 and ESRP2 Are Epithelial Cell-Type-Specific Regulators of FGFR2 Splicing[END_REF], exon

IIIb being known to be predominantly included in epithelial cells, whereas exon IIIc is limited to mesenchymal cells, leading to different affinities for FGF ligands and different downstream effects on differentiation and mitogenesis. Representation of seven different modes of alternative splicing. Constitutive exons are represented in blue and alternative exons in orange and green (adapted from [START_REF] Kim | Alternative splicing isoforms in health and disease[END_REF].

c Alternative 5' and 3' splice sites

Exons can be shorter or longer depending on the use of alternative splice sites present in 5' or 3'. These sites, present in the exons, can be in competition with each other and the alternative selection of these sites leads to the expression of different isoforms in which the exon or parts of it are included or spliced out from the mature mRNA [START_REF] Koren | The Emergence of Alternative 3′ and 5′ Splice Site Exons from Constitutive Exons[END_REF]. For example, the U6 unit of the human papillomavirus HPV16 contains two 3' splice sites that compete, and only one 5' splice site, leading to the production of two mRNA E6*I and E6*II [START_REF] Ajiro | Oncogenes and RNA splicing of human tumor viruses[END_REF].

d Intron retention

In rare cases, introns are not spliced out in the nucleus and are present in the mature transcript that is translocated in the cytoplasm to be then translated. This phenomenon is mainly tissue-specific and is the resultant of a defect in intron splice site recognition.

Transcripts with intron retention are quickly degraded via nonsense-mediated decay (NMD). Granulocytes take advantage of this mechanism to inhibit dozens of essential genes for their differentiation [START_REF] Wong | Orchestrated Intron Retention Regulates Normal Granulocyte Differentiation[END_REF] and in pluripotent stem cells, intron retention is an essential mechanism controlling cell self-renewal and differentiation [START_REF] Tahmasebi | Control of embryonic stem cell self-renewal and differentiation via coordinated alternative splicing and translation of YY2[END_REF].

e Alternative promoters and polyadenylation sites isoform is produced by the use of the terminal APA site [START_REF] Li | Interplay between Alternative Splicing and Alternative Polyadenylation Defines the Expression Outcome of the Plant Unique OXIDATIVE TOLERANT-6 Gene[END_REF].

Regulatory elements

mRNAs produced by the splicing machinery depend on the selection of 5' and 3' splice sites. In eukaryotes, this selection is the result of a combinatorial effect of multiple factors: on one hand, there are specific sequences found in introns or exons, called cis regulatory elements, and on the other hand, there is recruitment of several splicing regulators, called trans regulatory elements. Combination of these two processes makes splicing a very accurate and complicated mechanism [START_REF] Ghigna | Alternative splicing and tumor progression[END_REF].

a Cis regulatory elements

The use of alternative 5' or 3' splice sites needs the recruitment of specific splicing factors that interact with the exon itself or with a flanking intron by associating with short and specific regulatory sequences called cis-acting splicing regulatory elements (SRE) in order to induce or inhibit spliceosome recruitment. SRE sequences are degenerated such as 5' and 3' splice sites.

It exists different types of SRE depending on their location and their function. [START_REF] Blencowe | Alternative Splicing: New Insights from Global Analyses[END_REF]Wang and Burge, 2008). Splicing factors binding on these elements (trans regulatory elements) can modulate recruitment of U1 and U2 snRNPs of the spliceosome (Figure 12).

Enhancer or silencer elements can be found at the same splice site where they compete for splicing regulation. Cis regulatory elements are bound by two major families of splicing factors: HNRNP proteins that are preferentially associated with silencer sequences, and SR proteins that are mainly bound to enhancer elements.

Other factors such as MBNL1, NOVA, RBFOX2 and PTBP1 can be involved in alternative splicing and the regulation of this mechanism depends on the balance of silencer and enhancer regulators involved [START_REF] Chen | Alternative splicing: An important mechanism in stem cell biology[END_REF][START_REF] Merkin | Evolutionary Dynamics of Gene and Isoform Regulation in Mammalian Tissues[END_REF]. Serine Arginine Rich proteins (SR proteins) are ubiquitously expressed and among them we can find SF2/ASF (SRSF1), SC35 (SRSF2), SRp20 (SRSF3), 9G8 (SRSF7), SRp30c (SRSF9) and SRp35 (SRSF12) [START_REF] Shepard | The SR protein family[END_REF]. SR proteins can interact with other SR proteins or directly with RNA to regulate alternative splicing, but their main function is based on their interaction with spliceosomal proteins such as U1

and U2 snRNPs at donor and acceptor sites. These interactions preferentially lead to exon inclusion. SR proteins are composed of several RNA binding motifs (RNA recognition motif -RRM) and repeated arginine/serine domains important for their catalytic activity (Figure 13). In addition to their main activity on splicing, SR proteins are known to play a role in other processes such as RNA degradation, transcription or translation and are deregulated in numerous cancers [START_REF] Da Silva | Splicing Regulators and Their Roles in Cancer Biology and Therapy[END_REF]. Another type of ubiquitously expressed splicing factors are the HNRNPs (heterogeneous nuclear ribonucleoproteins). It exists more than twenty HNRNP proteins including HNRNPA, C, D, F, H, K or M and they all carry RNA binding motifs such as RRM (RNA recognition motif) or KS (K-homology) motifs (Figure 13). Even though HNRNPs can affect positively [START_REF] Expert-Bezancon | Heterogeneous Nuclear Ribonucleoprotein (hnRNP) K Is a Component of an Intronic Splicing Enhancer Complex That Activates the Splicing of the Alternative Exon 6A from Chicken -Tropomyosin Pre-mRNA[END_REF][START_REF] Hofmann | hnRNP-G promotes exon 7 inclusion of survival motor neuron (SMN) via direct interaction with Htra2-b[END_REF] or negatively splicing, they preferentially act as repressors. These splicing factors are recruited to specific RNA binding sites that when binding mask splicing enhancers nearby, which blocks recruitment of an active spliceosome and thus exon inclusion [START_REF] Martinez-Contreras | hnRNP proteins and splicing control[END_REF]. For instance, HNRNPI (called PTB -Polypirimidine

Tract Binding) has high affinity for the polypyrimidine tract upstream the 3' splice site, which interferes with U2AF binding, thus impacting alternative splicing [START_REF] Singh | Distinct binding specificities and functions of higher eukaryotic polypyrimidine tract-binding proteins[END_REF]. Similar to SR proteins, HNRNPs also regulate other processes like transcription, mRNA maturation, translation and telomere length conservation (Naarmann-de [START_REF] Vries | Translational control mediated by hnRNP K links NMHC IIA to erythroid enucleation[END_REF][START_REF] Singh | The hnRNP A1 homolog Hrb87F/Hrp36 is important for telomere maintenance in Drosophila melanogaster[END_REF]. Different examples of SR proteins and HNRNP proteins. SR proteins mainly bind to splicing enhancer elements while HNRNP proteins mostly bind to splicing silencer elements (adapted from [START_REF] Mueller | THE ROLE OF SR AND SR-RELATED PROTEINS IN pre-mRNA SPLICING[END_REF]and Ustaoglu et al., BioRxiv).

SR and HNRNP proteins are mostly ubiquitously expressed, although there are many other splicing factors that are cell type or tissue specific. For example, the brain-specific NOVA-1 and NOVA-2, RBFOX1 or nPTB have key roles mainly in brain's alternative splicing outcome [START_REF] Gehman | The splicing regulator Rbfox1 (A2BP1) controls neuronal excitation in the mammalian brain[END_REF]Irimia and Blencowe, 2012). Two other wellknown examples are ESRP1 and ESRP2, essential splicing regulators in epithelial cells and completely shut down in mesenchymal cells, which can inhibit or favor alternative splicing depending on where they are recruited on the RNA [START_REF] Warzecha | ESRP1 and ESRP2 Are Epithelial Cell-Type-Specific Regulators of FGFR2 Splicing[END_REF].

Deregulation of alternative splicing in cancer

Alteration of alternative splicing is known to be highly associated with numerous pathologies such as genetic disorders and cancer (Daguenet et al., 2015;[START_REF] Venables | Aberrant and Alternative Splicing in Cancer[END_REF]. Thanks to genome wide studies, many abnormal splicing transcripts have been identified in cancers. It can be the resultant of mutations in splicing factors involved in alternative splicing regulation, called "trans anomalies", or direct mutations in splicing sites or regulatory elements so called "cis anomalies" (El Marabti and Younis, 2018).

Functions of many splicing variants in cancer are still not well known but it has been demonstrated that some of them can have pro-tumoral or anti-tumoral properties in carcinogenesis and play key roles in therapeutic resistance [START_REF] Wang | Aberrant RNA Splicing in Cancer and Drug Resistance[END_REF].

Alteration of alternative splicing programs in cancer

a Alternatively spliced genes in cancer

Emergence of high throughput sequencing led to identify a large set of transcripts differentially expressed in different cancer types compared to healthy conditions (The Cancer Genome Atlas Research Network, 2014). Alternative splicing is an important process for cancer cells and is considered as a hallmark of cancer such as metastasis formation or cell death resistance, and interestingly, these hallmarks are themselves influenced by mis-splicing [START_REF] Ladomery | Aberrant Alternative Splicing Is Another Hallmark of Cancer[END_REF][START_REF] Naro | The interplay between DNA damage response and RNA processing: the unexpected role of splicing factors as gatekeepers of genome stability[END_REF].

Alternative splicing and leading to exon skipping [START_REF] Mazoyer | A BRCA1 nonsense mutation causes exon skipping[END_REF].

Table 2: Examples of abnormal transcripts in various cancers.

Representation of different tumor-associated isoforms related to cancer hallmarks with their isoform structures, expression patterns in different tumor types, experimental evidences and associated splicing regulators (adapted from [START_REF] Urbanski | Alternative-splicing defects in cancer: Splicing regulators and their downstream targets, guiding the way to novel cancer therapeutics[END_REF].

b Splicing factors in cancer Splicing factors are highly important in alternative splicing regulation and their alteration can be a major driver of tumorigenesis. Mutations or modifications of their expression lead to a global transcriptomic reprogramming responsible of the transformation of normal cells into cancer cells, or make cancer cells becoming more aggressive [START_REF] Anczuków | Splicing-factor alterations in cancers[END_REF]. Many splicing factors have been shown as deregulated in numerous cancers (Table 3). Representation of different classes of splicing factors, including the two predominant SR and HNRNP families, and the associated solid tumors in which they are deregulated (adapted from [START_REF] Urbanski | Alternative-splicing defects in cancer: Splicing regulators and their downstream targets, guiding the way to novel cancer therapeutics[END_REF].

HNRNP proteins are known to be involved in cancer. For example, HNRNPA1 is overexpressed in hepatocellular carcinoma (HCC) and is responsible of an increase in inclusion of the exon variant v6 in CD44, leading to the expression of a new isoform involved in metastasis formation [START_REF] Loh | CD44 alternative splicing and hnRNP A1 expression are associated with the metastasis of breast cancer[END_REF]. Similar to HNRNPs, SR proteins are deregulated in some cancers. SRSF5 is over-expressed in breast cancer [START_REF] Huang | Increased expression of SRp40 affecting CD44 splicing is associated with the clinical outcome of lymph node metastasis in human breast cancer[END_REF], and in chronic myelomonocytic leukemia (CMML), around 50% of patients carry a mutation on SRSF2 splicing factor [START_REF] Meggendorfer | SRSF2 mutations in 275 cases with chronic myelomonocytic leukemia (CMML)[END_REF]. This mutation (on the Pro95 residue) affects ability of SRSF2 to bind to ESE regulatory elements, changing splicing outcome of hundreds of genes. One of these genes is at EZH2 (Enhancer of Zest Homologue 2), an H3K27 methyltransferase, that is prone to an abnormal splicing regulation and is in turn responsible of a global loss of H3K27me3 [START_REF] Kim | SRSF2 Mutations Contribute to Myelodysplasia by Mutant-Specific Effects on Exon Recognition[END_REF], suggesting a link between epigenetics and alternative splicing.

Splicing factors can also be downregulated in cancer. RBFOX2 is repressed in ovarian and breast cancers and associated with many abnormal alternative splicing events [START_REF] Venables | Cancer-associated regulation of alternative splicing[END_REF]. Finally, some deregulations can affect spliceosomal complexes. In non-small cell lung cancer (NSCLC), spliceosomal proteins U2AF1 and RBM10 are both mutated and around 3% of adenocarcinoma are initiated by mutations in U2AF1, the most mutated protein in this cancer [START_REF] Imielinski | Mapping the Hallmarks of Lung Adenocarcinoma with Massively Parallel Sequencing[END_REF].

Oncogenic and tumor suppressor functions of AS variants

Many functional studies on alternative splicing in cancer and tumorigenesis have identified oncogenic and tumor suppressor alternative splicing isoforms. These studies have highlighted genes encoding for isoforms with different biological functions. As previously mentioned, abnormal splicing can be explained by two different types of events, cis anomalies corresponding to mutations of regulatory sequences, or trans anomalies resulting of aberrant expression or function of splicing factors. One of the first example described is the BCL2L1 gene encoding proteins that belongs to the BCL2 protein family. More precisely, it encodes for two isoforms of BCL-X: BCL-XS and BCL-XL. These two variants have antagonist functions and are generated by an alternative 5' splice site at the exon 2. BCL-XS has pro-apoptotic functions while BCL-XL has anti-apoptotic functions. Their expression depends on several splicing factors such as SRSF2 and HNRNPK [START_REF] Kędzierska | Splicing factors of SR and hnRNP families as regulators of apoptosis in cancer[END_REF][START_REF] Merdzhanova | E2F1 controls alternative splicing pattern of genes involved in apoptosis through upregulation of the splicing factor SC35[END_REF]. FAS is another example of alternatively spliced gene giving rise to two antagonist isoforms involved in apoptosis [START_REF] Miura | SPLICE VARIANTS IN APOPTOTIC PATHWAY[END_REF]. The vascular endothelial growth factor A (VEGF-A) gene encode for proteins involved in angiogenesis, and this gene gives rise to two transcripts with opposite functions, VEGF-A165b isoform is anti-angiogenic while VEGF-A165 is pro-angiogenic and highly expressed in cancer cells [START_REF] Bates | VEGF165b, an inhibitory splice variant of vascular endothelial growth factor, is down-regulated in renal cell carcinoma[END_REF][START_REF] Bonnal | The spliceosome as a target of novel antitumour drugs[END_REF].

Moreover, many other genes highly involved in tumorigenesis, such as androgen receptor (AR) and TP53, encode for different alternative splicing variants with distinct effects in cancer, making alternative splicing a major regulator of cancer progression and a promising therapeutic target [START_REF] Chen | Alternative splicing in cancer: implications for biology and therapy[END_REF].

Therapeutic strategies based on splicing variants

Identification of splicing variants specifically associated with cancer brought to light their use as potential biomarkers. If a splicing variant is only expressed in one tumor tissue, it could be a highly useful tool for prediction of cancer progression, diagnostics and prognostics, provided that detection methods are specific and sensitive enough [START_REF] Martinez-Montiel | Alternative Splicing as a Target for Cancer Treatment[END_REF][START_REF] Pajares | Alternative splicing: an emerging topic in molecular and clinical oncology[END_REF]. One of the most used and the most known biomarker is the CD44 gene, encoding for a transmembrane glycoprotein involved in cellular processes such as cell survival, migration and proliferation (Zöller, 2011). CD44 has ten alternatively spliced exons in its coding sequence, giving rise to a plethora of isoforms. Overexpression of CD44 v6 variant is associated with poor patient prognosis in gastric cancer progression [START_REF] Fang | CD44 and CD44v6 are Correlated with Gastric Cancer Progression and Poor Patient Prognosis: Evidence from 42 Studies[END_REF], and in pancreatic cancer, expression of CD44 v10 isoform correlates with anti-metastatic properties [START_REF] Navaglia | CD44v10: an antimetastatic membrane glycoprotein for pancreatic cancer[END_REF].

In addition to a role of biomarker in cancer, the better understanding of alternative splicing mechanisms and identification of new variants led to develop therapeutic strategies targeting these new alternative transcripts (Figure 14). The first approach consists of using antibodies conjugated to tumor-cell toxins against splicing variants specifically expressed in cancer cells (Figure 14.A). This strategy has been applied in neck and head cancers with antibodies only recognizing CD44v6 variant [START_REF] Colnot | Safety, biodistribution, pharmacokinetics, and immunogenicity of 99m Tc-labeled humanized monoclonal antibody BIWA 4 (bivatuzumab) in patients with squamous cell carcinoma of the head and neck[END_REF][START_REF] Verel | Tumor targeting properties of monoclonal antibodies with different affinity for target antigen CD44V6 in nude mice bearing head-and-neck cancer xenografts[END_REF]. A second strategy consists of modifying alternative splicing by targeting upstream regulators. Indeed, drugs have been designed in order to change activity of kinases involved in phosphorylation of splicing factors from SR family such as SRPK1, despite the massive pleiotropic effects (Figure 14.B) [START_REF] Batson | Development of Potent, Selective SRPK1 Inhibitors as Potential Topical Therapeutics for Neovascular Eye Disease[END_REF]. Cis-regulatory elements are key sequences of splicing regulation and their targeting with synthetically modified oligonucleotides masks splicing sites preventing recruitment of trans splicing factors, decreasing the quantity of cancer-related transcripts (Figure 14.C) [START_REF] Havens | Splice-switching antisense oligonucleotides as therapeutic drugs[END_REF]. However, this strategy is very cost-effective and difficult to establish for each splicing event. Finally, antisense RNA, small interfering RNA involved in mRNA degradation, can be designed to specifically recognize unique sequences such as oncogenic mRNAs (Figure 14.D) [START_REF] Gaur | RNA interference: a potential therapeutic tool for silencing splice isoforms linked to human diseases[END_REF].

In prostate cancer, antisense RNA targeting KLF6 SV1, an isoform of KLF6 gene, reduces tumor growth by approximately 50% and decreases the expression of many growth and angiogenesis-related proteins [START_REF] Narla | Targeted inhibition of the KLF6 splice variant, KLF6 SV1, suppresses prostate cancer cell growth and spread[END_REF]. The development of more straightforward therapeutic strategies that can affect the splicing events of interest more efficiently and specifically will be of great importance for improving current methods and increase cancer survival and prognosis. et al., 2008).

Chapter 2: The relationship between chromatin and splicing 2.1 Chromatin 15) [START_REF] Watson | Molecular structure of nucleic acids; a structure for deoxyribose nucleic acid[END_REF], receiving the Nobel prize of Medicine in 1962 for their important discovery. More recent studies highlighting molecular structure of chromatin have shown that DNA wraps around particles called nucleosomes while other studies were focused on the dynamic architecture of chromatin and its functions [START_REF] Olins | Chromatin history: our view from the bridge[END_REF].

Chromatin structure

Chromatin is defined by a mix of one-third of nucleotides (RNA, DNA) and two-thirds of proteins. Among these proteins we find histones that represent 50% of them, and "non-histone" proteins. The main characteristic of chromatin is its structural organization. Indeed, primary function of chromatin is to compact DNA in a limited volume in the nucleus. Because of its composition and its structure, chromatin can be involved in other processes such as DNA damage protection, DNA replication or gene expression control. The four nucleotides interact together through hydrogen bonds: A (adenine) with T (thymine), and C (cytosine) with G (guanine). The backbones (grey) are anti-parallel to each other making the 5' and 3' ends of each strand aligned (adapted from Leslie A. [START_REF] Pray | Discovery of DNA Double Helix: Watson and Crick | Learn Science at Scitable[END_REF].

a Nucleosome

In eukaryotes, the basic structural unit of chromatin, called nucleosome, is composed of a nucleosome core particle and an inter-nucleosomic region bound by the linker histone H1. This core particle can be divided in two different elements, a histone octamer and a DNA sequence of around 147 bp wrapping the octamer on 1.7 turns [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. Four types of histones are part of the octamer: H2A (14 kDa), H2B (14kDa), H3 (15 kDa) and H4 (11 kDa) and they are all assembled in a hierarchical manner. A central tetramer of histones H3 and H4 (H3-H4)2 is associated with two peripheric dimers of histones H2A and H2B (H2A-H2B) thanks to interactions between H4 and H2B (Figure 16) [START_REF] Arents | The nucleosomal core histone octamer at 3.1 A resolution: a tripartite protein assembly and a lefthanded superhelix[END_REF]. Finally, a fifth type of histone, the linker histone H1, can physically bind a region of 20 bp between the inter-nucleosomic DNA and the nucleosome and is important for nucleosome stability and chromatin compaction [START_REF] Mcghee | Nucleosome structure[END_REF]. Nucleosome is composed of 2 molecules of each histone: H2A, H2B, H3 and H4 (core histones) themselves assembled into two heterodimers (H2A-H2B) and one heterotetramer (H3-H4). DNA is then wrapped around the complete histone octamer (adapted from Henri [START_REF] Norman | Where are histones produced?[END_REF].

Surrounding the "histone-fold" domain, C-terminal and N-terminal ends of histone proteins are localized outside the nucleosome [START_REF] Davey | Solvent mediated interactions in the structure of the nucleosome core particle at 1.9 a resolution[END_REF]. N-terminal extremities are not involved in the nucleosome structure and their accessibility makes them highly sensible to post-translational modifications (PTM) [START_REF] Kouzarides | Chromatin modifications and their function[END_REF].

These PTM are primordial for essential functions such as regulation of chromatin structure and can be recognized by specific factors.

b Chromatin higher-order structure

Human cell nucleus has a diameter between 10-12 µm and contains 3 billion base pairs (bp) DNA. All DNA molecules together would correspond to a 2 nm fiber of 2 meters long (Figure 17.A). To solve this physical problem, several layers of chromatin exist to compact it as much as possible.

The first compaction level consists of nucleosomes linked to each other by internucleosomic DNA regions of dozens of DNA base pairs. This concatenation of nucleosomes forms a structure of 11 nm, called "beads on a string" form of chromatin (Figure 17.B). A second compaction step of the nucleofilament occurs through specific interactions between nucleosomes giving rise to a 30 nm fiber (Figure 17.C). Two in vitro models have been proposed for this fiber: solenoid and zigzag, depending on which neighboring nucleosomes establish binding with each other [START_REF] Razin | Chromatin without the 30-nm fiber: constrained disorder instead of hierarchical folding[END_REF]. These two structures could exist in nucleus and would correspond to different functional states of chromatin [START_REF] Pachov | On the structure and dynamics of the complex of the nucleosome and the linker histone[END_REF]. This 30 nm fiber is then extended and folded in loops (Figure 17.D) along a protein matrix called nuclear matrix to reach a diameter of 300 nm. The last compaction level consists of the folding of loops to generate metaphase chromosomes that can be observed in mitosis (Figure 17.E and F). This fiber of 1400 nm diameter is the most condensed form of chromatin.

Despite the extreme compaction level of chromatin, its dynamic can regulate plethora of genomic functions and DNA must be accessible for a proper course of events such as DNA repair, replication, transcription, and cell division.

c Euchromatin and heterochromatin

Initially, chromatin has been separated in two different types: euchromatin and heterochromatin. This distinction comes from their different colors on mitotic chromosomes.

Euchromatin can be defined has a decondensed and low-density structure and is associated with transcriptionally active genes. Some histone modifications are preferentially associated with euchromatin. It is the case of acetylation of H3 and H4 (H3ac and H4ac) [START_REF] Grunstein | Histone acetylation in chromatin structure and transcription[END_REF] or methylation of histone 3 lysine 36 (H3K36me) [START_REF] Wagner | Understanding the language of Lys36 methylation at histone H3[END_REF]. This structure winds on itself to form a 30 nm chromatin fiber that extends and fold to form loops (D). Finally these loops are condensed to form mitotic chromosomes (E,F), the most condensed form of chromatin (adapted from [START_REF] Felsenfeld | Controlling the double helix[END_REF][START_REF] Lia | Etude du mécanisme d'action des facteurs de remodelage de la chromatine par micromanipulation et visualisation de l[END_REF].

At the opposite, heterochromatin is a more dense and compact structure and its compaction remains the same regardless the cell cycle. While euchromatin correspond to transcriptionally active genes, heterochromatin is mainly associated with repressed genes. Different histone modifications correlate with this chromatin state such as trimethylation of histone 3 lysine 27 (H3K27me3) and trimethylation of histone 3 lysine 9 (H3K9me3). Heterochromatin can be divided in two sub-types: the constitutive heterochromatin and the facultative heterochromatin. The first one, usually poorly enriched in genes, is an irreversible and stable chromatin state conserved across cell divisions [START_REF] Grewal | Transcription and RNA interference in the formation of heterochromatin[END_REF] a Chromatin remodeling

The high compaction level of chromatin and its organization are obstacles for accessibility to DNA regulatory regions. To make these regions more accessible and permit smooth functioning of cellular processes such as DNA repair, replication and transcription, chromatin remodeling factors are necessary. These factors are associated in complexes to modulate chromatin structure leading to changes in nucleosome positioning, their eviction, or modification of their composition.

Remodeling complexes carry an ATPase catalytic sub-unit which hydrolyses ATP molecules to disrupt DNA-protein interactions and induce nucleosome conformation changes [START_REF] Narlikar | Mechanisms and functions of ATP-dependent chromatin-remodeling enzymes[END_REF].

These remodeling factors can be divided in four categories (Figure 18) classified according to properties of the ATPase sub-unit. First the SWI/SNF (Switching defective/Sucrose Non-Fermenting) family that interacts with acetylated lysine residues of chromatin thanks to their bromodomain [START_REF] Singh | Structural ramification for acetyl-lysine recognition by the bromodomain of human BRG1 protein, a central ATPase of the SWI/SNF remodeling complex[END_REF]. These factors make DNA accessible to transcription initiation factors. ISWI (Imitation Switch) family carries SANT and SLIDE domains in C-terminal region but does not have bromodomain. They bind to histone N-terminal extremities and are important for correct chromatin assembling during replication [START_REF] Fyodorov | Dynamics of ATP-dependent chromatin assembly by ACF[END_REF]. CHD (Chromodomain-Helicase-DNA binding) family contains chromodomains, usually in Nterminal, interacting specifically with methylated lysine residues. CHD family members are involved in gene expression regulation and have important functions in development [START_REF] Von Zelewsky | The C. elegans Mi-2 chromatin-remodelling proteins function in vulval cell fate determination[END_REF]. Finally, INO80 (Inositol requiring 80-Switch related complex 1) family has a fractionated ATPase domain favoring interactions with Rvb1 and Rvb2 proteins and adding helicase activity to the complex. Members of INO80 family are involved in transcription regulation and are responsible of H2A.Z variant incorporation in chromatin during double strand break repair [START_REF] Tsukuda | Chromatin remodelling at a DNA double-strand break site in Saccharomyces cerevisiae[END_REF]. Organization of chromatin remodeler families defined by their characteristics and catalytic domains. All remodeling factors possess an ATPase domain important for remodeling activity, and unique flanking domains (adapted from [START_REF] Manelyte | Chromatin Remodelers and Their Way of Action[END_REF].

b Histone chaperones

Histone chaperones participate to incorporation or eviction of histones at specific spots in chromatin, guiding reversible nucleosome assembling and disassembling processes in a sequential manner. First, chaperones will deposit (H3-H4)2 dimers on DNA to form tetrasomes and other chaperones will incorporate (H2A-H2B) dimers, forming final nucleosomes.

Chaperones activity can be dependent or independent of DNA synthesis and carries a specificity of histones they associate with. Some chaperones are specific to (H3-H4) dimers, some are specific to (H2A-H2B) dimers, and some only associate with histone variants. Specific functions and specificity during nucleosome assembly of several chaperones are detailed in the following non exhaustive Table 4 [START_REF] Burgess | Histone chaperones in nucleosome assembly and human disease[END_REF].

Table 4: Histone chaperones and functions in nucleosome assembling.

Non exhaustive list of histone chaperones, the associated histones, and their functions (adapted from [START_REF] Burgess | Histone chaperones in nucleosome assembly and human disease[END_REF].

c Histone variants

Histone variants are non-allelic isoforms of conventional histones. In metazoans, all histone proteins (H1, H2A, H2B, H3) have variants excepted H4 [START_REF] Franklin | Non-allelic variants of histones 2a, 2b and 3 in mammals[END_REF]. Their expression is tissue or developmental stage dependent. Genes coding for histone variants are present in one or two copies in the genome and they all carry at least one intron and a poly-adenylation signal. At protein level, they arbore 40% to 99% homology with conventional histones [START_REF] Szenker | The double face of the histone variant H3.3[END_REF] and they can drastically modify structure and function of chromatin by replacing their corresponding conventional histone in the nucleosome octamer.

H2A family contains numerous variants including H2A.Z and H2A.X, present in all eukaryotes, and H2A.Bbd and macro H2A, specific to vertebrates. Macro H2A is enriched on the inactive X chromosome and has important functions at promoters to regulate transcription and cell differentiation [START_REF] Barrero | Macro histone variants are critical for the differentiation of human pluripotent cells[END_REF]. At the opposite, H2A.Bbd (Barr-Body Deficient) is excluded to the inactive X chromosome and is associated with active transcription [START_REF] Tolstorukov | Histone variant H2A.Bbd is associated with active transcription and mRNA processing in human cells[END_REF]. H2A.Z, one of the most expressed variant, is incorporated at TSS (transcription Start Site) of transcriptionally active genes while H2A.X has specific functions in double strand break DNA repair, recruiting DNA repair machinery and chromatin remodeling factors after its phosphorylation [START_REF] Van Attikum | Distinct roles for SWR1 and INO80 chromatin remodeling complexes at chromosomal double-strand breaks[END_REF].

H2B has few variants and two of them are TH2B and H2BFWT, both expressed specifically in testis. TH2B is enriched in spermatocytes [START_REF] Meistrich | Histone variants in rat spermatogonia and primary spermatocytes[END_REF] while

H2BFWT is present at telomeres during gametogenesis [START_REF] Churikov | Novel human testis-specific histone H2B encoded by the interrupted gene on the X chromosome[END_REF].

Eight variants of histone H3 have been identified until now. First, H3.1 and H3.2, the most abundant histones in cell and considered as canonical histones. They are ubiquitously expressed. The others: H3.3, H3.4 (also called TH3, H3.t or H3.1t), H3.5, H3.X, H3.Y and CENP-A, are organism, tissue, or developmental stage specific. For example, H3.X and H3.Y are only expressed in primates [START_REF] Wiedemann | Identification and characterization of two novel primate-specific histone H3 variants, H3.X and H3[END_REF].

CENP-A is specifically incorporated at centromeres during kinetochore formation [START_REF] Régnier | CENP-A Is Required for Accurate Chromosome Segregation and Sustained Kinetochore Association of BubR1[END_REF].

H1 family carries the most important number of variants. Eleven are known and even if their functions are not well understood, it would seem that they are all involved in chromatin compaction.

d Histone post-translational modifications

Histones are targeted by numerous post-translational modifications (PTM) (Figure 19).

This phenomenon has been discovered in 1960s [START_REF] Allfrey | Structural Modifications of Histones and their Possible Role in the Regulation of RNA Synthesis[END_REF] and majority of modifications are carried by N-and C-terminal extremities of histone tails that are easily accessible. Some modifications are specifically associated with processes such as chromatin compaction, DNA repair or transcription but most of the time, combination of several modifications is necessary, and some can even have ppppp opposite effects. In 2000, a histone code has been proposed, predicting that histone PTM, alone or in combination, function to direct distinct and specific DNA-templated programs [START_REF] Strahl | The language of covalent histone modifications[END_REF]. Scheme of histones H2A, H2B, H3, H4 and H1 post-translational modifications (PTM) on N-and Cterminal tails. Ac: acetylation, Me: methylation, Ph: phosphorylation, and Ub: Ubiquitination (adapted from [START_REF] Zhao | Epigenetics Components of Aging in the Central Nervous System[END_REF].

PTM are in charge of the recruitment of specific factors but some of these modifications can be associated with structural modifications of the nucleosome, facilitating its remodeling or decreasing its affinity for DNA [START_REF] Tropberger | Scratching the (lateral) surface of chromatin regulation by histone modifications[END_REF]. It exists tens of PTM and they are all deposited or removed by specific enzymes, called writers and erasers, respectively. The most studied are the methyltransferases/demethylases (HMT/HDM, respectively) for histone methylation, and the acetyltransferases/deacetylases (HAT/HDAC, respectively) for histone acetylation. In addition to acetylation and methylation, phosphorylation, ubiquitination, ADP ribosylation and sumoylation are other modifications carried by histones [START_REF] Rothbart | Interpreting the language of histone and DNA modifications[END_REF], but this list is not exhaustive and only the acetylation and methylation will be described in the following part.

Lysine residues can be mono-, di-or tri-methylated and position of these residues is highly important for their function. Methylation of histone 3 lysine 4, 36 and 79 (H3K4, H3K36 and H3K79, respectively) are associated with transcriptionally active genes, while methylation of histone 3 lysine 9 and 27 and histone 4 lysine 20 (H3K9, H3K27 and H4K20, respectively) correlate with repressed transcription. These modifications lead to recruitment of specific proteins, called readers, such as HP1 proteins (heterochromatin protein 1) that recognize H3K9me2/3 and induce heterochromatin formation. H3K27me3 recruits Polycomb proteins at transcriptionally inactive genes [START_REF] Fischle | Molecular basis for the discrimination of repressive methyl-lysine marks in histone H3 by Polycomb and HP1 chromodomains[END_REF].

Histone acetylation is carried by lysine residues. It neutralizes the positive charge of these residues, altering electrostatic interactions linking histones to DNA, opening chromatin and facilitating its accessibility [START_REF] Zentner | Regulation of nucleosome dynamics by histone modifications[END_REF]. Therefore, acetylated lysine residues are associated with active transcription. At the opposite, hypoacetylation is a characteristic of transcriptionally inactive chromatin [START_REF] Eberharter | Histone acetylation: a switch between repressive and permissive chromatin: Second in review series on chromatin dynamics[END_REF]. Acetylation of histone 3 lysine 9 and 27 (H3K9 and H3K27, respectively) are usually found at promoters and active chromatin and correlate with open chromatin regions facilitating recruitment of transcription factors [START_REF] Igolkina | H3K4me3, H3K9ac, H3K27ac, H3K27me3 and H3K9me3 Histone Tags Suggest Distinct Regulatory Evolution of Open and Condensed Chromatin Landmarks[END_REF].

e DNA methylation DNA methylation is a key mechanism in eukaryotes. It is an highly important process involved in early embryonic development [START_REF] Reik | Stability and flexibility of epigenetic gene regulation in mammalian development[END_REF], X chromosome inactivation and genomic imprinting [START_REF] Bird | DNA methylation patterns and epigenetic memory[END_REF]. In mammals, DNA methylation occurs mostly on cytosine residues in the context of CpG dinucleotides, while in prokaryotes, cytosines and adenines can be methylated. DNA methylation is conserved in majority of eucaryotes and consists of the addition of a methyl group (CH3) on the carbon 5 of the cytosine (5mC). This reaction is catalyzed by DNA methyltransferases (DNMT) that use the methyl group from the S-adenosylmethionine (SAM). Several DNMT have been characterized and are essential for the establishment and maintenance of the methylation of cytosines. DNMT1 is mostly involved in maintenance of DNA pppppppppp methylation profile across cell divisions and can be recruited at specific loci to repress transcription [START_REF] Avvakumov | Structural basis for recognition of hemi-methylated DNA by the SRA domain of human UHRF1[END_REF][START_REF] Jair | De novo CpG island methylation in human cancer cells[END_REF]. DNMT3A and DNMT3B are responsible of the de novo methylation during embryonic development and gametogenesis, and DNMT3L is important to stabilize the conformation of the active site of DNMT3A [START_REF] Okano | DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development[END_REF].

Despite DNA methylation is a stable process in somatic cells, a global loss of methylation occurs at different stages of development. This reversed process can be passive or active. Passive demethylation consists of the loss of methylation during successive replications, while active demethylation is performed by TET enzymes (teneleven translocation) that are methylcytosine dioxygenases and responsible of the eviction or modification of methyl groups on cytosine residues.

2.2 Genome and epigenome editing: the CRISPR/(d)Cas9 system

Discovery and description of CRISPR/Cas

In 1987, clustered regulatory interspaced short palindromic repeats (CRISPR) have been identified in bacteria Escherichia coli. They are separated by non-repeated DNA sequences of around 20 to 40 nucleotides called spacers [START_REF] Ishino | Nucleotide sequence of the iap gene, responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and identification of the gene product[END_REF]. CRISPR locus contains other associated and highly conserved genes called Cas (CRISPRassociated), coding for various proteins carrying nuclease, polymerase or helicase domains.

CRISPR/Cas systems are involved in bacterial adaptive defenses against foreign DNA of bacteriophages during infection, recognizing and cleaving this DNA [START_REF] Horvath | CRISPR/Cas, the immune system of bacteria and archaea[END_REF]. These defense systems have been found in 40% of archaea and 90% of bacteria [START_REF] Mojica | Biological significance of a family of regularly spaced repeats in the genomes of Archaea, Bacteria and mitochondria[END_REF]. Function of these repeated elements has been elucidated in 2007. Bacteria are able to resist to macrophage infections by integrating a piece of genome of the virus in the CRISPR locus, protecting bacteria from further re-infection [START_REF] Barrangou | CRISPR provides acquired resistance against viruses in prokaryotes[END_REF]. Following this discovery, many other labs have demonstrated that the CRISPR locus is transcribed and converted in short RNA sequences (CRISPR-RNA -crRNA), each of them containing a unique spacer that pppp guides activity of the Cas nuclease to further recognize and cleave the exogenous DNA [START_REF] Garneau | The CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid DNA[END_REF]. From now, six different types of CRISPR locus have been discovered (type I to type VI) separated in two groups (class 1 and 2) [START_REF] Ishino | History of CRISPR-Cas from Encounter with a Mysterious Repeated Sequence to Genome Editing Technology[END_REF]. Because of its simplicity, the type II CRISPR/Cas is the system used for genome editing applications and only this one will be described in this manuscript.

Type II CRISPR locus contains cas9 gene encoding for Cas9 endonuclease involved in spacers acquirement, crRNA biogenesis and DNA targeting [START_REF] Sapranauskas | The Streptococcus thermophilus CRISPR/Cas system provides immunity in Escherichia coli[END_REF]. Size of Cas9 proteins can vary depending on bacterial species. CRISPR locus contains another sequence encoding for a short non-transcribed RNA called tracrRNA (trans-activating RNA) that interacts with crRNA and helps to couple the CRISPR complex with exogenous DNA [START_REF] Deltcheva | CRISPR RNA maturation by trans-encoded small RNA and host factor RNase III[END_REF]. The CRISPR/Cas9 system can be divided in three major steps (Figure 20). First, the foreign DNA is cut in small fragments of 20 nucleotides that are then incorporated in the CRISPR locus between short repeated sequences. These fragments are not randomly selected and they depend on the presence of a PAM motif (protospacer ppppp adjacent motif) at their 5' end that is specific of each Cas9 orthologue [START_REF] Mojica | Short motif sequences determine the targets of the prokaryotic CRISPR defence system[END_REF]. The second step consists of the transcription of this locus, producing a small RNA (pre-crRNA) important to guide endonucleases involved in foreign DNA targeting and degradation. Precursor RNA and several tracrRNAs hybridize thanks to complementarity with CRISPR repeated sequences leading to the recruitment of Cas9 proteins that will stabilize pre-crRNA-tracrRNA interactions. Pre-crRNA is maturated by RNAse III in order to form functional crRNA containing unique spacers, called sgRNA (single guide RNA), that can recognize complementary exogenous DNA [START_REF] Jinek | A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity[END_REF]. The last step consists of the interference with target sequences. To do so, mature crRNA-tracrRNA duplex and Cas9 protein form a complex that scan foreign DNA looking for PAM motifs. Interaction between PAM and Cas9 protein leads to the destabilization of the nearby double strand DNA and formation of a RNA-DNA heteroduplex [START_REF] Jakočiūnas | CRISPR/Cas9 advances engineering of microbial cell factories[END_REF]. Consequences are a conformational change of Cas9 protein and a cleavage of the two strands of DNA. This system has been well characterized in Streptococcus pyogenes (Sp) [START_REF] Jinek | A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity[END_REF]. A perfect complementary between the first 12 base pairs next to the PAM sequence is essential for DNA cleavage, while mismatches are tolerated in the last 8 base pairs [START_REF] Sternberg | DNA interrogation by the CRISPR RNA-guided endonuclease Cas9[END_REF].

Genome editing with CRISPR/Cas9

CRISPR/Cas9 technology is an efficient system to target specific regions of the genome in order to generate DNA double stand breaks and induce modifications such as deletions or insertions. Before CRISPR/Cas9, TALE (Transcription Activator-Like Effector) and ZFP (zinc Finger protein) were used to target the genome but these technics are more difficult to use and less efficient [START_REF] Thakore | Editing the epigenome: technologies for programmable transcription and epigenetic modulation[END_REF]. This new system is composed of a Cas9 endonuclease carrying catalytic domains (RuvC1 and HNH) involved in DNA cleavage and isolated from Streptococcus pyogenes (Figure 21.A) [START_REF] Larson | CRISPR interference (CRISPRi) for sequence-specific control of gene expression[END_REF][START_REF] Qi | Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression[END_REF]. and H840A, respectively, inactivating its nuclease function. dCas9 still binds to specific sequences and can be fused to other domains or sub-units such as p300 (adapted from [START_REF] Dominguez | Beyond editing: repurposing CRISPR-Cas9 for precision genome regulation and interrogation[END_REF].

Cas9 protein targets specific DNA regions thanks to the sgRNA. This sgRNA is an RNA hybrid composed of a protospacer (crRNA) of 18 to 24 nucleotides complementary to the target sequence, and a scaffold sequence (tracrRNA) of 42 nucleotides [START_REF] Cong | Multiplex genome engineering using CRISPR/Cas systems[END_REF]. Cas9 and sgRNA form a complex that binds to the target sequence thanks to the protospacer, itself upstream a PAM sequence 5'-NGG-3' directly recognized by the Cas9 to cleave double strand DNA [START_REF] Dominguez | Beyond editing: repurposing CRISPR-Cas9 for precision genome regulation and interrogation[END_REF].

These DNA breaks can lead to gene inactivation or heterologous gene introduction through two different types of repair processes: the Non Homologous End-Joining (NHEJ) and the Homologous Direct Repair (HDR). NHEJ can introduce punctual mutations during repair process such as insertions, deletions or mutations, favoring emergence of a stop codon or changes in amino acid composition. HDR, thanks to a recombination substrate, can insert, delete or substitute a longer DNA sequence [START_REF] Yang | CRISPR-Cas-mediated targeted genome editing in human cells[END_REF].

It exists three types of Cas9. The "wild type" Cas9 that has been previously described and that cleaves double strand DNA at a specific locus. A Cas9 mutated version in which NuvC1 or HNH nuclease domains are mutated (D10A or H840A mutations, respectively). This Cas9 has a "nickase" activity and cut only one strand of DNA [START_REF] Cong | Multiplex genome engineering using CRISPR/Cas systems[END_REF]. Finally, a dCas9 (nuclease-null Cas9 -dead-Cas9) in which the two nucleases NuvC1 and HNH are mutated (D10A and H840A mutations, respectively) (Figure 21.B). This dCas9 cannot cleave DNA but can still target specific sequences to activate or repress specific genes [START_REF] Qi | Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression[END_REF].

CRISPR/dCas9: a powerful tool for chromatin regulation a Transcriptional regulation

The dCas9-sgRNA complex can be recruited at gene promoters to disrupt transcription initiation and inhibit gene expression (Figure 22.A) [START_REF] Qi | Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression[END_REF]. The repressive function of the dCas9 can be enhanced with the fusion of a repressor domain such as a KRAB domain (krüppel associated box), isolated from Kox1 protein, or HP1α chromoshadow domain [START_REF] Gilbert | CRISPR-mediated modular RNAguided regulation of transcription in eukaryotes[END_REF]. At the opposite, dCas9 protein can be fused to an activation domain to enhance transcription (Figure 22.B). It is the case of multiple repeats of VP16 domain (VP64, VP 160), p65AD domain or a combination of transcription activators, called VPR domain (Vp64-p65-Rta). For example, VP64 transactivator domain from herpes simplex virus fused to the dCas9 (dCas9-VP64) has been demonstrated as enhancing expression of MYOD and OCT4 genes when used with specific sgRNAs targeting their promoters (Hilton et al., 2015). To get better effects on transcription, a combination a several sgRNAs can be used at the same time in order to target a larger region of the same promoter (Maeder et al., 2013).

b Epigenome editing Epigenetic modifications on histones or DNA are essential for a proper transcriptional regulation and play key functions in various biological processes in mammals, and fusion of specific epigenetic modifiers to dCas9 protein is a powerful tool to edit epigenome (Figure 22.C). Hilton lab has demonstrated that the recruitment of a dCas9 fused to the catalytic domain of the histone acetyltransferase p300 (dCas-p300core) is sufficient to activate expression of genes by targeting their promoter or distal regulatory regions, called enhancers, known to interact with these genes (Hilton et al., 2015).

dCas-p300core has the capacity to specifically open chromatin, through modifying chromatin environment, and to favor recruitment of transcriptional machinery. Another study has shown that dCas9 associated to the histone demethylase LSD1 (dCas9-LSD1) can decrease methylation of histone 3 lysine 4 (H3K4) leading to the repression of the expression of specific genes [START_REF] Kearns | Functional annotation of native enhancers with a Cas9-histone demethylase fusion[END_REF]. 

Alternative splicing and chromatin signature

Nucleosomes are not randomly distributed along the genome and DNA composition has a direct effect on their location [START_REF] Segal | A genomic code for nucleosome positioning[END_REF]. In human, nucleosomes are more frequently found in cytosine and guanine rich regions while sequences enriched in adenine and thymine are less associated with nucleosomes. Nucleosome repartition inside genes is not equal and it has been shown that exons are more enriched in nucleosomes than introns (Figure 23.A) (Schwartz et al., 2009;Spies et al., 2009;[START_REF] Tilgner | Nucleosome positioning as a determinant of exon recognition[END_REF]. It can be explained by a high concentration of guanine and cytosine nucleotides in exons compared to introns. These nucleosomes would interfere with transcriptional elongation by slowing down the RNA polymerase II (RNAP II) to favor exon recognition. (A) Nucleosome enrichment centered on 3' splice sites, exon centers and 5' splice sites. (B) Histone modification enrichments on exons compared to flanking intronic regions (adapted from Spies et al., 2009).

Nucleosomes can influence splicing through their histone modifications. Different studies, at exon specific and genome wide levels, have demonstrated that exons are enriched with specific histone modifications compared to introns (Figure 23.B) (Andersson et al., 2009;[START_REF] Saint-André | Histone H3 lysine 9 trimethylation and HP1γ favor inclusion of alternative exons[END_REF]Spies et al., 2009) (Agirre et al., in review, Nature Communication, Annexe 1). They have demonstrated that several marks including H3K27me2 and H3K36me3 are enriched on exons, some can even be specific to 5' exons such as H4K20me1 [START_REF] Hon | Discovery and Annotation of Functional Chromatin Signatures in the Human Genome[END_REF]. Presence of H3K9me3 mark can favor recruitment of HP1 proteins and facilitates inclusion of alternatively spliced exons of CD44 [START_REF] Saint-André | Histone H3 lysine 9 trimethylation and HP1γ favor inclusion of alternative exons[END_REF], while H3K4me3 would be involved in specific recruitment of splicing factors and spliceosome assembling factors [START_REF] Davie | Histone H3K4 trimethylation: dynamic interplay with pre-mRNA splicing[END_REF]. Many correlations have been done with histone methylation, but it has also been demonstrated that histone acetylation can play a role in alternative splicing control. For example, H3K27ac and H3K9ac are more enriched in alternative 5' splice sites and alternative 3' splice sites (Zhou et al., 2012).

DNA methylation is another signature that is more and more demonstrated as associated with splicing changes [START_REF] Maor | The alternative role of DNA methylation in splicing regulation[END_REF]) (Agirre et al., in review, Nature Communication, Annexe 1) and is positively correlated with inclusion levels of alternative exons (Maunakea et al., 2013). A specific and direct modulation of DNA methylation levels on spliced exons has been demonstrated as sufficient to induce changes in splicing of EDI minigene [START_REF] Shayevitch | The importance of DNA methylation of exons on alternative splicing[END_REF]. A major issue in biology is the cell-to-cell variability it exists in a heterogeneous population of cells.

Development of single-cell technologies led to elucidate new and more accurate correlations. It is the case between DNA methylation and alternative splicing. Bonder lab has demonstrated, by performing parallel DNA methylation and transcriptome sequencing at single-cell level, that DNA methylation information accurately predicts splicing changes of individual cassette exons (Linker et al., 2019).

In addition to histone and DNA modifications, splicing factors themselves can be post transcriptionally modified to differentially modulate alternative splicing. A recent study demonstrated that the acetyltransferase p300 directly binds to the promoter of CD44 and phosphorylates HNRNPM splicing factor that in turn is evicted from CD44 pre-mRNA, leading to the activation of SAM68 and inclusion of CD44v exon (Siam et al., 2019).

Relationship between chromatin, transcription and alternative splicing

Alternative splicing occurs mostly co-transcriptionally [START_REF] Oesterreich | Splicing of Nascent RNA Coincides with Intron Exit from RNA Polymerase II[END_REF] and is coupled with several cellular processes such as transcription and these connections are important for splicing efficiency. RNA polymerase II (RNAP II) is a major component of splicing regulation, but recognition of introns and exons can be controlled by other parameters including chromatin through histone modifications that can modulate splicing efficiency of an exon (Luco et al., 2011).

Transcription can modulate alternative splicing according to two distinct but nonexclusive models. A recruitment model in which RNAP II interacts directly or indirectly with spliceosome components to modulate splicing outcome. And a kinetic model based on transcriptional elongation speed that is involved in spliceosome recruitment, therefore influencing alternative exon inclusion [START_REF] Kornblihtt | Alternative splicing: a pivotal step between eukaryotic transcription and translation[END_REF]. Chromatin and transcription are tightly associated, and chromatin could modulate alternative splicing by two models similar to those linking alternative splicing and transcription.

Coupling between alternative splicing and transcription

The recruitment model explaining the link between alternative splicing and transcription is based on the capacity of the Carboxy-Terminal Domain (CTD) of RNAP II large subunit to be phosphorylated and to recruit splicing factors. once this domain is mutated, splicing machinery is not recruited and the pre-mRNA is not properly spliced [START_REF] Mccracken | The C-terminal domain of RNA polymerase II couples mRNA processing to transcription[END_REF]. More generally, CTD domain permits recruitment of splicing factors from SR family promoting assembling of the spliceosome and its activation [START_REF] David | The RNA polymerase C-terminal domain: a new role in spliceosome assembly[END_REF]. One example is the exon EDI (exon 33) of fibronectin that is spliced in thanks to the tethering of SRSF3 to the CTD domain of RNAP II (de la Mata and [START_REF] Kornblihtt | Chromatin, transcript elongation and alternative splicing[END_REF].

The second model, called kinetic model, is based on the kinetic and/or the processivity of the RNAP II during transcription in alternative splicing regulation. First evidence came from the use of a mutant of CTD domain decreasing the elongation rate of RNAP II [START_REF] Coulter | A mutation in the largest subunit of RNA polymerase II alters RNA chain elongation in vitro[END_REF]. This slowing down was responsible of an increase of the inclusion of exon EDI of Fibronectin (de la Mata et al., 2003). Such observations have also been done with drugs activating or inhibiting transcriptional elongation, for example DRB (5,6-Dichloro-1-β-d-ribofuranosylbenzimidazole) and TSA (Trichostatin A), respectively, and impacting alternative splicing regulation of CFTR alternative exon 9 (Dujardin et al., 2014). According to the kinetic model, slow transcriptional elongation favors inclusion of alternatively spliced exons. Fast elongation of RNAP II exposes several splicing sites, including weak and strong sites, that compete for the splicing decision and weak sites are ignored for the benefit of strong sites. At the opposite, slow elongation permits recognition of weak splice sites by the spliceosome eliminating introns and inducing exon inclusion (Figure 24) [START_REF] Kornblihtt | Chromatin, transcript elongation and alternative splicing[END_REF]. 

Chromatin affects alternative splicing a Kinetic model

We have previously shown that CTD domain and elongation rate of RNA polymerase II influence alternative splicing, but RNAP II processivity depends on many factors including chromatin. Di-and tri-methylation of histone 3 lysine 9 (H3K9me2 and H3K9me3, respectively) can influence alternative splicing by the modulation of RNAP II elongation rate. Indeed, it has been demonstrated that the chromosomic region of variable exons of CD44 gene is enriched in H3K9me3 and correlates with a high level of alternatively spliced exon inclusion. To achieve this, H3K9me3 is recognized by HP1γ protein (CBX3), then interacting with the chromatin remodeling complex SWI/SNF that locally reduces transcriptional elongation rate and facilitates exon inclusion [START_REF] Batsché | The human SWI/SNF subunit Brm is a regulator of alternative splicing[END_REF][START_REF] Saint-André | Histone H3 lysine 9 trimethylation and HP1γ favor inclusion of alternative exons[END_REF]. Histone acetylation correlates with a more accessible chromatin and during neuron depolarization, the enrichment of H3K9Ac is inversely proportional to the inclusion level of exon 18 of NCAM. In this study they also demonstrate that a slow transcriptional elongation favors inclusion of the same exon, bringing the hypothesis that exon 18 inclusion is repressed by an enrichment of H3K9ac on the exon 18 locus and a speed up of transcriptional elongation (Figure 25.A) (Schor et al., 2009).

b Recruitment model

Another mechanism by which histone modifications can impact splicing is through the recruitment of specific proteins by these marks. Histone modifications can be detected by proteins called adaptors that in turn recruit splicing factors influencing splicing decision (Luco et al., 2011). FGFR2 (Fibroblast Growth Factor Receptor 2) carries two mutually exclusive exons IIIb and IIIc that are included in epithelial and mesenchymal cells, respectively. It has been shown that depending on the cell type, different histone marks are enriched on the exon locus. In mesenchymal cells, there is an enrichment of trimethylation of histone 3 lysine 36 (H3K36me3) that correlates with exon IIIb exclusion. They demonstrated that H3K36me3 is an anchoring platform for the chromatin adaptor MGR15 that in turn recruits the splicing factor PTB to exon IIIb, preventing its inclusion (Figure 25.B) (Luco et al., 2010). Trimethylation of histone 3 lysine 4 (H3K4me3) has also been associated with alternative splicing outcome. This histone modification is recognized by the CHD1 chromatin adaptor, a component of the histone acetylase SAGA complex, that recruits U2 snRNP to the spliced exons (Sims et al., 2007).

Interestingly, some chromatin factors were also found to play a role in alternative splicing regulation but their involvement was independent of their chromatin functions.

It is the case of the methyltransferase CARM1 and the remodeling factor BRM. Both of them have been shown as regulating alternative splicing independently of their enzymatic activities. CARM1 associates with the U1C protein and affects the selection of the 5' splice site, while BRM interacts with several spliceosomal components and SAM68, an enhancer of exon inclusion [START_REF] Batsché | The human SWI/SNF subunit Brm is a regulator of alternative splicing[END_REF][START_REF] Ohkura | Coactivatorassociated arginine methyltransferase 1, CARM1, affects pre-mRNA splicing in an isoformspecific manner[END_REF]. During EMT, epithelial cells lose their epithelial characteristics and acquire progressively a mesenchymal phenotype. This transition is characterized by the loss of epithelial markers such as E-Cadherin, Claudin and Cytokeratin, and the gain of mesenchymal markers such as N-Cadherin, Fibronectin and Vimentin (adapted from [START_REF] Angadi | Epithelial-mesenchymal transition -A fundamental mechanism in cancer progression: An overview[END_REF].

EMT is highly inducible by environmental stimuli such as hypoxia, inflammation, developmental signals, etc … [START_REF] Kao | Hypoxia, Epithelial-Mesenchymal Transition, and TET-Mediated Epigenetic Changes[END_REF] and it is not a two stages process, but it is progressive with intermediate stages that share epithelial and mesenchymal characteristics. In the process of EMT, there is first a loss of cell-cell junctions that together with a cytoskeleton reorganization creates new mechanical forces that favor the detachment of the cell from the rest of the epithelium and the apparition of a new elongating shape. Moreover, the cellular protrusions together with the degradation of the extracellular matrix thanks to the secretion of metalloproteases increase the cellular mobility and its capacity to invade other tissues like the blood stream during cancer metastasis. During this process, there are several intermediate stages with shared epithelial and mesenchymal characteristics that are all together in a heterogenous population of cells. Single cell studies have identified up to 6 transition states, called hybrids, with different tumorigenic and invasive capacities [START_REF] Tam | The epigenetics of epithelial-mesenchymal plasticity in cancer[END_REF][START_REF] Yu | Circulating Breast Tumor Cells Exhibit Dynamic Changes in Epithelial and Mesenchymal Composition[END_REF], raising the question whether it is those hybrid cells which should be targeted in cancer treatment.

It is important to note that such a process is reversible, and mesenchymal cells can Physiologically, EMT plays major functions in embryonic development, and wound healing in adult. An abnormal progression of the EMT process can carry out different pathological disorders such as cancer and fibrosis (adapted from [START_REF] Thiery | Epithelial-Mesenchymal Transitions in Development and Disease[END_REF] They are also major processes for tissue regeneration and wound healing but an excess of EMT or induction of EMT in adult tissues when is not necessary can lead to very serious diseases such as fibrosis and tumor metastasis, highlighting the ambivalence of this very important process.

EMT has been classified into three types involved in different biological contexts. Type 1 EMT is associated with implantation, embryonic formation, neural crest cells formation and organogenesis. Type 2 EMT is associated with wound healing, inflammation and fibrosis. Type 3 EMT is associated with cancer, metastasis formation and cancer cells with stem cell-like properties (Figure 28). EMT has been classified into three different sub-types regarding their physiological or pathological involvements. Type 1 EMT is associated with embryonic development, type 2 EMT is associated with the context of inflammation and fibrosis, and type 3 EMT is associated with cancer (adapted from [START_REF] Kalluri | The basics of epithelial-mesenchymal transition[END_REF].

.

The different types of EMT

Type 1 EMT: development

Type 1 EMT occurs early during embryonic development and is associated with implantation and embryonic gastrulation [START_REF] Carstens | Alternative splicing of ®broblast growth factor receptor 2 (FGF-R2) in human prostate cancer[END_REF], which gives rise to the mesoderm and endoderm and to mobile neural crest cells (Sauka-Spengler and [START_REF] Sauka-Spengler | A gene regulatory network orchestrates neural crest formation[END_REF]. The primitive epithelium, specifically the epiblast, gives rise to primary mesenchyme via an EMT. This primary mesenchyme can be re-induced to form secondary epithelia via an MET process. It is speculated that such secondary epithelia may further differentiate to form other types of epithelial tissues and undergo subsequent secondary EMT to generate cells of connective tissues, including astrocytes, adipocytes, chondrocytes, osteoblasts and muscle cells (Figure 29). [START_REF] Nieto | Epithelial Plasticity: A Common Theme in Embryonic and Cancer Cells[END_REF].

Endoderm and mesoderm precursors invade the primitive streak (1). Precursors migrate to occupy different positions on the medio-lateral axis of the embryo (2) and, after undergoing MET, will generate many tissues such as the notochord and somites (2). Most of these cells undergo a second round of EMT (3). In blue are represented epithelial cells and in yellow mesenchymal cells (adapted from

Type 2 EMT: wound healing

TYPE 2 EMT is associated with wound healing and tissue regeneration. In this type 2 EMT, the program begins as part of a repair-associated event that normally generates fibroblasts and other related cells in order to reconstruct tissues following trauma and inflammatory injuries. However, in contrast to type 1 EMT, type 2 EMT is associated with inflammation and cease once inflammation is attenuated, as seen during wound healing and tissue regeneration. In the setting of organ fibrosis, type 2 EMT can continue to respond to ongoing inflammation, leading eventually to organ destruction.

Tissue fibrosis is an unabated form of wound healing due to persistent inflammation (Figure 30) [START_REF] Boutet | Snail activation disrupts tissue homeostasis and induces fibrosis in the adult kidney[END_REF][START_REF] Zeisberg | Fibroblasts Derive from Hepatocytes in Liver Fibrosis via Epithelial to Mesenchymal Transition[END_REF]. 

Representation of a normal wound healing (A) and fibrosis (B) with different consequences on the role of fibroblasts.

We observe an increase of proliferation, migration and matrix synthesis in fibrosis, epithelial cells migrate to the wound area in order to close the wound area (adapted from [START_REF] Rieder | Wound healing and fibrosis in intestinal disease[END_REF].

Type 3 EMT: cancer invasion

Type 3 EMT occurs in neoplastic cells that have previously undergone genetic and epigenetic changes, specifically in genes that favor clonal outgrowth and the development of localized tumors. These changes, notably affecting oncogenes and tumor suppressor genes, conspire with the EMT regulatory circuitry to produce outcomes far different from those observed in the other two types of EMT. Carcinoma cells undergoing a type 3 EMT may invade and metastasize and thereby generate the final, life-threatening manifestations of cancer progression [START_REF] Labelle | Direct Signaling between Platelets and Cancer Cells Induces an Epithelial-Mesenchymal-Like Transition and Promotes Metastasis[END_REF].

Hypoxia and inflammation, often found in the tumor microenvironment, can favor the activation of EMT inducers, such as Snail and Twist, that will promote tumor dissemination and invasion of adjacent tissues, together with new stem cell properties, favoring the self-renewal of a small population of cells that can colonize and differentiate into secondary carcinoma (Figure 31) [START_REF] Scheel | Cancer stem cells and epithelial-mesenchymal transition: Concepts and molecular links[END_REF]. In addition, Twist also inactivates the cellular safeguard mechanism of cellular senescence triggered by oncogenes and Snail induces immunosuppression, immunoresistance, and chemoresistance [START_REF] Ansieau | Induction of EMT by Twist Proteins as a Collateral Effect of Tumor-Promoting Inactivation of Premature Senescence[END_REF][START_REF] Kudo-Saito | Cancer Metastasis Is Accelerated through Immunosuppression during Snail-Induced EMT of Cancer Cells[END_REF]. Tumor progression represents a complex series of several steps, which are all together called the invasion-metastasis cascade. Cells from primary tumor exit their initial site to integrate circulation (local invasion, intravasation). They adapt to survive in blood vessels until they reach distant tissues (extraversion). Finally, the metastatic tumor grows in its new microenvironment (metastatic colonization) (adapted from [START_REF] Valastyan | Tumor Metastasis: Molecular Insights and Evolving Paradigms[END_REF].

EMT regulatory programs

There are three levels of regulation: a transcriptional regulation at the gene level, a post-transcriptional regulation at the RNA level and a translational regulation at the protein level. These three levels of regulation meet together to repress key epithelial genes, such as E-cadherin and other cell-cell contact proteins like occludin, and to activate cytoskeleton proteins, such as vimentin and fibronectin, and transcription factors, such as snail and twist to induce the mesenchymal phenotype.

Transcriptional regulation

The transcriptional regulation consists in the expression of key transcription factors, such as Snail, Twist and Zeb, in response to extracellular stimuli, that quickly shut down genes essential for the epithelial phenotype, such as cell-cell junction and cytoskeleton proteins like E-cadherin, occludin and cytokeratins, leading to cell individualization and loss of the apico-basal polarity (Figure 32). In parallel, genes Alternatively, the same way there are transcription factors inducing the EMT, there are factors reverting it, like ELF, GATA3 or GRHL2 that induce mesenchymal to epithelial transition essential for the final step in tumor metastasis, once the tumor cell has invaded another tissue and needs to come back to the epithelial state to create new carcinoma [START_REF] Sengez | The Transcription Factor Elf3 Is Essential for a Successful Mesenchymal to Epithelial Transition[END_REF][START_REF] Somarelli | Mesenchymal-Epithelial Transition in Sarcomas Is Controlled by the Combinatorial Expression of MicroRNA 200s and GRHL2[END_REF][START_REF] Takaku | GATA3-dependent cellular reprogramming requires activation-domain dependent recruitment of a chromatin remodeler[END_REF].

Post-transcriptional regulation a microRNAs

It has been recently shown that small non-coding RNAs, called microRNAs and that are composed of around 22 nucleotides, also play a key role in the regulation of EMT by repressing the translation into proteins of the transcription factors essential to trigger EMT, such as Snail and Twist. Several miRNAs including the miR-200 family, miR-34 and miR-101, have been identified and repression of these miRNAs is sufficient to block the EMT, turning them into promising novel therapeutic targets to reduce tumor metastasis and resistance to treatment (Guo et al., 2014;[START_REF] Mongroo | The role of the miR-200 family in epithelialmesenchymal transition[END_REF][START_REF] Siemens | miR-34 and SNAIL form a double-negative feedback loop to regulate epithelialmesenchymal transitions[END_REF].

b Alternative splicing

The most novel regulatory layer identified until now is the alternative processing of the transcribed pre-mRNAs into different mature RNAs that will give rise to different proteins with different functions. So far, almost at every single step in the reprogramming of epithelial cells into mesenchymal cells, there is an alternatively spliced gene with an epithelial-specific splicing variant and a mesenchymal splicing variant with different cell-specific functions. For instance, the mesenchymal splicing variant of the transmembrane receptor FGFR2 can recognize FGF-2 as a ligand whereas the epithelial isoform has less affinity for it, which will affect differentiation, growth and capacity to invade of cells [START_REF] Savagner | Alternative splicing in fibroblast growth factor receptor 2 is associated with induced epithelialmesenchymal transition in rat bladder carcinoma cells[END_REF][START_REF] Warzecha | Complex changes in alternative pre-mRNA splicing play a central role in the epithelial-to-mesenchymal transition (EMT)[END_REF]. In the case of CD44, the mesenchymal splice variant induces the formation of invadopodia, increasing cell migration, whereas the epithelial isoform does not [START_REF] Chen | The biology and role of CD44 in cancer progression: therapeutic implications[END_REF]. Importantly, these splicing variants are so important, that the switch from one variant to another can be sufficient to induce or impair EMT (Brown et al., 2011;Ranieri et al., 2016;Shapiro et al., 2011).

Link between alternative splicing and EMT

Global splicing reprogramming during EMT and examples

During EMT, there is a whole reprogramming at the splicing level with more than 4,000 changes in alternative splicing, amongst which some of them are sufficient to trigger EMT by themselves, suggesting that alternative splicing is a key regulatory mechanism for EMT and tumor progression [START_REF] Grosso | The emerging role of splicing factors in cancer[END_REF]Shapiro et al., 2011). Mis-splicing of genes including RON, ENAH, CD44, FGFR2 or CTNND1 can actively induce EMT (Table 5) (Brown et al., 2011;[START_REF] Carstens | Alternative splicing of fibroblast growth factor receptor 2 (FGF-R2) in human prostate cancer[END_REF], and a recent genome-wide study found more than 100 alternative splicing events conserved over different cancer types, amongst which almost 50 were associated with EMT or its reverse process, the mesenchymal-to-epithelial transition (MET) [START_REF] Danan-Gotthold | Identification of recurrent regulated alternative splicing events across human solid tumors[END_REF]. More and more therapeutic strategies aim to restore normal splicing patterns in cancer cells, and are even currently in clinical trials, by using splicing blockers or modified oligonucleotides to interrupt the splicing of transcripts such as BCL-X, FGFR1, RON or MDM2, which are known to promote metastasis in breast cancer (Bartel and Harris, 2004).

a Fibroblast growth factor receptor 2 (FGFR2) FGFR2 is a transmembrane receptor tyrosine kinase of the fibroblast growth factor receptor family. It is activated by the ligands of the fibroblast growth factor family (FGFs) [START_REF] Turner | Fibroblast growth factor signalling: from development to cancer[END_REF]. The interaction between the receptor and its ligands leads to a cascade of downstream signals, ultimately influencing several EMT-related processes such as differentiation or invasion. FGFR2 has the particularity to have two mutually exclusive alternative exons, IIIb and IIIc, encoding for a part of the third extracellular immunoglobulin-like domain of FGFR2. These two exons undergo tissuespecific alternative splicing [START_REF] Carstens | An Intronic Splicing Silencer Causes Skipping of the IIIb Exon of Fibroblast Growth Factor Receptor 2 through Involvement of Polypyrimidine Tract Binding Protein[END_REF][START_REF] Warzecha | ESRP1 and ESRP2 Are Epithelial Cell-Type-Specific Regulators of FGFR2 Splicing[END_REF], leading to different affinities for FGF ligands to the two receptor isoforms [START_REF] Zhang | Receptor Specificity of the Fibroblast Growth Factor Family: THE COMPLETE MAMMALIAN FGF FAMILY[END_REF].

Exon IIIb is known to be predominantly included in epithelial cells, whereas exon IIIc is limited to mesenchymal cells. A switch between FGFR2-IIIb and FGFR2-IIIc isoforms has been one of the first example demonstrating the role of alternative splicing during EMT [START_REF] Medina | Relationship between E-cadherin and ®broblast growth factor receptor 2b expression in bladder carcinomas[END_REF][START_REF] Savagner | Alternative splicing in fibroblast growth factor receptor 2 is associated with induced epithelialmesenchymal transition in rat bladder carcinoma cells[END_REF], and more recently, it has been shown that the expression of the FGFR2-IIIc variant is sufficient to promote cell migration, invasiveness and proliferation in response to FGF-2 (Sanidas et al., 2014).

Table 5: Examples of alternative splicing changes induced during EMT.

List of several genes, including FGFR2, CTNND1 and CD44, that have important functions in cellular processes involved in EMT, with their isoform specific functions and localizations (adapted from [START_REF] Warzecha | Complex changes in alternative pre-mRNA splicing play a central role in the epithelial-to-mesenchymal transition (EMT)[END_REF]. b p120-catenin (CTNND1) CTNND1 gene encodes for a protein that is part of the Armadillo (Arm) family proteins.

It regulates cell-cell adhesions through stabilization of E-Cadherin and is involved in the rearrangement of the cytoskeleton via regulation of Rho GTPase activity [START_REF] Davis | A core function for p120-catenin in cadherin turnover[END_REF]. Additionally to its E-Cadherin stabilization function, CTNND1 is able to promote invasion and cell motility (Yanagisawa et al., 2008). These two functions seem to be contradictory but can be explained by different functions of the protein isoforms expressed either in epithelial cells or in mesenchymal cells. The mesenchymal variant contains alternative exons, among which the alternatively spliced exon 2, while these exons are predominantly skipped in epithelial cells, leading to the expression of a shorter isoform in epithelial cells [START_REF] Keirsebilck | Molecular Cloning of the Human p120ctnCatenin Gene (CTNND1): Expression of Multiple Alternatively Spliced Isoforms[END_REF]. The lack of these exons is responsible to the absence of a coiled-coil domain in the epithelial variant. In mesenchymal cells, this domain stabilizes RhoA binding and inhibits RhoA activity, resulting in an increase of migration and cell invasiveness [START_REF] Epifano | p120-catenin differentially regulates cell migration by Rho-dependent intracellular and secreted signals[END_REF][START_REF] Keirsebilck | Molecular Cloning of the Human p120ctnCatenin Gene (CTNND1): Expression of Multiple Alternatively Spliced Isoforms[END_REF]. During EMT, the expression of the mesenchymal CTNND1 isoform is induced [START_REF] Zhang | Impact of p120-catenin Isoforms 1A and 3A on Epithelial Mesenchymal Transition of Lung Cancer Cells Expressing E-cadherin in Different Subcellular Locations[END_REF].

c CD44

CD44 gene encodes for a transmembrane glycoprotein involved in many cellular processes such as cell survival, migration and proliferation (Zöller, 2011). CD44 has a high structural heterogeneity associated to the presence of ten alternatively spliced exons in its coding sequence, giving rise to a plethora of isoforms. The expression of these different isoforms is cell type dependent and differentiation stage dependent.

The CD44 transcript is composed of 20 exons in human, including 10 variable exons (v1-v10) and 14 constitutive exons (exons 1-5 and 16-20). The standard isoform is only composed of the constitutive exons and is called CD44s, while the inclusion of the variable exons leads to an increase of the size of the extracellular region of CD44, providing new interaction sites for additional molecules [START_REF] Bennett | Regulation of CD44 binding to hyaluronan by glycosylation of variably spliced exons[END_REF][START_REF] Hertweck | CD44 in hematological neoplasias[END_REF]. The CD44s isoform is ubiquitously expressed while spliced variants (CD44v) are restricted to specific cell types. In keratinocytes, the longest isoform is expressed. During monocyte differentiation, the v6 variant is progressively included while this same variant is skipped in granulocytes differentiation. During EMT, a drastic switch from the CD44E variant (exons v8-v10 included) to the CD44s variant occurs, and it has even been reported that this switch is required for the execution of the EMT, showing how important is the relationship between alternative splicing and EMT (Brown et al., 2011;[START_REF] Warzecha | ESRP1 and ESRP2 Are Epithelial Cell-Type-Specific Regulators of FGFR2 Splicing[END_REF].

Factors regulating epithelial and mesenchymal splicing

More and more evidences indicate that alternative splicing is regulated by tissuespecific splicing factors that are mostly directly involved in processes essential for EMT (Figure 33) [START_REF] Bebee | Genome-wide activities of RNA binding proteins that regulate cellular changes in the epithelial to mesenchymal transition (EMT)[END_REF]. The major EMT splicing regulators are the epithelial specific regulatory proteins 1 and 2 (ESRP1/2). They have been first identified in a screen of FGFR2 and their downregulation is responsible of a switch from exon IIIb to exon IIIc isoform [START_REF] Warzecha | ESRP1 and ESRP2 Are Epithelial Cell-Type-Specific Regulators of FGFR2 Splicing[END_REF]. Other splicing factors such as RBM47 and MBNL1 have been shown as potential splicing regulators in epithelial cells [START_REF] Yang | Determination of a Comprehensive Alternative Splicing Regulatory Network and Combinatorial Regulation by Key Factors during the Epithelial-to-Mesenchymal Transition[END_REF]. Interestingly, alternative splicing in mesenchymal cells is regulated by a different subset of regulators, including RBFOX2 and SRSF1 [START_REF] Bebee | Genome-wide activities of RNA binding proteins that regulate cellular changes in the epithelial to mesenchymal transition (EMT)[END_REF], but some factors like MBNL1 can regulate splicing in both cell types. It is a combinatorial effect of different splicing factors, in this case MBNL1 and RBFOX2, that is responsible of the correct splicing regulation (Shapiro et al., 2011). Here we will focus on factors that regulate splicing in epithelial and mesenchymal cells in the context of cell reprogramming during EMT.

Figure 33: Binding and expression of splicing factors in EMT.

(A) RNA binding motifs analysis of skipped exons during EMT. Binding sites are annotated as described in the key. (B) Representation of the expression levels of splicing factors and RNA binding proteins in epithelial and mesenchymal cells (adapted from Shapiro et al., 2011).

a Epithelial splicing factors Emergence of high throughput sequencing has allowed to identify many new alternative splicing events in EMT and to have a better understanding of the EMT itself.

These sequencing technologies have favored discovery and characterization of regulators of these splicing events (Figure 34). As mentioned before, the firsts identified were ESRP splicing factors. These regulators are the most downregulated in multiple models of EMT and are involved in FGFR2 splicing regulation [START_REF] Hovhannisyan | A Novel Intronic cis Element, ISE/ISS-3, Regulates Rat Fibroblast Growth Factor Receptor 2 Splicing through Activation of an Upstream Exon and Repression of a Downstream Exon Containing a Noncanonical Branch Point Sequence[END_REF]. Consequently, ESRP-targeted transcripts undergo a switch from epithelial to mesenchymal isoforms [START_REF] Warzecha | Complex changes in alternative pre-mRNA splicing play a central role in the epithelial-to-mesenchymal transition (EMT)[END_REF]. Interestingly, it has been shown that ESRP targets overlap with RBFOX2-regulated AS events even though RBFOX2 is mostly involved in mesenchymal splicing regulation [START_REF] Braeutigam | The RNA-binding protein Rbfox2: an essential regulator of EMT-driven alternative splicing and a mediator of cellular invasion[END_REF][START_REF] Venables | RBFOX2 Is an Important Regulator of Mesenchymal Tissue-Specific Splicing in both Normal and Cancer Tissues[END_REF] Cell type specificity of splicing factors with shifts in expression or activity during epithelial (blue) to mesenchymal (red) transition that impact relevant splicing events such as FGFR2 and CD44 (adapted from [START_REF] Neumann | Regulation of splicing and circularisation of RNA in epithelial mesenchymal plasticity[END_REF].

Other factors have been shown as involved in splicing regulation during EMT. The RNA binding motif protein 47 (RBM47) has been recently shown as involved in splicing regulation in epithelial cells in an independent manner and with opposite effects of ESRPs, or in collaboration with them to promote a combinatorial effect on splicing [START_REF] Yang | Determination of a Comprehensive Alternative Splicing Regulatory Network and Combinatorial Regulation by Key Factors during the Epithelial-to-Mesenchymal Transition[END_REF]. In cancer cells, RBM47, via its ability to modulate splicing, has been demonstrated as a potential metastasis formation inducer [START_REF] Vanharanta | Loss of the multifunctional RNA-binding protein RBM47 as a source of selectable metastatic traits in breast cancer[END_REF]. The HNRNPA1 splicing factor is another epithelial splicing regulator. It inhibits the expression of ΔRon, an active isoform of the Ron tyrosine kinase receptor important for EMT induction. HNRNPA1 can antagonize SRSF1 binding, preventing exon skipping [START_REF] Bonomi | HnRNP A1 controls a splicing regulatory circuit promoting mesenchymal-toepithelial transition[END_REF]. In cancer cells, expression of various ILF3 isoforms are regulated by the mesenchymal splicing factor SRSF3, leading to an increase of cell proliferation and transformation [START_REF] Jia | Oncogenic splicing factor SRSF3 regulates ILF3 alternative splicing to promote cancer cell proliferation and transformation[END_REF].

b Mesenchymal splicing factors

The same way it has been shown that specific splicing factors regulate epithelial splicing events, several factors have been associated with the expression of specific mesenchymal variants. It is the case of SRSF1, RBFOX2 and MBNL1. RBFOX2 is one of the most important mesenchymal splicing factors. It has initially been identified in breast cancer cells as an enhancer of splicing [START_REF] Lapuk | Exon-Level Microarray Analyses Identify Alternative Splicing Programs in Breast Cancer[END_REF]. Knock-down of RBFOX2 in mesenchymal cells has been reported as decreasing cell invasiveness and migration enforcing the idea that it is a major alternative splicing regulator in mesenchymal cells [START_REF] Braeutigam | The RNA-binding protein Rbfox2: an essential regulator of EMT-driven alternative splicing and a mediator of cellular invasion[END_REF][START_REF] Venables | RBFOX2 Is an Important Regulator of Mesenchymal Tissue-Specific Splicing in both Normal and Cancer Tissues[END_REF]. CLIP-seq data have shown that RBFOX2 binds near alternatively spliced exons, in introns either upstream or downstream, leading to exon skipping or inclusion, respectively. RBFOX2 is essential for embryonic stem cell survival [START_REF] Yeo | An RNA code for the FOX2 splicing regulator revealed by mapping RNA-protein interactions in stem cells[END_REF]. MBNL1 is another RNA binding protein regulating alternative splicing in mesenchymal cells (Shapiro et al., 2011). In 2013, it has been demonstrated that MBNL1 and RBFOX2 cooperate in mesenchymal cells to generate new splicing variants, for instance ADD3 and LRRFIP2 genes. At the opposite, a competition between MBNL1 and other factors can occur. It happens between MBNL1 and PTBP1 in the regulation of PLOD2 and INF2 transcripts [START_REF] Venables | RBFOX2 Is an Important Regulator of Mesenchymal Tissue-Specific Splicing in both Normal and Cancer Tissues[END_REF]. Member of the SR family, SRSF1 (SF2/ASF) also regulates alternative splicing during EMT and is important for its progression [START_REF] Gout | Abnormal Expression of the Pre-mRNA Splicing Regulators SRSF1, SRSF2, SRPK1 and SRPK2 in Non Small Cell Lung Carcinoma[END_REF].

During EMT, the Ron proto-oncogene is involved in cell invasion and motility, and the ΔRon isoform expressed in mesenchymal cells is generated by the binding of SRSF1 on the ESE sequence present in the exon 12 [START_REF] Ghigna | Cell Motility Is Controlled by SF2/ASF through Alternative Splicing of the Ron Protooncogene[END_REF]. These data tend to demonstrate that alternative splicing deregulation is a major factor involved in tumor progression, cancer aggressiveness and EMT induction.

Other splicing factors from HNRNP family, SR family, or tissue-specific regulators, are also known to be involved in alternative splicing regulation during EMT (Figure 35) [START_REF] Pradella | EMT and stemness: flexible processes tuned by alternative splicing in development and cancer progression[END_REF]Shapiro et al., 2011). 

c Histone modifications and chromatin factors

Genome-wide studies demonstrated that in cancer, and more specifically during EMT, there are global changes of several histone modifications. More precisely, there is an increase of H3K36me3 and H3K4me3, both associated with active transcription, and a global decrease of the heterochromatin marks H3K9me2/3 [START_REF] Mcdonald | Genome-scale epigenetic reprogramming during epithelial-to-mesenchymal transition[END_REF]Podlaha et al., 2014). As previously mentioned, some of these marks correlate with alternative splicing changes of genes essential for the EMT process. It is the case of 4.2 Direct effect on alternative splicing of modulating regulatory histone modifications by adapting the innovative CRISPR/dCas9 system Current approaches to modulate histone marks are based on changes in global expression of known histone modifiers, which create many pleiotropic effects. The search for a more specific system to address the direct role of histone marks in splicing regulation led us to the epigenome editing CRISPR/dCas9 system. In this system, a DNA-targeting endonuclease dead mutant dCas9 is fused to the catalytic core, and not the full length protein to avoid potential aspecific effects, of the chromatin modifiers of interest, such as the H3K27 methyltransferase EZH2 or the acetyltransferase p300, to specifically modify the level of a histone mark at a specific target sequence. Based on this strategy, I have generated and established a dCas9-guided system to locally modify, at the gene locus of interest, the histone marks identified in Aim 1 to test their role in splicing and EMT. As a proof-of-concept, I tethered H3K27 methyltransferase EZH2 to FGFR2 alternatively spliced region to induce a change in FGFR2 splicing, since this chromatin modifier has previously been shown to regulate FGFR2 alternative splicing (Luco et al., 2010). An empty dCas9 fused to GFP was used as a negative control together with catalytic dead mutants to make sure that the effects were not because of an impact on chromatin structure, RNA polymerase II elongation rate or other indirect effects. I have also tested the gene-specificity of the system by controlling the splicing of other alternatively spliced genes important for EMT and used complementary gRNAs to assess potential off-target effects. The successful generation of these guidable histone modifiers allowed me to alter the histone mark landscape in an exon-specific way to study its direct impact on alternative splicing in greater details, especially for the EMT key splicing events identified in Aim 1.

Physiological impact on EMT progression of modulating splicing-specific histone modifications

A growing body of evidence suggests a central role of EMT in metastasis and cancer reoccurrence. This clinical relevance in combination with increasing evidence for the importance of alternative splicing in EMT may lead to novel therapeutic strategies. I have therefore tested in vitro the effect on EMT progression of locally modulating histone marks important for key EMT-specific splicing events by using the newly established dCas9 system. The characterization of morphological and physiological changes was done by performing wound healing assays and trans-well assays that I established for the first time in the lab and that allow me to steady the effects on migration and cell invasiveness. 

Histone marks are drivers of splicing changes necessary for an epithelial-to-mesenchymal transition Introduction

Alternative splicing of pre-mRNA transcripts is an essential process necessary to increase the proteome diversity of a cell. In the last twenty years, alternative splicing has been shown to be intimately linked to the transcriptional machinery [START_REF] Herzel | Splicing and transcription touch base: co-transcriptional spliceosome assembly and function[END_REF][START_REF] Perales | Cotranscriptionality": the transcription elongation complex as a nexus for nuclear transactions[END_REF]. Early evidence pointed to a role for RNA polymerase II elongation rate in modulating the window of time available for splicing regulators to be recruited to competing RNA binding sites along the pre-mRNA during cotranscriptional splicing (de la Mata et al., 2003;[START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]. More recently, Zinc-finger transcriptional regulators [START_REF] Han | Multilayered Control of Alternative Splicing Regulatory Networks by Transcription Factors[END_REF], 3D chromatin organization (Curado et al., 2015;[START_REF] Mercer | DNase I-hypersensitive exons colocalize with promoters and distal regulatory elements[END_REF], non-coding RNAs [START_REF] Allo | Control of alternative splicing through siRNA-mediated transcriptional gene silencing[END_REF][START_REF] Ameyar-Zazoua | Argonaute proteins couple chromatin silencing to alternative splicing[END_REF]Gonzalez et al., 2015), and specific histone modifications such as histone acetylation (Gunderson and Johnson, 2009), H3K4me3 (Sims et al., 2007),

H3K9me3 [START_REF] Ameyar-Zazoua | Argonaute proteins couple chromatin silencing to alternative splicing[END_REF][START_REF] Yearim | HP1 is involved in regulating the global impact of DNA methylation on alternative splicing[END_REF], or H3K36me3 (Guo et al., 2014;Luco et al., 2010;Pradeepa et al., 2012) have also been implicated in the regulation of alternative splicing in a more direct way, by inducing recruitment of splicing regulators to the pre-mRNA. However, most of these studies were based on global alterations of chromatin, via misexpression or drug-based inhibition of the chromatin factors involved, turning difficult to separate direct from pleiotropic indirect effects. It has therefore remained elusive whether a specific histone mark is capable of driving a change in splicing that is sufficient to impact the cell's biology.

We have previously shown that alternatively spliced genes involved in the maintenance of the epithelial or mesenchymal cell identity, such as the Fibroblast Growth Factor

Receptor 2 (FGFR2), are differentially enriched in two distinct chromatin signatures, H3K36me3/H3K4me1 or H3K4me3/H3K27me3, depending on the pattern of splicing.

An increase in H3K36me3 levels, by overexpressing the histone methyltransferase SETD2, induced inclusion of FGFR2 mesenchymal isoform in normal human prostate epithelial cells; while overexpression of the Trithorax H3K4 methyltransferase ASH2 had the opposite effect in mesenchymal stem cells (Luco et al., 2010). Additionally, we found that expression of an antisense long non-coding RNA, which overlaps this chromatin-dependent alternatively spliced region in FGFR2 locus, was responsible for the recruitment of the chromatin modifiers, EZH2 H3K27 methyltransferase and KDM2a H3K36 demethylase, necessary to establish the chromatin signature that favours the epithelial-specific splicing isoform (Gonzalez et al., 2015). Here, we aimed to study the functional link between these histone modifications and changes in alternative splicing in a dynamic cellular system to evaluate the causal effect of these epigenetic marks in the establishment of a new cell-specific alternative splicing pattern that directly impacts the cell phenotype. To do so, we took advantage of the wellestablished Epithelial-to-Mesenchymal Transition (EMT), in which changes in the alternative splicing of specific genes are sufficient to induce a cell reprogramming (Brown et al., 2011;Ranieri et al., 2016;Shapiro et al., 2011). We first correlated in time, during EMT, changes in enrichment of H3K36me3, H3K4me1, H3K27ac and H3K27me3, previously shown to affect alternative splicing (Gonzalez et al., 2015;Luco et al., 2010), with changes in exon inclusion in key genes for EMT, such as the aforementioned FGFR2 growth factor receptor and the cell-cell adhesion protein catenin delta-1 (CTNND1) (Sanidas et al., 2014;Shapiro et al., 2011;Yanagisawa et al., 2008). We identified two histone marks, H3K27me3 and H3K27ac, whose levels perfectly correlated in time with the highly dynamic changes in splicing observed during EMT. CRISPR/dCas9 epigenome editing of these H3K27-marked exons in human epithelial cells was sufficient to trigger the inclusion of FGFR2 and CTNND1 mesenchymal-specific splicing isoforms that could initiate an EMT. These findings provide direct evidence establishing chromatin modifications as drivers of alternative splicing patterns important for cell identity, and uncover a new mechanism through which dynamic changes in splicing are regulated by exon-specific dynamic changes in chromatin.

Results

Specific histone modifications correlate in time with dynamic changes in splicing during EMT.

The epithelial-to-mesenchymal transition is a cell reprogramming process involved in early development, wound healing, and tumour invasion in metastasis (Javaid et al., 2013;Shapiro et al., 2011). Human epithelial MCF10a cells stably expressing the EMT inducer SNAIL1 fused to the oestrogen receptor (MCF10a-Snail-ER) can be reprogrammed into mesenchymal-like cells in less than a week by addition of the ER ligand tamoxifen (Figure 1A) (Javaid et al., 2013). The first changes in splicing of classical EMT genes such as FGFR2, CTNND1, SLK or SCRIB are observed as early as 12h after induction (T0.5) (Figure 1C,H and S1F,J,N). Moreover, all changes in splicing can be reversed by removing tamoxifen from the culture medium for three weeks, in what we refer to as mesenchymal-to-epithelial transition (MET), highlighting the dynamic nature of this cellular system (Figure 1C,H and S1F). When comparing changes in alternative splicing of key EMT genes (CTNND1, ENAH, FGFR2, SLK, SCRIB and TCF7L2, Figure 1A) to changes in histone modifications levels previously shown to mark alternatively spliced genes (Gonzalez et al., 2015;Luco et al., 2010), we found that changes in H3K27me3 and H3K27ac strongly correlated in time with splicing changes in 5 out of 6 genes studied (Figure 1B-E In conclusion, we have found a localised enrichment of specific histone marks, H3K27me3, H3K27ac and H3K4me1, which changes correlate in time with the highly dynamic splicing changes observed during the reprogramming of an epithelial cell into mesenchymal during EMT, suggesting a potential functional link.

Localised changes in H3K27me3 and H3K27ac drive alternative splicing.

In contrast with the late changes in H3K4me1, changes in H3K27me3 and H3K27ac

were evident before changes in splicing could be detected in CTNND1 and FGFR2

alternative exons, at 6h post-induction (Figure 1, T0.25 panel), suggesting a causal role of these marks on alternative splicing. To directly test this hypothesis, we adapted the CRISPR/dCas9 system to edit the epigenome specifically at differentially marked alternatively spliced exons (Hilton et al., 2015;Maeder et al., 2013). Catalytic domains of well-known H3K27 modifiers were fused to a DNA targeting-competent, but nuclease-dead, mutant dCas9 to induce site-specific changes in H3K27 methyl or acetyl levels. Using this system, EZH2 H3K27 methyltransferase [START_REF] Hwang | EZH2 regulates the transcription of estrogen-responsive genes through association with REA, an estrogen receptor corepressor[END_REF][START_REF] Margueron | The Polycomb complex PRC2 and its mark in life[END_REF], UTX1 demethylase [START_REF] Hong | Identification of JmjC domain-containing UTX and JMJD3 as histone H3 lysine 27 demethylases[END_REF], p300

acetyltransferase (Hilton et al., 2015) and Sid4x deacetylase [START_REF] Pradeepa | Histone H3 globular domain acetylation identifies a new class of enhancers[END_REF]Siam et al., 2019) were targeted to CTNND1 exon 2 or FGFR2 exon IIIc in untreated epithelial MCF10a-Snail-ER cells (Figure 2A,G). To verify the exon specificity of the system, alternatively spliced exons present in the same gene, but not differentially enriched for these histone marks during EMT, namely CTNND1 exon 20 and FGFR2

exon IIIb, were also targeted using the same dCas9 modifiers (Figure S2C,L). As expected, dCas9-p300, but not its catalytic mutant dCas9-p300*, increased H3K27ac levels specifically at the targeted exons in both genes (Figure 2B,H and S2D,H,M,Q).

On the other hand, dCas9-Sid4x slightly reduced H3K27ac levels just at CTNND1 exon 2 and dCas9-UTX1 reduced H3K27me3 levels mostly at exon IIIc, which are the exons enriched in these marks in epithelial cells (Figure 2B,C,H,I). However, dCas9-EZH2 had only a minor effect on H3K27me3 levels. We therefore tested vSET, a viral SET domain protein that specifically methylates H3K27 without requiring Polycomb

Repressive Complex 2 subunits for activity (Figure S2A-B) [START_REF] Mujtaba | Epigenetic transcriptional repression of cellular genes by a viral SET protein[END_REF]. As expected, a dimeric vSET construct fused to dCas9 (dCas9-vSETx2), but not the catalytic mutant dCas9-vSETx2*, strongly increased H3K27me3 levels precisely at the targeted exons (Figure 2C,I and S2E,I,N,R). Finally, H3K4me1, H3K9ac and H3K9me2

were not affected by H3K27 epigenome editing, confirming specificity of the system (Figure S2U,V). Interestingly, the increase in H3K27ac levels, mediated by dCas9-p300, also resulted in reduced H3K27me3 levels, while dCas9-UTX1-mediated H3K27 demethylation increased H3K27ac levels. These findings confirm the anti-correlative nature of these marks and establish the capacity of the CRISPR-dCas9 system to generate the chromatin signatures observed during EMT (Figure 2B,C,H,I).

As predicted from the changes in histone modifications observed during EMT (Figure 1D,E), only dCas9-EZH2/vSETx2-mediated increase in H3K27me3 levels or decrease in H3K27ac, using dCas9-Sid4x, affected CTNND1 splicing, resulting in a ~3.5x-fold increase in the inclusion of the mesenchymal-specific exon 2 (Figure 2D). In contrast, consistent with the exon-specific H3K27 signature observed in FGFR2 exon IIIc in EMT cells (Figure 1I,J), exon IIIc splicing was induced by an increase in H3K27ac

(dCas9-p300) and by a decrease in H3K27me3 (dCas9-UTX1) levels (Figure 2J).

These results validate the hypothesis that H3K27me3 and H3K27ac levels play a direct role in the regulation of splicing. Importantly, H3K27 epigenome editing did neither affect the total expression levels of these genes nor splicing of other exons, such as CTNND1 exon 20 or FGFR2 exon IIIb, supporting a direct exon-specific splicing effect (Figure 2E,F,K,L). Furthermore, the use of catalytically dead mutants, such as dCas9-vSETx2* and dCas9-p300*, did not impact exon inclusion levels either, supporting an epigenetic-dependent effect on alternative splicing independent of alterations in Chromatin-induced changes in splicing recapitulate the EMT.

Since changes in CTNND1 and FGFR2 alternative splicing are important regulators of EMT, and as mesenchymal-specific isoforms have been associated with poor prognosis in several carcinomas, including breast and prostate cancer [START_REF] Carstens | Alternative splicing of fibroblast growth factor receptor 2 (FGF-R2) in human prostate cancer[END_REF][START_REF] Sebestyén | Detection of recurrent alternative splicing switches in tumor samples reveals novel signatures of cancer[END_REF]Shapiro et al., 2011), we next tested the impact of these chromatin-mediated splicing changes on EMT. It has been previously shown that an increase in CTNND1 exon 2 inclusion levels affects the capacity of the protein to interact with E-cadherins, destabilizing cell-cell interactions and increasing cell motility and invasiveness (Yanagisawa et al., 2008). Furthermore, an H3K36me3-mediated decrease of FGFR2 exon IIIc mesenchymal isoform, which impacts the ligand specificity of the receptor, was shown to significantly decrease the migratory and invasive phenotype of non-small lung cancer cells, without impacting proliferation or apoptosis (Sanidas et al., 2014). We thus tested whether H3K27-mediated epigenetic induction of the mesenchymal-specific isoforms of CTNND1 or FGFR2 could reproduce EMT-like phenotypes in epithelial MCF10-Snail-ER cells.

dCas9-Sid4x-or dCas9-vSETx2-mediated increase in CTNND1.ex2 mesenchymal isoform or dCas9-p300-or dCas9-UTX1-mediated increase in FGFR2.IIIc mesenchymal isoform significantly decreased the expression of classical epithelial markers such as E-cadherin and EPCAM, while increasing the expression of the mesenchymal markers ECM-1 and MCAM by ~2-fold, both at the transcript and protein levels. Whereas none of the other dCas9 modifiers nor dCas9 mutants (dCas9-vSETx2*, dCas9-p300*) had an effect (Figure 3A-D and not shown). Even more, H3K27me3-mediated switch in CTNND1 splicing significantly increased the nondirectional (wound-healing) and bi-directional (transwell assay) migration capacity of targeted MCF10a-Snail-ER cells (Figure 3E-F). Importantly, catalytically dead dCas9-p300* and dCas9-vSETx2* had no effect on EMT (Figure 3A-F), and none of the splicing regulators known to play a role in EMT changed expression levels upon CRISPR epigenome editing (Figure S3A), supporting a direct chromatin-mediated effect on EMT progression. We conclude that highly localised changes in H3K27 marks at alternatively spliced exons of key EMT genes are sufficient to induce cell reprogramming changes.

To assess the biological impact of chromatin-induced changes in CTNND1 splicing in more depth, we took advantage of an antibody that specifically recognises CTNND1 protein isoforms including the mesenchymal-specific exon 2 (mCTNND1(ex2)). dCas9-vSETx2-mediated H3K27me3-driven induction of exon 2 inclusion in epithelial MCF10a-Snail-ER cells increased the proportion of cells expressing the CTNND1 mesenchymal isoform (31% positive cells) almost as much as tamoxifen-induced EMT (43% positive cells), while the use of the dCas9-vSETx2* mutant had no effect (9% of positive cells) (Figure 3G). Additionally, dCas9-vSETx2-induced mCTNND1(ex2)positive cells, in which exon 2 inclusion levels were comparable to tamoxifen-induced EMT cells (Figure S3C), completely recapitulated the EMT observed by tamoxifen treatment, including bi-directional migration, invasion and expression of EMT markers (Figure 3H-L). Of note, an independent combination of gRNAs (g2) targeting exon 2 had comparable effects, supporting an exon-specific splicing effect of chromatin modifications in EMT (Figure S3B-G).

Collectively, these results support a model by which exon-specific regulation of alternative splicing by H3K27 modifications is sufficient to induce key features of EMT.

H3K27 marks do not regulate splicing by modulating RNA polymerase II elongation rate.

We next sought to understand the mechanistic basis underlying regulation of CTNND1

splicing by H3K27 marks. Chromatin has long been proposed to impact splicing by modulating RNA polymerase II elongation rate, altering the kinetics of splicing factors recruitment to competing alternative splice sites and/or regulatory RNA binding sites in nascent transcripts (Braunschweig et al., 2013;Dujardin et al., 2014;Luco et al., 2011).

As H3K27me3 is known to mediate chromatin compaction, which can slow down transcription kinetics, and as histone deacetylase (HDAC) inhibitors, such as TSA, display opposite effects in chromatin and RNA polymerase II dynamics (Dujardin et al., 2014;[START_REF] Margueron | The Polycomb complex PRC2 and its mark in life[END_REF]de la Mata et al., 2003) In parallel to the RNA polymerase II kinetic model, we and others have identified an alternative mechanism of chromatin-mediated recruitment of splicing regulators to pre-mRNA (Luco et al., 2010;Pradeepa et al., 2012;Sims et al., 2007;[START_REF] Yearim | HP1 is involved in regulating the global impact of DNA methylation on alternative splicing[END_REF][START_REF] Young | Regulation of RNA splicing by the methylation-dependent transcriptional repressor methyl-CpG binding protein 2[END_REF]. For instance, H3K36me3-mediated recruitment of the splicing repressor PTB to FGFR2 exon IIIb favors inclusion of the mutually exclusive exon IIIc in mesenchymal cells (Gonzalez et al., 2015;Luco et al., 2010). We thus tested a panel of the splicing factors potentially involved in CTNND1 exon 2 splicing to determine their possible connection with H3K27 marks. shRNA-mediated knockdown of all the RNA binding proteins previously implicated in CTNND1 splicing regulation [START_REF] Girardot | SOX9 has distinct regulatory roles in alternative splicing and transcription[END_REF][START_REF] Tripathi | Direct Regulation of Alternative Splicing by SMAD3 through PCBP1 Is Essential to the Tumor-Promoting Role of TGF-β[END_REF][START_REF] Warzecha | An ESRP-regulated splicing programme is abrogated during the epithelial-mesenchymal transition[END_REF], as well as of RNA binding proteins identified by motif search analysis, pointed to the splicing factor PTB as a major repressor of CTNND1 exon 2 (Figure 4G-H and S4C). UV-crosslinking RNA immunoprecipitation assays further revealed differential recruitment of PTB to exon 2 pre-mRNA during EMT, with preferential binding to the H3K27ac-marked exon in untreated epithelial MCF10a-Snail-ER cells, when the exon is excluded (Figure 4I and S4D).

We next assessed the impact of altering H3K27me3 levels using the dCas9-vSETx2 construct on PTB recruitment to CTNND1 exon 2. As expected, a local increase in H3K27me3 levels at CTNND1 exon 2, which increases exon inclusion, reduced PTB binding to the exon pre-mRNA, while PTB binding to control regions, such as CTNND1 exon 6 and exon 20, was not affected, suggesting a direct impact of H3K27me3 on PTB binding to CTNND1 exon 2 pre-mRNA (Figure 4J andS4E).

We conclude that some alternatively spliced exons, probably sharing common regulators such as PTB, can be regulated directly by dynamic changes in H3K27ac and H3K27me3 marks. Even more, an exon-specific change in just one of these histone marks is sufficient to drive the switch in splicing necessary to induce a change in the cell's phenotype, providing a novel mechanism in the cell toolkit to modulate its proteome in a dynamic and reversible way.

Discussion

Cell type-specific chromatin and alternative splicing patterns have been intimately

involved in differentiation and lineage commitment [START_REF] Gabut | An alternative splicing switch regulates embryonic stem cell pluripotency and reprogramming[END_REF][START_REF] Margueron | The Polycomb complex PRC2 and its mark in life[END_REF][START_REF] Soares | Master regulatory role of p63 in epidermal development and disease[END_REF][START_REF] Tapial | An atlas of alternative splicing profiles and functional associations reveals new regulatory programs and genes that simultaneously express multiple major isoforms[END_REF] Petrillo et al., 2014). We propose that both regulatory layers could also be interconnected in mammalian cells for a more efficient and rapid response to external stimuli. Furthermore, single-cell splicing analyses have revealed that transcripts with different splicing isoforms can coexist in the same cell and that the ratio of transcripts including or excluding a particular exon impacts the cell phenotype, such as in the case of CTNND1 in which only 30% of transcripts include the mesenchymal-specific exon 2 in cells that have undergone EMT (Linker et al., 2019). However, those differentially spliced transcripts arise from the same locus and share the same genomic and nuclear environment, raising the question of how splicing is regulated on the levels of individual transcripts. We propose that histone marks, which can be dynamically regulated by differential recruitment of writers and erasers to the gene locus, can induce rapid and transient changes in recruitment of the splicing machinery, thereby creating a transcriptspecific regulation that can rapidly change between nascent pre-mRNAs.

Chromatin is known to impact splicing by modulating the recruitment of the splicing machinery to weaker RNA binding sites. Several direct physical interactions between splicing and chromatin regulators have been reported. For instance H3K36me3 and H3K9me3 can regulate PTB and SRSF3-dependent splicing via recruitment of the chromatin adaptor proteins MRG15 and HP1, respectively, which by physical interaction favour the binding of the splicing regulators to the pre-mRNA during cotranscriptional splicing (Luco et al., 2010;[START_REF] Yearim | HP1 is involved in regulating the global impact of DNA methylation on alternative splicing[END_REF]. Other splicing regulators such as hnRNPA2B1 and hnRNPL have also been shown to directly interact with chromatin in an RNA-independent way [START_REF] Kfir | SF3B1 association with chromatin determines splicing outcomes[END_REF], or with histone mark writers such as the H3K9 methyltransferase SETDB1 in the case of the splicing repressor hnRNPK or the Polycomb Repressor Complex 2 for the splicing factor RBFOX2 [START_REF] Thompson | hnRNP K coordinates transcriptional silencing by SETDB1 in embryonic stem cells[END_REF]Wei et al., 2016). Finally, histone mark writers, such as p300, have recently been shown to modulate alternative splicing by post-transcriptionally acetylating the splicing factors themselves, which can impact their RNA binding capacity and activity (Siam et al., 2019). However, direct modification of splicing factors is unlikely the case in our cellular model, because both acetylation (dCas9-p300 and dCas9-Sid4x) and methylation (dCas9-UTX1 and dCas9-vSETx2) activities affect the same alternatively spliced gene, implying that acetylation and methylation would regulate the same splicing factor (or factors) involved, which seems unlikely. Of note, not all histone marks previously shown to be associated with splicing correlated with changes in splicing during EMT. For instance, levels of H3K4me1 were changed only after changes in splicing were already established, similar to changes in RNA polymerase II elongation rate. As H3K4me1 levels have been positively associated with RNA polymerase II kinetics (Jonkers et al., 2014), we suggest that, contrary to H3K27me3 and H3K27ac, H3K4me1 changes could be a consequence of altered splicing, setting up a regulatory feedback loop to reinforce or maintain novel splicing patterns by impacting RNA polymerase II elongation rates, which is also known to regulate splicing (Dujardin et al., 2014;de la Mata et al., 2003).

Finally, we expect this chromatin-mediated regulation of alternative splicing to be gene and context specific. Specific subsets of alternatively spliced exons, sharing common regulatory pathways or cellular functions, have already been shown to be co-enriched by specific histone marks, such as H3K79me2 at cancer-related genes important for malignancy in leukaemia cell lines, or H3K36me3, H3K27ac, and H4K8ac in stem cellrelated genes involved in DNA damage and cell cycle (Li et al., 2018;Xu et al., 2018).

In the case of H3K27ac, preliminary analysis of recently obtained ChIP-seq data during EMT suggests that 16% of all exons changing splicing during EMT are differentially marked by H3K27ac (data not shown). Gene ontology analysis of these H3K27acmarked alternatively spliced genes found classical hallmarks of EMT, such as lamellipodium formation, extracellular matrix organization or focal adhesion, which suggests a common and coordinated regulatory pathway. However, we could not find a clear correlation between H3K27ac and exon inclusion levels, suggesting that even if all these exons are marked by the same histone mark, they might not be modulating the recruitment of the same splicing regulators to H3K27-marked exons. In fact,

H3K36me3 has been previously shown to modulate recruitment of the splicing repressor PTB and of the enhancer SRSF1 at different subsets of alternatively spliced exons (Luco et al., 2010;Pradeepa et al., 2012). Histone acetyltransferases (HATs) and deacetylases (HDACs) have also been shown to differently impact splicing by a variety of mechanisms, from modulating RNA polymerase II elongation rates to directly interacting with splicing regulators such as SF3A1 and SMN1(de la Mata et al., 2003;[START_REF] Rahhal | Emerging roles of histone modifications and HDACs in RNA splicing[END_REF]Siam et al., 2019). Finally, of relevance for this work, the aforementioned splicing factor RBFOX2 has recently been shown to induce recruitment of the Polycomb Repressive Complex 2, which methylates H3K27me3, to bivalent gene promoters by protein-protein interactions (Wei et al., 2016). Since RBFOX2 and PTB are major splicing regulators of EMT (Shapiro et al., 2011), H3K27me3 enrichment at RBFOX2-dependent exons and H3K27ac enrichment at PTB-dependent sites could represent complementary mechanisms of regulating key splicing events during EMT.

We thus propose that exons sensitive to H3K27 marks might be coregulated during EMT for a rapid induction of changes in splicing necessary for the dynamic functional changes observed during cellular reprogramming. This might have a tremendous impact on the development of more specific therapeutic targets to reduce cell invasion and tumour metastasis, which depends on EMT phenomena. Therapies targeting general chromatin and splicing factors are currently in use, but often associated with pleiotropic and indirect effects (Daguenet et al., 2015;[START_REF] Ellis | Epigenetics in cancer: targeting chromatin modifications[END_REF][START_REF] Singh | Pre-mRNA splicing in disease and therapeutics[END_REF]. We propose to use epigenome editing tools to selectively change the splicing-associated chromatin marks responsible for pro-tumorigenic splicing isoforms, such as mCTNND1(ex2). Epigenome editing does not create large deletions, translocations or inversions in the genome, contrary to DNA editing, and off-target effects are likely much less hazardous than misregulating thousands of loci by inhibiting the equivalent chromatin modifier. Moreover, more than one exon can be targeted at the same time using sequence-specific gRNAs, increasing the impact in the cell. Future studies addressing the global impact of H3K27-mediated alternative splicing in EMT and cancer will confirm the importance of this new regulatory pathway, with the long-term goal of using it to reduce cell invasion and metastasis. In addition to the H3K27-centric regulation of EMT-related alternative splicing identified here, other histone marks might also coordinate the regulation of alternative splicing events important for other physiological processes. Further single-cell and single-locus approaches will bring the necessary insights into this highly dynamic layer of regulation. 

Materials and methods

Detailed methods are provided in the online version of this paper and include the following: S5.

KEY RESOURCE

Expression and Purification of vSET constructs

The coding sequence for vSET was ordered from IDT and cloned into a modified pET22b plasmid. Single-chain dimeric vSET constructs with GSGSG-(SSG)n-SGSGG linkers (n=1-3) in between two vSET monomers were generated by PCR and subcloning of a fragment encoding the C-terminal 8 residues of vSET followed by the linker and a complete vSET monomer into the XbaI and HindIII restriction sites of vSET in modified pET22b.

vSET and dimeric sc-vSET (also called vSETx2 in this paper) constructs were expressed in BL21 E. coli and purified from inclusion bodies essentially as described for vSET by (Manzur et al., 2003). In short, inclusion bodies were solubilized in unfolding buffer (20 mM Tris pH 7.5, 7 M guanidine hydrochloride, 10 mM DTT). To refold vSET and vSETx2 proteins, solubilized protein was first dialyzed against urea dialysis buffer (10 mM Tris pH 7.5, 7 M urea, 100 mM NaCl, 1 mM EDTA, 5 mM ßmercaptoethanol), followed by repeated dilution with vSET refolding buffer (50 mM Tris pH 7.5, 300 mM NaCl, 10% glycerol, 0.1 mM EDTA, 5 mM ß-mercaptoethanol)

reducing the concentration of urea from 7 M to 1 M in a step-wise fashion in increments of 1 M (1 h/dialysis step). Finally, refolded vSET and vSETx2 proteins were dialyzed once against vSET refolding buffer and then once against vSET HEPES refolding buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol, 0.1 mM EDTA, 5 mM ßmercaptoethanol).

Size exclusion chromatography of refolded vSET and vSETx2 constructs was performed on a Superdex 75 column in vSET HEPES refolding buffer.

vSETx2 construct specificity towards H3K27 was tested by methyltransferase assays in which the substrate nucleosomes were harbouring an H3K27A mutation.

Methyltransferase assays

In vitro histone methyltransferase (HMT) assays were carried out essentially as described in (Voigt et al., 2012). Briefly, core histones were expressed in E. coli, purified from inclusion bodies and assembled into histone octamers by dialysis into refolding buffer (10 mM Tris pH 8, 2 M NaCl, 1 mM EDTA, 5 mM ß-mercaptoethanol).

Correctly assembled octamers were purified by size exclusion chromatography on a Superdex S200 column. 

Epigenome Editing

Stable cell lines of MCF10a-Snail-ER expressing the different dCas9s were generated.

Briefly, cells were infected with recombinant viruses containing dCas9-empty-GFP, dCas9-sid4x-GFP, dCas9-p300core-GFP, dCas9-EZH2core-GFP, dCas9-vSETx2-GFP or dCas9-UTXcore-GFP following Recombinant Lentivirus Production protocol.

Infected cells were harvested and GFP-sorted using a BD FACS Melody (BD Biosciences-US). GFP was excited by a 488-nm laser line and its emission was collected through 527/32BD. dCas9 Stable cell lines were then infected with Lentiviruses containing pKLV2.3-Hygro + gRNAs, split, and medium was supplemented with 100µg/mL hygromycin. See Table S4 for the list of gRNAs used.

Recombinant Lentivirus Production

HEK393T were split at 2.10 6 cells / 100mm dish (Day 1). Cells were transfected with 1µg psPAX2 plasmid (VSVG env gene), 1µg pMD2.G plasmid (gag, pol, and accessory proteins), 5µg of plasmid of interest (eg. dCas9-empty), 250mM Cacl2, qsp 500µL sterile water. Samples were gently mixed and completed with 2X HEPES Buffered Saline (HBS), and incubated 15min at room temperature. Mixes were dropped on HEK293T and cells were maintained at 37°C with 5% CO2 (Day 2). 15h after transfection medium was replaced by MCF10a complete medium and MCF10a cells were split at 5.10 5 cells/100mm dish for further infections (Day 3). 48h and 72h after transfection, viruses were collected, filtered through 0.45µm filters, and dropped on MCF10a cells (Days 4 and 5). 72h after, cells were split and medium was supplemented with 15µg/mL blasticidin or 100µg/mL hygromycin.

Chromatin Immunoprecipitation

We performed ChIP using H3K27me3 antibody (Cell Signaling C36B11), H3K27Ac S2 for the list of genespecific primers used.

Migration and Invasion Assays

Nondirectional migration -Wound Healing Assay: MCF10a cells were plated at 1.10 6 cells/well in 6 well plates containing complete medium and they were grown to confluency. Confluent cultures were serum-starved for 12 hours. Serum-starved, confluent cell monolayers were wounded with a plastic pipette tip and they were washed three times with 1X PBS to remove floating cells. Following washing, the cells were cultured in complete medium. The wounded area was photographed at 0h

(control) and 24 hours later using a Zeiss axiovert 40 CFL microscope with a 10X objective (100X magnification). Cell migration into the scratch was quantified using ImageJ plugin MRI Wound Healing Tool (Volker Baecker, Montpellier RIO Imaging).

Directional migration -Transwell Filter Assay: Cell migration assay was performed using 24 well chambers (Sigma CLS3422-48EA) with uncoated polycarbonate membranes (pore size 8µm). Briefly, 5.10 4 cells resuspended in depleted medium (DMEM/F12 supplemented with 1% horse serum, 10 μg/mL insulin, 0.1 μg/mL cholera toxin, 0.5 μg/mL hydrocortisone, 1% penicillin/streptomycin, 1% L-glutamine) were placed in the upper chamber of the transwell unit. The bottom chamber was filled with 0.6mL complete medium supplemented with 20ng/mL FGF-2. The plates were incubated for 12h at 37°C with 5% CO2 and the cells migrating from the upper to the lower chamber of the unit were fixed with 4% paraformaldehyde in PBS 2min, permeabilized with 0.1% Triton X-100 for 5min and stained with 0.2% crystal violet for 1h. Migrating cells were counted using a Zeiss axiovert 40 CFL microscope with a 5X objective (50X magnification).

Invasion -Transwell Filter Assay: For cell invasion assay, 24 well chambers were coated with Matrigel (Sigma E6909) diluted in depleted medium for 1h at 37°C and assays were performed as described in Directional migration, excepted that the assay was performed for 24h.

Flow Cytometry Experiments

MCF10a cells were fixed in 4% Paraformaldehyde for 10min at room temperature followed by a 15min permeabilization step in 0.5% Tween20. Cells were resuspended in Blocking Buffer (PBS, 3% BSA, 0.1% Tween20) for 30min on rotating wheel at room temperature and incubated with conjugated antibodies EPCAM-PE and MCAM-APC (MACS Miltenyi 130-120-771) for 1h30 on rotating wheel at room temperature protected from light. Cells were harvested and analysed using a MACS Quant 10 (MACS Miltenyi Biotec). PE was excited by a 488-nm laser line (laser DPSS) and its emission was collected through 655/605nm; APC was excited by a 640-nm laser line and its emission was collected through 655/730nm. The data were analysed using Flowing software (Perttu Terho, Turku Centre for Biotechnology).

FACS of CTNND1 Exon 2 Expressing Cells

Cells were resuspended in Blocking Buffer (PBS, 3% BSA) for 30min on rotating wheel at room temperature and successively incubated with CTNND1 exon 2 primary antibody (Santa Cruz sc-23873) for 1h30 on rotating wheel at room temperature, and PE-Cy7 secondary antibody (Thermo Fisher 25-4015-82) for 30min on rotating wheel at room temperature protected from light. Cells were harvested and analysed using a BD FACS Melody (BD Biosciences-US). PE-Cy7 was excited by a 561-nm laser line and its emission was collected through 783/56BD. The data were analysed using BD FACS Chorus software (BD Biosciences-US).

Polymerase II Elongation Measurement

A DRB treatment (Sigma D1916) of 100µM for 6h was necessary in order to fully block endogenous CFTR transcription. Cells were washed and the kinetic (0, 5, 10, 15, 20, 30, 45, 60, 90 min) Data from biological replicates are plotted as mean +/-S.E.M. See Table S3 for the list of gene-specific primers used.

TSA and CPT Treatments

A 24 hours treatment of 40µM of DRB (Sigma D1916) or 1µg/mL of TSA (Trichostatin A -Sigma T8552) was applied on MCF10a-Snail-ER cells after 0 days (T0) or 7 days (T7) of EMT induction, to impede the dynamics of transcribing RNA Polymerase II.

Total RNA extraction and quantification were performed as mentioned above in

Polymerase II Elongation measurement.

shRNA Knockdown

Knock-down of PTB, ELAV1, ESRP1, MBNL1, hnRNPH1, CELF1, hnRNPF, SRSF1, FUS, RBFOX2, SOX9, SMAD3 and PCBP1 was performed according to the Recombinant Lentivirus Production protocol. Briefly, HEK293T cells were transfected with the appropriate shRNA plasmid, 15h after transfection medium was replaced by MCF10a complete medium and MCF10a cells were split for further infections. 48h and 72h after transfection, viruses were collected, filtered through 0.45µm filter, and dropped on MCF10a cells. 72h after, cells were split and medium was supplemented with 15µg/mL blasticidin or 100µg/mL hygromycin.

RNA-Immunoprecipitation

The day before collection, 10 7 cells were seeded per condition and IP reaction (5x10 6 for PTB and 5x10 6 for normal mouse IgG1 IP's) in a 15cm plate. Next day, cell media was discarded and each plate was washed with 12 ml of cold PBS 1X (D8537, Sigma-Aldrich). Cells were UV-crosslinked at 254 nm with 2000 J/m 2 in ice and scrapped.

After centrifugation at 2500 rpm for 5 min, the PBS was discarded and the pellets were stored at -80 °C until processing. Cells were lysed in 617.5 μl of cell lysis buffer (1% v/v NP-40, 400 U/ml of RNAse inhibitor in 1X PBS) for 10 min in ice. Sodium deoxycholate was added to 0.5% v/v final concentration and samples were incubated with rotation for 15 min at 4°C. Samples were incubated at 37 °C with 30 U of DNAse with shacking at 300 rpm, vortexed briefly and sonicated for 10 cycles x (30'' on /30'' off, high setting condition) in 15 ml conical polystyrene tubes using a Bioruptor TM (Diagenode) sonicator with a 4°C water bath cold circulation system. After that, the tubes were spun to recover all samples and centrifuged for 15 min at 15.000 rpm to remove insoluble debris. Every sample was divided in 2 x 300 μl aliquots and 30 μl μl. RT was diluted 1/5 and each sample was quantified in duplicates as described before. The enrichment of every IP was normalized to its Input using (2^(Ct IP-Ct Input)

and for representation the fold change was calculated relative to IgG and CTNND1 exon 7 control enrichments.

Motif Search Analysis

RNA binding motif search analysis was done using CTNND1 exon 2 sequence in four public software: RBPDB v1.3 (http://rbpdb.ccbr.utoronto.ca), RBPMAP v1.1 (http://rbpmap.technion.ac.il), SFMAP v1.8 (http://sfmap.technion.ac.il/) and Spliceaid (http://www.introni.it/splicing.html). All software were used with the default parameter settings, except for some exceptions. For RBPDB the threshold 0.8 was applied. For RBPMAP, the Stringency level used was "High stringency" with all motifs available from Human/mouse. For SFMAP both "Perfect match" and "High stringency" levels were used. We prioritized the RNA motifs predicted by more than one database and expressed in MCF10a cells. Thanks to the use of the dynamic cell reprogramming system that is the EMT, I identified two histone marks, H3K27ac and H3K27me3, that perfectly correlated in time with changes in alternative splicing. Even more, these marks were actually drivers of changes in alternative splicing necessary for the EMT, opening new insights into the impact of epigenetics in regulating gene expression and cell identity.

QUANTIFICATION AND STASTISTICAL

Figures Figures

Here I will discuss some aspects of this newly identified H3K27-mediated regulation of splicing.

1 Regulatory pathways responsible for H3K27 marking at alternatively spliced exons

The upstream regulation of the coupling between histone modifications and alternative splicing is still not well understood and, based on previous results in the lab, I propose that H3K27 writers could be recruited in two different ways: by lncRNAs [START_REF] Gonzalez | A lncRNA regulates alternative splicing via establishment of a splicingspecific chromatin signature[END_REF] (Figure 1) and by chromatin and/or transcription factors. Schematic representation of how the expression of the antisense FGFR2 induces recruitment of PRC2 complex, leading to an increase of KDM2a (H3K36 demethylase) recruitment, which inhibits recruitment of the splicing complex MRG15-PTB. The downstream effect is an increase of exon IIIb inclusion (adapted from Gonzalez et al., 2015).

Our lab has previously shown how expression of an antisense lncRNA, within the alternatively spliced gene FGFR2, was sufficient to induce a change in H3K36me3 and H3K27me3 levels that led to inclusion of the epithelial isoform (Gonzalez et al., 2015).

The lncRNA, called asFGFR2, was shown to interact with FGFR2 chromatin and to recruit the PRC2 H3K27 methyltransferase EZH2 and the H3K36me3 demethylase KDM2a. In the absence of KDM2a, asFGFR2 did not have an effect on FGFR2 splicing, supporting a chromatin-dependent role of this lncRNA in splicing regulation (Gonzalez et al., 2015). Moreover, it has been suggested that one of the mechanisms of PRC2 recruitment to chromatin is via lncRNAs that will act as recruiting scaffolds [START_REF] Davidovich | The recruitment of chromatin modifiers by long noncoding RNAs: lessons from PRC2[END_REF]. I thus hypothesize that more lncRNAs might exist regulating EMT splicing via changes in H3K27me3/ac levels.

Chromatin factors could be also involved in the recruitment of histone marks writers.

ATAC-seq (Transposase-Accessible Chromatin sequencing, a widely used protocol for genome-wide identification of accessible open chromatin) data combined to DNA motif search analysis had put forward the role of TP63 in epithelial cells. TP63 is a p53related transcription factor that preferentially binds to regulatory enhancers to maintain an epithelial-specific transcriptional program. Inhibition of this transcriptional regulator can induce the EMT and has been involved in tumor malignancy [START_REF] Lindsay | Role of DeltaNp63gamma in epithelial to mesenchymal transition[END_REF][START_REF] Somerville | TP63-Mediated Enhancer Reprogramming Drives the Squamous Subtype of Pancreatic Ductal Adenocarcinoma[END_REF]. When looking at alternatively spliced exons with differential H3K27ac and ATAC-seq levels, we found many with evidence of TP63 ChIP-seq binding in keratinocytes [START_REF] Bao | A novel ATAC-seq approach reveals lineage-specific reinforcement of the open chromatin landscape via cooperation between BAF and p63[END_REF], which are skin highly specialized epithelial cells (Figure 2B), suggesting a role for TP63 in binding and regulating H3K27me3/ac levels in some of these genes. Interestingly TP63 has been shown by mass spectrometry to interact with splicing regulators, such as SRSF2 [START_REF] Huang | Global tumor protein p53/p63 interactome: Making a case for cisplatin chemoresistance[END_REF].

DNA motif search analysis combined to evidence of an actual binding, using publicly available ChIP-seq datasets from hundreds of DNA-bound regulators, would bring hints on the DNA-bound proteins potentially responsible for the observed changes in H3K27 marks.

2 Splicing-associated chromatin signatures

Recent studies demonstrated that specific alternatively spliced exons with common cellular functions or regulatory pathways are co-enriched with specific histone marks.

For instance, it is the case of H3K36me3, H3K27ac, and H4K8ac enriched in stem cellrelated genes involved in DNA damage and cell cycle (Xu et al., 2018).

Using ChIP-seq data generated in the lab during the EMT, I identified that 16% of all the EMT-alternatively spliced exons were also changing H3K27ac levels for more than 2x-fold precisely at the exon of interest, and not downstream exons at the same gene (Figure 2A,B). Gene Ontology analysis of H3K27ac-marked splicing genes found lamellipodium, extracellular matrix organization and focal adhesion as enriched biological terms, which are all hallmarks of EMT, and 22% of these K27ac-marked exons were associated with poor prognosis in breast cancer (Figure 2C), which strongly supports a more global role for this mark in the regulation of EMT-and cancer related alternative splicing events. Even though I identified at the genome-wide level a correlation between the exons enriched in H3K27ac and alternative splicing changes of the same exons, I could not find a clear association between the level of H3K27ac and the level of inclusion of the spliced exons. These results suggest that even if they are regulated by the same histone mark, this regulation could involve different splicing regulators, or a same factor could be recruited at different binding sites depending of a combination of several histone modifications, with different downstream effects on splicing. It is already known that a same histone mark can differentially impact splicing by recruiting different splicing factors. For instance, H3K36me3 can recruit the splicing activator SRSF1 (Pradeepa et al., 2012) or the splicing repressor PTB (Luco et al., 2010) at different alternatively spliced exons (Figure 3).

Despite the link between H3K27ac and splicing is still not well known, it is interesting to note that the Polycomb Repressive Complex 2 (PRC2), the chromatin complex involved in H3K27me3 deposition, the other mark I identified impacting splicing, carry a RNA binding activity and is enriched in exon-intron boundaries within RNAs, and also overlapping with the recruitment of RNA binding proteins such as FUS and HNRNPC [START_REF] Beltran | The interaction of PRC2 with RNA or chromatin is mutually antagonistic[END_REF]. RbFOX2 slicing factor has also been shown to recruit PCR2 at promoters creating an interaction with the nascent RNA (Wei et al., 2016). Thereby, we could propose that PTB, via H3K27ac mark, and RBFOX2, FUS or HNRNPC, via H3K27me3, are involved in complementary mechanisms to regulate alternative splicing. (A) The adaptor protein MRG15 binds to H3K36me3, leading to the recruitment of the splicing repressor PTB, thereby promoting exon skipping. (B) Psp1, another adaptor binding to H3K36me3, favor exclusion of the alternative exon by recruiting the splicing factor SRSF1 [START_REF] Zhou | Regulation of alternative splicing by local histone modifications: potential roles for RNA-guided mechanisms[END_REF].

Unpublished data in the lab tend to confirm that different combinations of histone modifications can predict alternative splicing changes and that the similarly marked exons are involved in the same biological pathways (Agirre et al., in review, Nature Communication, Annexe 1).

Indeed, using a machine learning approach applied to epigenomics and transcriptomics datasets, we have identified eleven chromatin modifications that differentially mark alternatively spliced exons depending on the level of exon inclusion.

In addition to the presence or not of histone modifications, their position along the exons is also important, and a histone mark can also mark both included and excluded exons, increasing the complexity of chromatin-associated splicing. These modifications act in a combinatorial and position-dependent way creating splicing-associated chromatin signatures (SACS) on 34% of the alternatively spliced exons analyzed (Figure 4). Importantly, each SACS marks exons with particular genomic features, such as exon length, weaker splice sites, nucleosome positioning that impacts RNA polymerase II elongation rate and the presence of particular RNA binding motifs, which underlined specific regulatory pathways mediated by each combination of chromatin modifications. Following these lines, some of these splicing-associated chromatin marks also correlated with recruitment of the splicing regulator predicted by the RNA motif search analysis, further supporting a functional link between these chromatin signatures (SACS) and the splicing machinery. Finally, we could find a conservation between marking of some SACS and alternative splicing patterns in different cell types and species, such as mouse, supporting even more a functional role of histone marks and coordination of the regulation of some splicing patterns.

Finally, Gene Ontology analysis revealed that each group of alternatively spliced genes marked by a specific SACS was enriched in distinctive biological processes not found in the other groups, suggesting that chromatin might differentially mark exons sharing common functional and/or regulatory pathways.

Altogether, these data support a genome-wide impact of histone marks on alterative splicing in a combinatorial and position-dependent manner. These epigenetically marked exons share unique genomic features and regulatory functions that support a coordinated role of chromatin modifications in regulating spliced exons involved in similar functions (or regulated by the same factor).

To identify the protein regulators specifically recruited to these H3K27-dependent exons, I could consider using a pull-down and proteomics approach to properly pinpoint the true regulators of splicing, and identify all the chromatin and splicing regulators differentially recruited to exons of interest during EMT.

3 Not all histone marks are drivers of changes in splicing:

H3K4me1, a late change that could link AS with RNAP II speed

In addition to the epigenetic marks H3K27Ac and H3K27me3 locally enriched on alternatively spliced exons and involved in early changes in alternative splicing, I identified that an enrichment of H3K4me1 is associated with late changes in splicing and more precisely with exon skipping. Moreover, in this model, late changes in alternative splicing coincide with changes in transcriptional elongation rate and RNA polymerase II recruitment specifically at the alternatively spliced exon enriched with H3K4me1 chromatin modification. More precisely, I found that an increase of H3K4me1, associated with an increase of exon skipping, correlates with a local increase of the transcriptional elongation (Figure 5).

The link between H3K4me1 and RNAP II speed is still not well understood but a recent study has demonstrated that elongation rates correlate positively with active transcription mark H3K4me1 and negatively with exon density (Jonkers et al., 2014).

They showed that genome-wide, RNA polymerase II slows down at exons and that this local decrease of elongation rates is associated to a differential enrichment of several features, such has H3K4me1, that synergistically regulate RNAP II kinetics, thus facilitating splicing. Epigenetic marks are highly dynamic during EMT with some that precede changes in splicing, such as H3K27 marks, while H3K4me1 mark is associated with late changes in splicing and correlates with local changes in transcriptional elongation rate.

Two approaches could be considered to decipher the interplay between RNAP II elongation rate and the histone modification H3K4me1, and to identify which of these two parameters influence the other one. First, I could use the previously develop CRISPR/dCas9 system to edit exon-specifically the level of H3K4me1 at the studied alternatively spliced genes and observe the effects. dCas9 protein can be fused to the histone methyltransferase MLL4 (dCas9-MLL4) or the histone demethylase LSD1 (dCas9-LSD1) to increase or decrease methylation of histone 3 lysine 4 (H3K4), respectively. These exon-specific modifications, associated to the analysis of the transcriptional elongation rate at the same exons, would indicate if the H3K4me1 histone mark is responsible of the local variations of RNAP II speed. Then the reverse correlation can be studied by using drugs activating or inhibiting transcriptional elongation, and by looking at the impact on alternative splicing and enrichment of H3K4me1 on the alternatively spliced exon.

The correlation between the change of H3K4me1 associated to already established changes in splicing, similar to changes in RNA polymerase II elongation rate, in addition to the previously described positive coupling between H3K4me1 and RNA polymerase II kinetics (Jonkers et al., 2014), make me suggest that H3K4me1 marking at alternatively spliced exons could be a consequence of changes in splicing initiated by H3K27me3 and H3K27ac marks. H3K4me1 would be important to maintain or to reinforce the newly established splicing events by impacting RNA polymerase II elongation rates, which is also known to regulate alternative splicing in a histone marks-dependent or -independent manner (Dujardin et al., 2014;de la Mata et al., 2003;[START_REF] Saint-André | Histone H3 lysine 9 trimethylation and HP1γ favor inclusion of alternative exons[END_REF].

4 CRISPR/dCas9 as a potential therapeutic tool to impair EMT Until now, studies about coupling between chromatin and alternative splicing were mostly correlative and it has never been properly demonstrated if chromatin is sufficient to induce changes in splicing. Plenty of treatments have been used to globally impact histone modifications to observe downstream effects on splicing. One example is the use of molecular drugs inhibiting enzymes involved in histone mark deposition. It is the case of TSA (Trichostatin A), an HDAC inhibitor, that induces a genome wide increase of histone acetylation responsible of changes in splicing (Schor et al., 2009). A second alternative found in literature to observe chromatin-associated splicing changes is the over-expression or down-regulation of chromatin enzymes. Histone methylases SET2 and ASH2, involved in H3K36me3 and H3K4me3 methylation, respectively, have been over-expressed and associated with changes in FGFR2 alternative splicing [START_REF] Luco | Regulation of alternative splicing by histone modifications[END_REF], while depletion of heterochromatin protein HP1γ favors skipping of CD44 alternative exons [START_REF] Saint-André | Histone H3 lysine 9 trimethylation and HP1γ favor inclusion of alternative exons[END_REF].

These two approaches have disadvantages. They are susceptible to affect thousands of other loci in the genome. These off-target effects could bring other correlations explaining the observed results or could even bring other results non-related to the chromatin, leading to potential over-interpretations about links between chromatin and alternative splicing. Only speculations can be done about a potential direct or indirect effect of modifying the chromatin environment and its impact on alternative splicing outcome (Figure 6). Drugs and gene deregulation have been used for years to correlate changes in chromatin with changes in splicing, introducing an important amount of non-specific effects. Adaptation of the CRISPR/dCas9 system is an emerging powerful tool to elucidate the real interplay between these two processes.

These issues have been solved by using the CRISPR/dCas9 system to specifically modulate different histone marks at a specific exon to test their effects on splicing and EMT induction. Such a tool led me to demonstrate for the first time a causative effect of specific histone modifications on alternative splicing with minimum pleiotropic effects and could make this system a powerful tool for therapeutic perspectives.

Changes in histone modifications that influence alternative splicing are very dynamic, starting early after EMT induction and completely reversible, highlighting the plasticity and adaptability of the splicing machinery to a new stimulus via changes in chromatin modifications. This quick adaptability was already known in response to external stimuli. In plants and flies, temperature and light signals are integrated via changes in chromatin and alternative splicing (Martin Anduaga et al., 2019;Petrillo et al., 2014).

In this study I proposed that these two regulatory layers could also be interconnected in mammalian cells for a more efficient and rapid response to external stimuli making them interesting targets in anti-metastatic treatments.

A growing body of evidence suggests a central role of EMT in metastasis and cancer reoccurrence. This clinical relevance in combination with increasing evidence for the importance of alternative splicing in EMT may lead to novel therapeutic strategies. I could therefore test the effect of locally modulating the two previously identified histone marks H3K27me3 and H3K27ac by using the newly established dCas9 system during the induction of EMT. The aim being to delay, impair or even reverse EMT by inhibiting key changes in alternative splicing via modulation of the chromatin (Figure 7). dCas9 fused to H3K27 modifiers is recruited to an EMT-relevant alternatively spliced exon in order to enforce expression of the epithelial isoform and inhibition of the mesenchymal isoform, thereby to delay, impair or reverse the EMT process.

To have a better understanding of the EMT process at a molecular level is of paramount importance for the development of cancer and metastasis treatments, and I have now demonstrated the causative role of H3K27me3 and H3K27ac marks on the splicing regulation of key transcripts essential for the induction of EMT that could be interesting targets for potential therapies. However, EMT is not a binary process, but occurs through distinct intermediate states that are not entirely known yet. Moreover, most of the changes in exon inclusion levels responsible for the EMT are not unimodal, going from 100% included to 100% excluded, but multimodal, with exons been intermediately included [START_REF] Pradella | EMT and stemness: flexible processes tuned by alternative splicing in development and cancer progression[END_REF], which means that either not all the cells are changing inclusion levels at the same time during the EMT or that there is transcript variability in the same cell. Looking at individual cells all the changes in H3K27ac, H3K27me3 and alternative splicing at different time-points during the EMT would address the splicing complexity and dynamics associated to the EMT and which are the exons dependent on this newly identified chromatin regulatory layer to look for the chromatin regulators involved.

Alternative splicing is a key mechanism to increase protein diversity and modulate transcript levels by just including or excluding intronic and exonic sequences in a highly regulated manner. It has been long suggested that despite been a RNA process, chromatin can also impact alternative splicing decisions by modulating the recruitment of the splicing machinery to the pre-mRNA. However, the causal effect of histone marks on splicing and whether this impact is sufficient to trigger a biological response To go beyond these results, I investigated the mechanism bridging the local chromatin changes and alternative splicing outcome during EMT. I finally showed that changes in RNA polymerase II elongation rate do not play a role in establishing the new CTNND1 splicing variant during EMT, but may be a consequence of the new cell-specific splicing pattern, and that some alternatively spliced exons are sharing common regulators such as the splicing factor PTB (Figure 8).

Further studies will better elucidate the genome-wide impact of these histone marks on alternative splicing regulation and EMT progression with the final aim of impairing tumor metastasis by targeting this chromatin-dependent splicing events. In this study, we have used a supervised machine learning approach to identify all the chromatin modifications that could classify alternatively spliced exons into four splicing groups based on exon-inclusion levels, from highly excluded (0% exon inclusion) to highly included (100% exon inclusion). From the 28 chromatin modifications analysed, 11 were shown to differentially mark 34% of all the alternatively spliced exons analysed. When studied individually, there was no obvious association between enrichment of a specific histone mark and a percentage of exon inclusion. However, when studied in a combinatorial way, we found seven unique combinations of chromatin marks, co-enriched at a specific position along the regulated exon, that were selectively marking exons with a specific range of exon inclusion levels, creating like this what we called splicing-associated chromatin signatures (SACS). Interestingly, alternatively spliced exons marked by these SACS were smaller than constitutive, had distinctive gene ontology functions and characteristic RNA binding motifs, suggesting that each chromatin signature might coordinate the recruitment of specific splicing regulators to the pre-mRNA of a subset of genes that share common functional pathways. As expected, a shift in exon inclusion levels between two different cell lines correlated with a change in histone marks enrichment levels and binding of the corresponding splicing regulator, as predicted by the SACS model, supporting a functional link between chromatin and cell-specific alternative splicing.

Results

Exon-specific chromatin modifications can discriminate between different levels of exon inclusion.

Splicing is mainly a co-transcriptional process in which chromatin and transcriptional regulators have long been shown to impact the final splicing outcome at a number of model genes9,11. However, a systematic approach to identify all the histone modifications that can influence alternative splicing at a genome-wide level is lacking.

Neither do we know whether these histone marks can act in a combinatorial way and what these chromatin-marked spliced genes have in common. To address those questions, we took advantage of publicly available transcriptomics and epigenomics data from the Roadmap Epigenomics and ENCODE projects to identify, by using machine learning approaches, the chromatin modifications that were informative to classify alternatively spliced exons in different splicing groups (Fig. 1). We first selected in two cell lines in which the most extensive epigenomics data is available, which are human H1 embryonic stem cells and IMR90 foetal lung fibroblasts, splicing events in which an alternatively spliced exon was flanked by two constitutive exons. Then we distributed these cassette exons into different splicing groups based on the percentage of exon inclusion, using the Percent Spliced In index (PSI). Most of the studies done until now study splicing as a binomial process, in which exons are either totally included (PSI>80%) or excluded (PSI<20%). However, a mix population of splicing isoforms, with the exon included in some transcripts and excluded in some others, can also co-exist in the same cell or population of cells, increasing the splicing complexity. Assuming that the mechanisms of splicing regulation might be different between these splicing conditions, we decided to distribute the alternatively spliced exons into four categories, with highly included (PSI>80%), mid-included (40%<PSI<80%), mid-excluded (20%<PSI<40%) and highly excluded events (PSI<20%) (Fig. 1a). As a control, we used a random selection of constitutively spliced exons, coming from the same genes as the selected alternatively spliced exons, to avoid differences in gene expression between the groups. An exon was considered constitutive when it was included at a PSI>95% in more than 75% of the 10 cell lines analysed. Lowly expressed genes (Transcripts per million reads (TPM) <10) and the two first exons from each alternatively spliced gene were excluded from the analysis to avoid a chromatin effect from the transcription start sites. Then, using available chromatin immunoprecipitation (ChIP-seq) and methyl DNA immunoprecipitation high-throughput sequencing data (MeDIP-seq), we calculated the levels of 27 histone modifications and methyl DNA (5mC) at different positions upstream, at the body and downstream the selected exons, which were used as epigenetic features for downstream analysis (Table S1, Fig. 1b).

Finally, using a supervised Random Forest-based classifier38, we identified the epigenetic features that were informative to classify the selected exons into the four pre-defined splicing groups in each cell type independently. Fourteen histone modifications and DNA methylation were found in common between the two cell lines (Fig. 1c). Some of them are well-known to play a role in alternative splicing, such as H3K36me3,H4K4me3,H3K9me3,H3K9ac,H3K27me3 and DNA methylation13,14,19,[25][26][27]29,30,36. Whereas others are more novel, such as H2AK5ac, H4K91ac, H3K18ac, H3K14ac, H3K4me1, H3K20me1 and H3K79me1,2, which broadens the potential role of chromatin in alternative splicing. Since histone marks are known to play a combinatorial role in gene expression, we next tested whether splicing-associated chromatin marks were co-enriched at alternatively spliced exons.

Splicing-associated chromatin marks act in a combinatorial and position-dependent manner along the regulated exon.

When comparing histone modification levels at the selected cassette exons, we could not find many striking differences between the four pre-defined splicing groups (Suppl.

Fig. 1). Mid-excluded exons were slightly more enriched in 5mC and histone acetyl marks, such as H2AK5ac, H3K14ac, H3K18ac, H3K9ac; whereas included exons had reduced levels in H3K27me3, H3K36me3 and H4K20me1 (Suppl. Fig. S1). However, when studying the co-occurrence by pairs of these same chromatin modifications at specific positions around the selected exons, we found that alternatively spliced exons were significantly marked by seven unique combinations of chromatin modifications, enriched at very specific positions along the exon, creating like this splicing-associated chromatin signatures (SACS) (Fig. 2a). These chromatin signatures were selected based on two criteria: 1) there was a localised enrichment of two different chromatin marks at a specific position around the exon, which could be either upstream, at the body or downstream the regulated exon. We started looking for co-enrichment of just two marks for simplicity, more complex combinatorial patterns might certainly exist. 2) the chromatin signature was specific for a splicing category and was not significantly found at any of the other splicing groups analysed, including constitutive exons (Fig. 2).

In H1 hESCs, almost 900 alternatively spliced exons (34% from all the exons analysed)

were marked by one of these chromatin signatures (Fig. 2a). Surprisingly, chromatin did not only differentially mark exons homogenously included (PSI>80%) or excluded (PSI<20%) in a single splicing isoform, but it also marked exons present in more than one splicing isoform, leading to a mixed percentage of exon inclusion (20%<PSI<80%).

Effectively, almost half of all the mid-excluded exons, in which the most abundant variant is the excluded one (20%<PSI<40%), were enriched in H3K14ac and H3K9ac upstream the exon (SACS7); whereas a fourth of the mid-included exons (40%<PSI<80%), in which the most abundant isoform is the included one, were enriched in H4K20me1 and H4K91ac at the exon body (SACS3). These differential marking suggests that chromatin might not only influence alternative splicing, but also isoform stoichiometry, which could impact cell's proteome diversity and capacity to respond to a specific stimulus. Interestingly, when looking in more detail into these different splicing-associated chromatin signatures, we found that some groups with opposite splicing outcome, such as SACS3 and 4, shared the same histone mark, H4K20me1.

While others, such as SACS2 and 5, were differentially marked by the same modifications, but at different positions along the alternatively spliced region (Fig. 2a).

These results highlight a much more complex relationship between chromatin marks and splicing patterns that has been largely overlooked in most of the genome-wide studies done until now. In support of a functional role for the newly identified splicingassociated chromatin signatures, H3K9me3+5mC have also been shown to To visualize the splicing-dependent co-enrichment of the newly identified chromatin signatures, we assessed the levels of a specific histone mark along exons enriched in the other mark in all four splicing groups. As expected, we found that H3K4me2 was co-enriched upstream H3K4me1-marked exons when included (SACS1, Fig. 2b).

H3K79me2 only peaked at H4K20me1-marked exons when excluded (SACS4, Fig. 2f), whereas H4K91ac was more enriched at H4K20me1-marked exons when midincluded (SACS3, Fig. 2d). Similarly, H3K9me3 was mostly enriched at 5mC-marked exons when excluded (SACS5, Fig. 2g), and shifted towards the end of the exon when included (SACS2, Fig. 2c). Finally, H3K9ac peaked upstream H3K14ac-enriched exons mainly when mid-excluded (SACS7, Fig. 2e). Strikingly, 37% of the exons annotated as constitutive, meaning always included in all the mRNAs transcribed and processed from that locus, were also marked by their own and unique chromatin signature, H4K20me1+H3K36me3 (SACS8, Fig. 2a,i), which was not found enriched at alternatively spliced exons, further supporting a role for chromatin in regulating exon recognition and splicing. Interestingly, using the same unbiased strategy with publicly available ChIP-seq datasets, we could also find some of these splicing-associated chromatin signatures in mouse embryonic stem cells, such as SACS4, with 57% of the studied excluded exons strongly marked by H4K20me1+H3K79m2, which may indicate a specific and evolutionary conserved role of some of these SACS in stem cells alternative splicing (Suppl. Fig. 2a). We presume that with more chromatin modifications mapped in different cell types and organisms, more SACS will be identified.

To test the link between the newly identified chromatin signatures and alternative splicing, we then compared the levels of splicing-associated histone marks at exons that changed splicing, with the expectation that a change in chromatin should correlate with a change in splicing.

Splicing-associated chromatin signatures (SACS) are intimately linked to alternative splicing patterns.

A splicing shift from excluded to included is not a frequent event between cell lines. In order to accumulate enough exons for a robust statistical analysis of the correlation between changes in chromatin and splicing, we collected data from 8 different cell lines for which relevant transcriptomics and epigenomics data was publicly available (see Suppl. Table S1 for a list of the datasets). The only histone marks we could robustly study in these conditions were H4K20me1 and H3K79me2, which are precisely the ones with a chromatin signature conserved in mice (SACS4, Suppl. Fig. 2a-b). We first selected all the exons marked by SACS4 in H1 cells that were also expressed in at least one of the cell types analysed (n=139, Fig. 3a). Then, for each cell line, we classified the exons between excluded and included and calculated the co-enrichment of the two histone marks at the exon, individually. We found that most of the excluded events marked by H4K20me1+H3K79me2 (SACS4) in H1 cells remained excluded and enriched in these histone marks in the other cell types (72/94=77%), whereas nearly half of the exons that shifted to included lost the SACS4 chromatin signature (Fig. 3a).

Importantly, when performing the same type of analysis, but this time selecting for midincluded events marked by H4K20me1+H4K91ac in H1 cells (SACS3), we found that 65% (20/31) of the events that shifted their pattern of splicing from included (in H1) to excluded (in any other cell type), also changed their chromatin signature from H4K20me1+H4K91ac to H4K20me1+H3K79me2. In contrast, barely 20% (6/30) of the events that maintained the same inclusion levels were enriched in H4K20me1+H3K79me2 (Fig. 3a). These results support a link between specific chromatin signatures and alternative splicing patterns across cell types that might be evolutionary conserved in mammals.

To validate these in silico results, we performed ChIP-qPCR and RT-qPCR in three unrelated human cell lines: tumoral hematopoietic K562, tumoral epithelial HeLa S3 and normal epithelial MCF10 cells (Fig. 3b-e). We first confirmed that excluded events are more enriched in H3K79me2 and H4K20me1 than included (Fig. 3b,c). Of note, in some cases, H4K20me1 levels in mid-included exons were as high as in excluded, which is consistent with its enrichment in SACS3. Importantly when looking at three splicing events that shifted from included in K562 to excluded in MCF10a, a significant increase in H3K79me2 and H4K20me1 levels was observed, confirming a negative correlation between enrichment of these two marks and exon inclusion levels, as predicted by our model (Fig. 3d,e). In conclusion, we could validate in other cell types the existence of splicing-associated chromatin signatures that specifically marked exons depending on the level of exon inclusion. Importantly, a shift in alternative splicing led to a shift in the chromatin signature enriched at the regulated exon, suggesting a functional link between the two. Of course, further functional analyses are necessary to prove the causality of these marks in splicing.

We next aimed to identify the properties that these chromatin-marked exons had in common and whether chromatin is playing a role in defining their pattern of splicing.

Exons marked by a particular splicing-associated chromatin signature (SACS) share genetic and functional features.

When looking at characteristic features shared by exons marked by a specific SACS, we found that most of the chromatin-marked exons were shorter than constitutive exons, had weaker 3' and 5' splice sites and were surrounded by shorter flanking introns (Fig. 4a,b), which is consistent with previous observations pointing to a role for chromatin in improving the recognition of suboptimal exons by the splicing machinery8,21,22,25. Interestingly, SACS1 and 2 were the only groups with longer exons than constitutive and no differences in splice site strength, suggesting a different mechanism of chromatin-mediated splicing regulation. Another feature important for splice-site recognition is the differential G/C content between exons and introns8.

Mammalian alternatively spliced exons evolved towards low GC levels along the exon, but with a strong exon-intron differential content, which helps the splicing machinery to recognize the exon next to long introns8. In our case, the chromatin-marked exons that are not homogenously defined as included or excluded (mid-included SACS3 and midexcluded SACS7), meaning that more than one splice variant is coexisting in the cell, had precisely a lower differential GC content between exons and introns, which could explain why the patterns of splicing of these exons are not as well defined as the highly included and excluded ones (Fig. 4c). We propose that the existence of a specific chromatin signature could precisely help to better define which is the dominant splicing outcome in such cases. Importantly, the exons differentially enriched in methyl DNA (SACS2 and SACS5) did not show significant changes in their GC content compared to non-marked alternatively spliced exons, arguing against 5mC changes just because differences in the percentage of GC between exons (Fig. 4c). Finally, there were no major differences in total gene expression levels, all splicing variants included, between the SACS genes and the non-marked alternatively spliced genes used as control, ruling out that the chromatin changes observed at a specific splice variant are indirectly related to more general gene expression effects (Fig. 4d).

Gene Ontology analysis revealed that each group of alternatively spliced genes marked by a specific SACS was enriched in distinctive biological processes not found in the other groups, suggesting that chromatin might differentially mark exons sharing common functional and/or regulatory pathways (Suppl. Fig. S3). For instance, genes with excluded exons marked by H4K20me1+H3K79me2 (SACS4) were strongly enriched in biological terms related to gene expression, chromatin, RNA regulation and protein translation. While included events marked by H3K9me3+5mC (SACS2) were strongly related to cancer, and mid-excluded events marked by H3K9ac+H3K14ac (SACS7) were related to sugar metabolism and oxytocin signalling pathway (Suppl.

Fig. S3). Interestingly, when looking at the gene ontology of the genes with excluded exons differentially marked by H4K20me1+H3K79me2 in mice (SACS4), there were many terms in common with the ones found in human cells (Suppl. Fig. S3), suggesting a conserved functional chromatin marking of alternatively spliced exons involved in specific regulatory pathways. We propose that SACSs could coordinate efficient and quicker splicing responses by just modifying key histone modifications at key regulatory genes, instead of changing the expression patterns of more pleiotropic splicing regulators.

Following these lines, if chromatin-marked exons shared common regulatory pathways, it should be reflected by the presence of common RNA motifs. To address this hypothesis, we looked into the presence of SACS-specific RNA binding sites, responsible for the recruitment of specific splicing regulators to the pre-mRNA. For each group of chromatin-marked splicing events, we scanned for known RNA motifs from the CISBP-RNA database41 that were significantly more enriched at the chromatin-marked exons, or flanking intronic sequences, compared to alternatively spliced exons not marked by a chromatin signature. As expected, we found characteristic RNA motifs in 4 of the 7 SACS identified (Fig. 5). Some of them were common between more than one SACS, such as hnRNPK and hnRNPL (SACS3, 4

and 5 -Fig. 5b,c,d), whereas others were unique to a specific group, such as U1 snRNP and SRSF9 (SACS2 -Fig. 5a), or the Zn-Finger protein ZNF638 (SACS4 -Fig. 5c).

Interestingly, ZNF638 is a transcriptional cofactor shown to regulate splicing during adipocyte differentiation by directly interacting with the splicing machinery42,43. While hnRNPK and hnRNPL have been shown to directly interact with some histone methyltransferases44,45, supporting a functional link between chromatin and the recruitment of specific splicing regulators to the pre-mRNA.

We next delved deeper into how these splicing-associated chromatin signatures might impact the splicing machinery.

Splicing-associated chromatin signatures (SACS) can impact the recruitment of RNA binding proteins to the pre -mRNA.

Chromatin has been shown to regulate splicing via two models, the RNA polymerase II kinetic model and the chromatin-adaptor recruitment model9. To gain insights into how the newly identified chromatin signatures might regulate splicing, we first looked into the distribution of RNA polymerase II along chromatin-marked exons and their flanking intronic regions, using constitutively spliced and non-marked alternatively spliced exons as controls (Fig. 6a). ChIP-seq and NET-seq studies have shown that RNA polymerase II occupancy is higher at exons with well-defined nucleosomes positioned at the intron/exon junction46,47. These nucleosomes act as roadblocks that modulate RNA polymerase II elongation rate by inducing pausing at specific sites to increase the window of time for splicing regulators to be recruited to weak splice sites. Importantly, a shift in nucleosome positioning can be sufficient to induce a change in RNA polymerase II pausing and alternative splicing12. When studying RNA polymerase II occupancy at exons differentially marked by a SACS, we observed that RNA polymerase II levels were significantly higher at exons compared to flanking introns, except for SACS1 and 2, in which there were similar enrichment levels at the exon and flanking introns (Fig. 6a). SACS1 and SACS2 are precisely the groups in which we observed an enrichment of the chromatin marks at the beginning and end of the exon, respectively, suggesting the presence of a nucleosome, or chromatin binding protein, at these sites. We suggest that SACS1 and SACS2 force the RNA polymerase II to pause around the exon, which favours recruitment of the splicing machinery, and thus inclusion of the exon. In support, exons affected by elongation rate mutants are longer than non-affected exons48, which is consistent with SACS1 and SACS2 exons having a bigger exon size than the rest (Fig. 4b).

Finally, regarding H4K20me1-marked exons (SACS3 and 4), which are two SACS with clear enriched RNA binding motifs, we found common RNA motifs (FXR1, hnRNPA2B1, hnRNPK) between the two groups (Fig. 5c,d). Since these two groups share the same histone mark (H4K20me1), but have two opposite splicing outcomes (mid-included and excluded), we suggest a model in which the enrichment of a chromatin signature might impact the recruitment of a RNA binding protein to the regulated exon, thereby modulating the final splicing outcome. To test this hypothesis, we took advantage of available hnRNPK knock down and eCLIP data from different cell lines to correlate enrichment of SACS4 with functional dependence on the splicing repressor hnRNPK (Fig. 6b,c). We found that 86% of SACS4-marked exons were dependent on hnRNPK levels, in contrast to barely a 48% when studying all alternatively spliced exons (Fig. 6b). Moreover, hnRNPK was bound at a higher proportion of these hnRNPK-dependent events in chromatin-marked (88%) vs nonmarked exons (56%), supporting a link between SACS4 enrichment and hnRNPK functional binding (Fig. 6b). Even more, when comparing H4K20me1+H3K79me2 and hnRNPK levels between cell lines in which SACS4 marked exons change splicing patterns, we found that 48.5% (16/33) of the exons that stayed excluded between cell lines kept the SACS4 signature and were bound by hnRNPK, whereas only 16% (3/19) of the exons that shifted to included in HepG2 or K562 cells lines, kept these signatures (Fig. 6c), further confirming a preferential binding of hnRNPK to H4K20me1+H3K79me2-rich exons. It is important to note that several of the RNA motifs found to be enriched along these chromatin-marked exons, such as hnRNPL, hnRNPK and hnRNPA2B1, have been reported to directly interact with specific chromatin regulators or to be associated with the chromatin fraction in mass spectrometry analyses44,45,49, supporting the idea that different combinations of histone marks can influence the recruitment of chromatin and splicing regulators to the pre-mRNA via protein-protein interactions.

Discussion

Since the discovery of co-transcriptional splicing, there have been many attempts to assess at a genome-wide level the extent to which histone modifications differentially mark alternatively spliced exons. Using a supervised machine learning algorithm, we found that 34% of the alternatively spliced cassette exons analysed in human embryonic stem cells were differentially marked by different combinations of 11 chromatin modifications, including DNA methylation. For the first time, we found that these splicing-associated chromatin marks are highly localised along the exon and in a combinatorial way, creating specific chromatin signatures. It is therefore not only about which histone marks are co-enriched, but also where along the exon we can find them. For instance, H3K9me3 and DNA methylation can mark both excluded and included exons depending on whether they are co-enriched at the body or downstream the exon at the 5' splice site, respectively. To further increase the complexity of chromatin-associated splicing, a histone mark on its own can also mark both included and excluded exons. The specificity comes from which is the other histone mark it is co-enriched with, such as in the case of H4K20me1 that marks inclusion when coenriched with H4K91ac and exclusion when together with H3K79me2. The global impact of chromatin in differentially marking splicing has thus certainly been underestimated in most of the studies in which marks were studied individually and exclusively at the exon body.

Another interesting conclusion from this study is that chromatin-marked exons share common genetic features, such as short exons, weak splice sites and common RNA binding motifs, suggesting a role in exon definition and recruitment of the splicing machinery to the regulated exon. Supporting this model, Yearim et al. also found H3K9me3+5mC differentially enriched at alternatively spliced exons in a highlylocalised way, in which these chromatin modifications regulated splicing by modulating the recruitment of the splicing regulator SRSF3 to the pre-mRNA via protein-protein interaction with the H3K9me3-binding protein HP129. We have found H3K9me3+5mCmarked exons to be enriched in U1 snRNP and SRSF9 in H1 cells. Only when included, these chromatin-marked exons have RNA polymerase II enriched at the exon and downstream the flanking intron, precisely where the chromatin marks are differentially enriched, suggesting a chromatin-dependent pausing of RNA polymerase II downstream the exon, which can impact recruitment of the splicing machinery and inclusion of the regulated exon. When looking into other chromatin-marked exons, we found that H4K20me1+H4K91ac-and H4K20me1+H3K79me2-marked exons share common RNA binding motifs, such as hnRNPK. Using available ChIP-seq and eCLIP data from different cell lines from the ENCODE project, we found that exons included in H1 ESC, and enriched in H4K20me1+H4K91ac, gained H3K79me2 levels when excluded in other cell types. Furthermore, co-enrichment of H4K20me1+H3K79me2 at excluded exons was positively correlated with a functional binding of hnRNPK, reinforcing a role for chromatin in modulating recruitment of the splicing regulators to the pre-mRNA. In support, proteomics analysis of chromatin-enriched proteins showed that hnRNPA2B1, hnRNPL and hnRNPK, whose binding motifs are enriched in several of the chromatin-marked exons identified in this study, are strongly associated with the chromatin in an RNA-independent way49, and hnRNPK was shown to physically interact with the H3K9 histone methyltransferase SETDB144. Taken together, there are strong evidence for a functional link between the observed chromatin signatures and recruitment of specific splicing regulators to the pre-mRNA that can impact the final splicing outcome.

Finally, we found that these splicing-associated chromatin signatures (SACS) were not only marking well included and excluded exons, but also exons with intermediary inclusion levels, suggesting that chromatin could play a role in regulating the number of transcripts that include or not a particular exon in a cell population or at the single cell level, thus creating a protein diversity that could be important for cell adaptability or response to certain external stimuli. Effectively, almost half of the exons that are included at low levels, with low usage splice sites (20% to 40% inclusion), are marked by H3K14ac+H3K9ac, and a fourth of the ones included at 40-80% are marked by H4K20me1+H4K91ac, suggesting that exons found in more than one splicing isoform in the same cell might be more sensitive to regulatory epigenetic factors. In support of this hypothesis, a recent study using single cell deep sequencing transcriptomics has

shown that there can be more than one splicing isoform per gene in a single cell, and that 8% of all the alternatively spliced exons analysed are also differentially marked by DNA methylation37. Importantly, this methylation-splicing association was stronger when looking at cells individually, in contrast to bulk data using mean values, pointing again to an underestimation of the impact of chromatin in splicing decisions when using cell population data, such as in our study37.

Another caveat when working with correlations is the difficulty to assess the real functional link between chromatin and splicing. The causative role in splicing of some of the chromatin marks identified in this study, such as H3K4me3, H3K27me3, H3K9me3 and DNA methylation, has already been proved in some model genes19,26,27,29. However, the global impact at a genome-wide level still remains unknown. Interestingly, most of the studies agree that it is a small subset, rather than the vast majority, of regulated exons that are sensitive to chromatin. In our study, 34% of all the cassette exons analysed are marked by some type of chromatin modification.

In agreement, in HeLa cells, 4% of alternatively spliced exons analysed are enriched in promoter-like marks, such as H3K9ac and H3K4me3, that can stall RNA polymerase II promoting exon inclusion12. In HEK293 cells, 16% of cassette exons are sensitive to RNA polymerase II elongation rate mutants48. Finally, when correlating changes in splicing with changes in chromatin in 34 normal and blood cancer cell lines, 35% of the alternatively spliced exons analysed were enriched in H3K79me235. Nevertheless, more functional studies are necessary to properly assess the causal link and biological impact of chromatin in cell-specific splicing. Of particular interest will be to study such a link in a disease context, as a potential new target for novel therapeutic treatments, and in highly dynamic situations, such as in response to external stimuli. Indeed, in plants, the chromatin remodeler ZmCHB101 has been shown to impact alternative splicing in response to osmotic stress50. Furthermore, reduction in H3K36me3 or H3K36me-binding proteins from the MRG15 family, which has been shown by our group to induce recruitment of splicing regulators to the pre-mRNA27, affects splicing of genes important for Arabidopsis flowering in response to temperature51,52, supporting a functional link between chromatin and splicing in response to environmental stimuli.

In conclusion, we have identified 11 chromatin modifications that differentially mark alternatively spliced exons in a highly localised and combinatorial way. These chromatin-marked exons share similar inclusion levels and genomic features, such as specific RNA binding motifs. Moreover, we found that a shift in exon inclusion levels between different cell types correlates well with changes in the enrichment levels of the histone marks and splicing regulators predicted by our model, further supporting a role for chromatin in regulating the recruitment of the splicing machinery to the pre-mRNA. The fact that chromatin usually marks shorter exons with longer flanking introns and weaker splice sites supports a role for chromatin in improving exon definition and the recognition of the exon by the splicing machinery22,49. However, in this study we find that exons are differentially marked by specific combinations of chromatin modifications depending on the level of exon inclusion, suggesting that it is not just about exon recognition, but also about the level of splicing diversity needed by the cell.

Recent single cell transcriptomics studies in induced pluripotent cells pointed out that multiple splicing isoforms can be expressed within the same cell and that there is a cellto-cell variability in exon inclusion levels, even though the same genetic features and cell-specific transcriptional programs are present37. Moreover, recent studies have shown that chromatin impacts the splicing of genes important for stem cell differentiation36 and in response to environmental stimuli and stress50,51, suggesting that chromatin could be playing an extra regulatory layer in modulating highly dynamic changes in splicing and in creating a splicing diversity at the single cell level necessary to increase the cell's adaptability to rapidly changing conditions. Further studies, particularly at the single cell level and in physiologically relevant model systems, such as disease, will be essential to further understand the importance of chromatin in splicing and cell biology. Human mammary epithelial MCF10a cells were cultured as previously described 26.

Methods

Briefly, they were grown in DMEM/F-12 (Sigma) supplemented with 5% horse serum (Thermofisher), 20 ng/ml EGF (Sigma), 0.5 µg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma), 10 µg/ml insulin (Sigma), 2mM L-Glutamine (Thermofisher) and 1x Pen./Strep. (Sigma). All cells were grown at 37oC, 5% CO2, and were regularly tested for mycoplasma presence.

RNA extraction and real time RT-qPCR

RNA is extracted from cell pellets using Trizol (Life technologies) and then cleanedup using the GeneJET RNA purification kit (Thermofisher), following the manufacturer's instructions. 500 ng of total RNA is retrotranscribed into cDNAs using the Transcriptor First Strand cDNA Synthesis kit (Roche, 04897030001). Quantitative qPCRs were performed on the Bio-Rad CFX-96 Real-Time PCR System using iTaq a negative primer-set, used as background. See Supplementary Table S2 for a list of primers used.

Chromatin modification analysis of Chip-Seq data

ChIP-Seq and MeDip-seq data were obtained from the ENCODE portal (https://www.encodeproject.org/), which compiles both ENCODE and ROADMAP data.

Reads were mapped to the reference genome hg19 using Bowtie55, keeping the best unique matches, with at most two mismatches to the reference (-v 2 -best -strata -m 1). Reads were extended to 200 nt in the 5′ to 3′ direction using Pyicos56. Then using BedTools57, we removed repetitive reads overlapping centromeres, gaps, satellites and pericentromeric regions. For each sample, we used Pyicos to build clusters with overlapping reads along the genome, discarding single-read clusters. To recover the original reads from the clusters we used BedTools intersect -u. For downstream analyses, we used the reads assigned to the clusters to calculate the ChIP-seq and MeDip-seq coverage over defined genomic reads with BedTools bedcoverage and normalizing by region length and total number of reads.

Alternative Splicing Analysis from RNA-seq data

Available paired-end RNA-seq data was downloaded from the ENCODE portal (https://www.encodeproject.org/), which compiles both ENCODE and ROADMAP data. Percent of inclusion (PSI) of alternative splicing events was calculated using the raw fastq files, in which reads were filtered following the ENCODE guidelines, for human H1 hESC, K562, IMR90, A549, Gm12878, HEK293, HelaS3, HepG2, NHEK, HMEC, HSMM, HUVEC and MCF7 cell lines and mouse mESC files. RNA-seq from the nuclear fraction was used for downstream analysis if total RNA-seq was not 

Random Forest analysis

To find the epigenetic features informative to classify splicing events into the 4 predefined splicing groups (excluded, mid-excluded, mid-included and included), we first calculated, in H1 hESC and IMR90 cell lines, the coverage of each histone modification and methyl DNA at constitutive and alternatively spliced exons, together with the corresponding 200 nt intronic regions from the acceptor (3'ss) and donor (5'ss) sites using BedTools bedcoverage, and normalizing by the total number of reads and region length. For each alternative exon, we also calculated the splice site strength with Maxent58. We used splice site strengths and chromatin coverages over the defined exonic and intronic regions as classifying features for the Random Forest analysis.

Selection of epigenetic features was performed using Boruta38 in H1 hESC and IMR90 alternative splicing exons separately. Boruta measures the importance of each feature respect a reference attribute in comparison to a random model extracted from the dataset. Boruta was run with the following parameters, mcAdj= TRUE , maxRuns=100000 , getImp= getImpRfZ , dooTrace=2 , ntree = 100000 , for each of the pairwise comparisons between the four defined splicing groups. DNA methylation and 14 histone modifications were found in common as informative features to classify exons into the four pre-defined splicing groups in H1 and IMR90 cells. As expected splice site strength ranked as the most informative for inclusion and exclusion.

Method to identify the Splicing-associated chromatin signatures (SACS)

To test the co-enrichment by pairs of different histone and DNA marks at alternatively spliced exons, we looked for overlapping of ChIP-seq and MeDIP-seq reads along the alternatively spliced exons and the flanking upstream and downstream 200nt intronic regions by running version 0.8.1 of the script Block Bootstrap and Segmentation method60 with parameters -r 0.1 -n 10,000, where r is the fraction of each region in each sample and n is the number of bootstrap samples used. As input data, we used all the combinations of histone marks and DNA methylation overlapping at the alternative exon and flanking introns, compared to the background genome. With this method, we calculated a z-score corresponding to the number of standard deviations of the observed overlap compared to the random expected one. The script was also run in a dataset of constitutive and flanking exons, used as controls. From the output z-scores, we filtered out any chromatin pair that was enriched in more than one splicing or control group. We obtained 7 unique pairs of chromatin modifications specifically enriched at alternatively spliced exons depending on the level of exon inclusion. We defined as alternatively spliced exons not marked by chromatin, used as control spliced exons in downstream analysis, the exons that belonged to the same genes as the chromatin-marked exons, but did not have an enrichment of the chromatin pairs found by our approach. Similarly, constitutive exons were also selected from these same genes. For consistency, we only used a random comparable number of control exons for all the comparisons by selecting 600 random constitutive, 600 random excluded and 600 random included exons.

RNA Binding Motif Analysis

RNA binding protein motif enrichments were calculated on the exonic and intronic regions of each chromatin marked event. We used a maximum intronic flank of 250 nt of the upstream and downstream introns from each chromatin marked event, removing 9 nt at donor site and 30 nt at the acceptor site to avoid branch point (BP), splice site (SS) and polypyrimidine tract (PPT) signals as described in Llorian et al61. Introns smaller than 60 nt were discarded. We calculated the enrichment of 5mers and RNA compete RNA motif matches as described in Coelho et al62. As a control, we retrieved intronic and exonic regions from a set of excluded and included exons that do not overlap with the histone and 5mC signal. Statistically over-represented motifs were selected based on the Benjamini and Hochberg false discovery rate multiple test corrected p-value (BH-FDR < 0.05).

Analysis of hnRNPK knock-down and eCLIP publicly available data

Illumina RNA-seq data of hnRNPK-downregulated lymphoblastoid GM19238 cells using small interfering siRNAs (GSE52834: SRR1040861, SRR1040862 and SRR1040863) was studied using VasTools63 to identify all the exons that were affected, or not, by hnRNPK knockdown compared to control siRNAs. The exons that were also expressed in H1 cells were kept as potential hnRNPK-dependent exons for further analysis. eCLIP processed bed files from HepG2 and K562 cell lines were downloaded from the ENCODE data portal using the hg19 genome assembly. Exonic and intronic regions of the selected chromatin marked events were overlapped with BedTools intersect57. Then, we counted the number of occurrences and applied a

Fisher exact test to measure the difference between the different groups.

Gene ontology enrichment analysis

To identify the biological processes enriched at each group of chromatin-marked exons, we run the Enrichr R package40 for KEGG_2019_Human pathways and Cumulative distribution of alternatively spliced exons in human H1 embryonic stem cells and IMR90 fetal fibroblasts using available RNA-seq datasets. Four arbitrary groups were created based on the percentage of exon inclusion (PSI). A color code is given to each category, with light blue for well excluded (0<PSI<0.2), dark blue to mid-excluded (0.2<PSI<0.4), orange to mid-included (0.4<PSI< 0.8) and red to well included (0.8<PSI<1) events. b. The enrichment levels of 27 histone marks and DNA methylation levels at 4 different positions along the selected exon (upstream intronic region, 5' exonic region, 3' exonic region and downstream intronic region) were calculated and defined as epigenetic features using available ChIP-seq and MeDIP-seq data from the ENCODE and Roadmap Epigenomics Projects. c. A Random Forest classifier (with 100,000 trees and 10,000 iterations) was applied to all the binary comparisons between the four splicing categories to identify the epigenetic features that were most informative to classify the selected splicing events into the four pre-defined splicing categories in H1 and IMR90 cells.

In the bottom are listed the final list of chromatin modifications found in common between the two cell lines. As control, we used constitutive exons, which are exons always included in the mRNA, from the same genes as the alternatively spliced exons analyzed. H4K20me1 and H3K79me2 levels at differentially spliced exons in H1 compared to several cell lines from the ENCODE project (K562, IMR90, A549, Gm12878, HelaS3, HepG2 and MCF7). From 139 excluded exons enriched in H4K20me1 and H3K79me2 in H1, 94 remained excluded and 45 shifted to included in at least one of the cell lines analyzed. When looking at H4K20me1 and H3K79me2 co-enrichment levels at the selected exons, we found a statistically significant correlation between exon exclusion and co-enrichment of both histone marks (Fisher's exact test p-value < 0.01).

When performing the same type of analysis in mid-included exons enriched in H4K20me1+H4K91ac, we found that out of 61 events, 30 remained included and 31 switched to excluded. Again, exclusion significantly correlated with co-enrichment of H4K20me1 and H3K79me2 (Fisher's exact test p-value < 0.01), suggesting a change in chromatin when a change in splicing is observed. b-c For validation of the results obtained in silico, five splicing events that are included (INCL.) and five that are excluded (EXCL.) in K562 (black) and HeLa S3 (green) cells were tested for H3K79me2 and H4K20me1 levels along the alternatively spliced exon. In b, exon inclusion levels are normalized to total expression levels of the corresponding gene. Below 0.2 (highlighted with a dotted line) the exon is considered excluded. Data is depicted as the Mean +/-SEM of 3 independent experiments by quantitative RT-qPCR.

In c, the enrichment levels (% input) of H3K79me2 and H4K20me1 at the alternatively spliced exon are normalized to background levels, which correspond to the average of 3 negative control positions. Data is depicted as the Mean +/-SEM of 3 independent experiments by quantitative ChIP-qPCR. *** p-value < 10-12 (Wilcoxon rank-sum test, two-sided). d, e. Same as b-c, but this time three alternatively spliced events (AS) that switched exon inclusion levels between K562 (in black) and MCF10a (in green) are shown. An included and an excluded event that do not change between cell lines are shown as controls. ** p-value < 0.007 and *** p-value < 0.0005 (Wilcoxon rank-sum test, two-sided). 
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FRANCAISL

  'épissage alternatif est un mécanisme important et lié à la complexité de notre génome, il est impliqué dans de nombreux processus biologiques et maladies. Durant ces dernières années, la chromatine a été montrée comme jouant un rôle majeur dans la régulation de l'épissage. Cependant, à quel point les modifications d'histones peuvent impacter ce phénomène reste encore inconnu. Pour répondre à cette question, nous utilisons comme modèle la transition épithélio-mésenchymateuse (TEM), un système dynamique et inductible de reprogrammation cellulaire, dans lequel l'épissage est fortement impliqué. Nous avons premièrement corrélé les changements d'épissage alternatif et les changements d'enrichissements de marques d'histones le long de gènes essentiels pour la TEM tels que FGFR2 et CTNND1. Étonnamment, nous observons des changements très précoces de certaines marques (H3K27me3, H3K27Ac), qui précèdent les changements d'épissage alternatif, alors que d'autres vont être plus tardives (H3K4me1) et être associées à des changements d'épissage déjà établis. Pour répondre à la question d'un potentiel effet direct des marques d'histones sur l'épissage, nous avons adapté le système CRISPR/dCas9 afin de modifier les niveaux de H3K27me3 et H3K27Ac spécifiquement sur les exons alternativement épissés et de voir l'effet sur l'inclusion de ceux-ci. Pour la première fois, nous avons pu induire un changement d'épissage par la simple modification de marques d'histones spécifiquement sur l'exon alternativement épissé, prouvant que ces marques sont suffisantes pour induire les changements dynamiques d'épissage observés durant la TEM. Ces changements d'épissage liés à la chromatine se sont également montrés suffisants pour induire une TEM partielle, suggérant un rôle physiologique de ces marques d'histones dans la régulation de l'épissage alternatif.

Figure 1 :

 1 Figure 1: Electronic microscopy (EM) of DNA-RNA hybrid.

Figure 2 :

 2 Figure 2: Representation of alternative splicing of CALCA gene.

Figure 3 :

 3 Figure 3: Role of the three different types of RNA.mRNAs represent 1% of the total RNA content and they carry the genetic information that is present in DNA to the protein synthesis system. rRNAs represent the most abundant RNA fraction of the total RNA content, around 95%, and are divided in four RNAs, 5S, 5.8S, 18S and 28S. They are found in ribosomes that are involved in protein synthesis. The last type are tRNAs, representing 5% of all RNA, and are involved in amino acid recruitment to ribosomes during protein synthesis (adapted from http://csls-text3.c.u-tokyo.ac.jp/inactive/08_02.html).

Figure 4 :

 4 Figure 4: Multi-step process of RNA maturation.

Figure 5 :

 5 Figure 5: Constitutive and alternative splicing.(A) Constitutive splicing corresponds to the splicing out of all introns and splicing in of all exons. (B) Alternative splicing, at the opposite, has all introns spliced out but only the selected exons are spliced in resulting in different isoforms coming from the same gene (adapted from http://flax.nzdl.org/ greenstone3/).
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 6 Figure 6: Trans-esterification reactions during intron splicing.
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 7 Figure 7: Consensus sequences of major-class introns.
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 8 Figure 8: snRNA secondary structures.
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 9 Figure 9: snRNAs biogenesis.
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 10 Figure 10: Kinetic of spliceosome assembling during splicing reaction.
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 11 Figure 11: Different modes of alternative splicing.

Figure 12 :

 12 Figure 12: Regulatory elements of alternative splicing.Splicing outcome is regulated by cis-acting splicing regulatory elements (SRE) and trans-acting splicing regulatory elements. SRE can be present in exonic or intronic regions and are associated either with enhancing or silencing properties (ESE, ESS: exonic enhancers and silencers; ISS, ISE: intronic enhancers and silencers). These sequences recruit specific splicing factors to inhibit or promote recognition of surrounding splicing sites. (adapted from[START_REF] Matera | A day in the life of the spliceosome[END_REF].

Figure 13 :

 13 Figure 13: SR and HNRNP proteins families.

Figure 14 :

 14 Figure 14: therapeutic strategies based on alternative splicing targeting.Different strategies based on alternative splicing are used for cancer treatment. (A) Monoclonal antibodies targeting specific epitopes of a cancer-associated protein. (B) Drugs involved in the inhibition of splicing factors. (C) Antisense oligonucleotides binding to regulatory elements favoring normal variants expression. (D) Degradation of a specific transcript by RNA interference (adapted from[START_REF] Ghigna | Alternative splicing and tumor progression[END_REF].
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 15 Figure 15: Double helix structure of DNA.

Figure 16 :

 16 Figure 16: Nucleosome composition.

Figure 17 :

 17 Figure 17: Different levels of DNA compaction.The basal level of compaction is the nucleosome. (A) DNA is initially represented as a 2 nm double helix. (B) Nucleosomes interact with each other to form a 11 nm structure called "beads on a string". (C)This structure winds on itself to form a 30 nm chromatin fiber that extends and fold to form loops (D). Finally these loops are condensed to form mitotic chromosomes (E,F), the most condensed form of chromatin (adapted from[START_REF] Felsenfeld | Controlling the double helix[END_REF][START_REF] Lia | Etude du mécanisme d'action des facteurs de remodelage de la chromatine par micromanipulation et visualisation de l[END_REF].
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 18 Figure 18: Chromatin remodelers.

Figure 19 :

 19 Figure 19: Histone post-translational modifications.

Figure 20 :

 20 Figure 20: the three stages of the CRISPR/Cas9 system.After macrophage DNA injection in cell, Cas proteins cut the viral molecule in 20 nucleotides spacers that are then integrated in the CRISPR locus (Stage 1). The locus is transcribed, leading to the expression of a pre-crRNA that will be maturated by the RNAse III and assembled to Cas9 proteins (Stage 2). Finally, this complex will target specifically bacteriophage DNA that will be cleaved and degraded (Stage 3) (adapted from https://doudnalab.org/research_areas/crispr-systems/).

Figure 21 :

 21 Figure 21: CRISPR/Cas9 interference systems.(A) Cas9 endonuclease is made of recognition (REC) and nuclease (NUC) lobes. It recognizes a guide RNA (sgRNA) that is important for Cas9 protein to target a specific DNA sequence thanks to a protospacer and the PAM motif directly recognized by Cas9 to cleave double strand DNA via its two nucleases domains TuvC1 and HNH. (B) dCas9 carries mutations in RuvC1 and HNH domains, D10A and H840A, respectively, inactivating its nuclease function. dCas9 still binds to specific sequences and can be fused to other domains or sub-units such as p300 (adapted from[START_REF] Dominguez | Beyond editing: repurposing CRISPR-Cas9 for precision genome regulation and interrogation[END_REF].

Figure 22 :

 22 Figure 22: different applications of the CRISPR/dCas9 system. (A) dCas9 protein can be fused to repressor domains such as MXI1, KRAB or SID4X to repress transcription.(B) At the opposite, transcription activation can be performed by fusing activation domains to the dCas9, including multiple repeats of VP16 domain (VP64, VP 160), p65AD domain or a combination of transcription activators called VPR domain (Vp64-p65-Rta). (C) dCas9 can regulate epigenetic states by fusion of chromatin regulators. Fusion of catalytic core of the acetyltransferase p300 acetylates H3K27 and activates transcription, while the demethylase LSD1 removes methylation of H3K4 and represses transcription (adapted from[START_REF] Dominguez | Beyond editing: repurposing CRISPR-Cas9 for precision genome regulation and interrogation[END_REF].

Figure 23 :

 23 Figure 23: Nucleosome and histone modification enrichments around exons.

Figure 24 :

 24 Figure 24: the kinetic model for AS regulation by transcriptional elongation.The 3' splice site preceding AS exon (blue) is weaker than the 3' splice site in the following intron (red). Fast elongation of RNA polymerase II induces recognition of strong 3' splice sites (red) leading to exclusion of the AS exon (left). At the opposite, slow elongation favor exon inclusion by recognizing the weak 3' splice site (blue -right) (adapted from[START_REF] Kornblihtt | Chromatin, transcript elongation and alternative splicing[END_REF].

Figure 25 :

 25 Figure 25: two different models by which chromatin influences AS. (A) Kinetic model in which histone modifications affect transcriptional elongation speed and alternative splicing. Deposition of H3K9ac on exon locus brings a subsequent increase of RNAP II elongation favoring exon skipping of exon 18 of NCAM. The reverse process leads to exon inclusion. (B)Recruitment model in which histone modifications can affect alternative splicing through chromatin adaptors. An enrichment of H3K36me3 at FGFR2 locus recruits splicing factor PTB via the adaptor protein MRG15 resulting in exon skipping. Conversely, inclusion of FGFR2 exon is increased when H3K4me3 levels are higher, which reduce MRG15 recruitment (adapted from[START_REF] Kornblihtt | Alternative splicing: a pivotal step between eukaryotic transcription and translation[END_REF].

Figure 26 :

 26 Figure 26: The Epithelial-to-Mesenchymal transition (EMT).

  switch back into epithelial cells in a process called mesenchymal to epithelial transition (MET). EMT and MET programs are physiological processes essential in early development and organogenesis, like during gastrulation or formation of the neural crest and other internal organs (Figure27).
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 27 Figure 27: EMT is associated to multiple cellular processes.
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 28 Figure 28: Different types of EMT.
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 29 Figure 29: Reversibility of Type 1 EMT during development.

Figure 30 :

 30 Figure 30: Wound healing in physio-pathological conditions.

Figure 31 :

 31 Figure 31: The metastatic cascade.

  essential for the reprogramming in mesenchymal cell are induced, like genes encoding for cytoskeleton proteins, integrins and metalloproteases to create cellular protrusions and degrade the basal membrane and extracellular matrix to migrate and invade other tissues[START_REF] Barrallo-Gimeno | The Snail genes as inducers of cell movement and survival: implications in development and cancer[END_REF][START_REF] Sánchez-Tilló | ZEB1 represses E-cadherin and induces an EMT by recruiting the SWI/SNF chromatin-remodeling protein BRG1[END_REF].

Figure 32 :

 32 Figure 32: Role of Transcription Factors in EMT regulation. Multiple signaling pathways (inductors) can regulate EMT through modulating Snail, Twist and Zeb transcription factors, promoting migration and invasion, and facilitating tumor metastasis formation. The reverse process (MET) is regulated by a different set of transcription factors including ELF3, GATA3 and GRHL2 (adapted from https://www.bio-rad-antibodies.com/epithelial-to-mesenchymaltransition.html).

  . During EMT, expression of RBFOX2 is slightly increased. These observations indicate a combinatorial regulation of alternative splicing during EMT with constitutively expressed factors and cell type specific factors involved.

Figure 34 :

 34 Figure 34: Cell type specific splicing factors and associated splicing events.

Figure 35 :

 35 Figure 35: Different splicing factors involved in EMT.During EMT, many constitutively expressed splicing factors from SR and HNRNP families are involved in splicing regulation. Other tissue-specific factors regulate splicing in a cell type dependent manner, with different expressions or localizations regarding the differentiation stage of EMT (adapted from[START_REF] Pradella | EMT and stemness: flexible processes tuned by alternative splicing in development and cancer progression[END_REF].

  CD44 and FGFR2 genes. FGFR2 arbors two mutually exclusive exons IIIb and IIIc, specifically expressed in epithelial and mesenchymal cells, respectively, and it has been demonstrated in steady-state cell lines that these exons are differentially enriched in several histone marks deposited by SET2 and EZH2 chromatin factors (H3K36me3 and H3K27me3, respectively)(Luco et al., 2010). Changes in splicing of exons of the variable region of CD44, that are excluded during EMT, are associated with changes in enrichment of the H3K9me3 mark that is recognized by the chromatin factor HP1γ[START_REF] Saint-André | Histone H3 lysine 9 trimethylation and HP1γ favor inclusion of alternative exons[END_REF]. Even though the link between specific histone modifications and different alternative splicing outcomes is known, it remains unclear what is the real dynamic interplay connecting these two regulatory layers during EMT and what is the role of these marks in establishing the new cell-specific splicing program. Chapter 4: Thesis aims 4.1 Identification of histone modifications involved in the establishment and maintenance of a new EMT-specific splicing program Taking advantage of RNA sequencing and Chromatin Immunoprecipitation sequencing (ChIP-seq) we have recently performed in the lab, I correlated in time during the onset of EMT the changes in alternative splicing with changes in histone modification enrichment levels at key time points in EMT. I used an inducible cell reprogramming system based on normal human mammary epithelial cells that stably express a tamoxifen (TXF) inducible form of the EMT transcriptional regulator Snail (MCF10a-Snail-ER). Upon TXF treatment, Snail enters in the nucleus and silences key epithelial markers 3h-6h after induction. It leads to a rapid reprogramming into mesenchymal cells with the first changes in splicing visible as soon as 12h-20h after treatment and expression of mesenchymal markers in 24h-48h. EMT is complete after 7 days. Based on these genome wide data and what was already known about a potential link between alternative splicing and histone modifications, I studied by regular ChIP-qPCR and RT-qPCR the dynamic interplay between changes in chromatin marks already known to be associated with changes in splicing (H3K36me3, H3K27me3) or identified by ChIP-sequencing as differentially enriched on alternatively spliced exons (H3K27Ac, H3K4me1), and alternative splicing during EMT by performing very accurate time courses along well-known model genes known to be regulated by chromatin and whose pattern of splicing changes early during EMT, such as FGFR2, and new candidates identified with the genome wide data, such as CTNND1 and TCF7L2.

4. 4

 4 Mechanisms linking histone modifications to alternative splicing regulation during EMTTo identify the mechanism associated with the causative role of histone marks in alternative splicing regulation, I first looked at the kinetic of RNA polymerase II elongation that is known to make a link between chromatin and alternative splicing by modulating the recruitment of splicing factors at specific binding sites. To do so, I compared RNA polymerase II elongation rate at alternatively spliced exons before and after EMT induction to see if RNAP II kinetics would play a role in establishing the new splicing variant during EMT. I also tested if these specific chromatin marks modulate the recruitment of splicing factors by analyzing the knock-down of several factors, such as PTB, potentially involved in splicing regulation and identified by motif search analysis. I finally quantified the differential recruitment of some of these factors to the alternatively spliced exons by UV-crosslinking RNA Immunoprecipitation during EMT, and I assessed the impact of altering specific chromatin marks levels using the dCas9 system on the recruitment of candidate factors to the spliced exons.Article: Histone marks are drivers of splicing changes necessary for an epithelial-tomesenchymal transition(Submitted) Segelle Alexandre, Núñez-Álvarez Yaiza, Webb Kimberly M., Villemin Jean-Philippe, Voigt Philip., Luco Reini F.

  ,G-J and S1I-P), whereas H3K4me1 only correlated at late phases of EMT (Figure1F,K and S1I,K) and H3K36me3 exhibited poor correlation with changes in splicing (FigureS1D,H and data not shown).These epigenetic changes were highly localised, occurring only at specific exons along the studied genes, such as CTNND1 exon 2, FGFR2 exon IIIc, SLK exon 13, TCF7L2 exon 4 and SCRIB exon 16 (Figure1D-F,I-K and SI,K,M). With the exception of FGFR2 mutually exclusive exons, H3K27me3 levels positively correlated with inclusion of the alternatively spliced exon in all the genes tested (Figure1Dand S1I,K,M). H3K27me3 and H3K27ac levels were anti-correlated at most of the regulated exons, and H3K4me1 changed in the same direction as H3K27ac, suggesting distinct functions for these marks, but with coordinated effects on splicing regulation (Figure1D-F,I-K and S1I,K). Of note, early changes in exon-specific histone marks did not correlate with changes in gene expression or nucleosome positioning during EMT (FigureS1A,C,E,G), suggesting a direct effect on splice site selection. Finally, the observed changes in chromatin modifications were not only as dynamic as the changes in splicing, but also reversible upon MET, implying epigenetic plasticity (Figure1, MET panel).

  chromatin structure and/or RNA polymerase II kinetics (Figure2D,J). Finally, targeting CTNND1 exon 2 or FGFR2 exon IIIc with a second set of gRNAs (g2) also consistently induced inclusion of the mesenchymal-specific isoforms when the corresponding dCas9 modifier was used, confirming the robustness of the results and ruling out potential off-target effects (FigureS2C-G, L-P). It is important to note that epigenome editing of alternatively spliced exons not differentially marked by H3K27 modifications during EMT, such as CTNND1 exon 20, FGFR2 exon IIIb or ENAH exon 11 had no impact on their splicing (FigureS2H-K, Q-T and not shown), suggesting an exonspecific regulatory effect in which not all exons are sensitive to H3K27 modifications.Taken together, our results demonstrate that local changes in specific histone modifications at epigenetically-marked exons are sufficient to trigger a change in splicing, demonstrating a causative role of chromatin marks on alternative splicing and their capacity to drive cell-specific splicing changes.

  , we compared RNA polymerase II elongation rate at CTNND1 exon 2 before and after EMT induction in MCF10a-Snail-ER cells. As expected, using the RNA polymerase II inhibitor DRB for synchronous stop / release of transcription in a cell population, we found a delay in transcription of CTNND1 exon 2, but not in constitutively spliced exon 15, in tamoxifeninduced EMT cells, correlating with enrichment in H3K27me3 and RNA polymerase II at exon 2 (Figure4B,C,E,F). However, slowing down of RNA polymerase II was not observed 12h after induction of EMT (T0.5, Figure4A,D), even though changes in H3K27 marks and exon 2 inclusion were already detected at that time point (Figure1, T0.25 panels), suggesting that the H3K27 chromatin-induced changes in splicing, observed very early during EMT (T0.25), are unlikely mediated by changes in RNA polymerase II kinetics. Finally, treatment with drugs increasing (TSA) or decreasing (DRB) RNA polymerase II elongation rate did not have an effect on CTNND1 splicing (FigureS4A-B), ruling out a kinetic effect on this splicing regulation. We thus conclude that changes in RNA polymerase II elongation rate do not play a role in establishing the new CTNND1 splicing variant during EMT, but may be a consequence of the new cell-specific splicing pattern that might play a role in its maintenance as a feed-back mechanism to reinforce the new splice site choice.H3K27 marks modulate the recruitment of specific splicing factors to the pre-mRNA.

Figure 1 :

 1 Figure 1: Specific histone modifications correlate in time with dynamic changes in splicing during EMT. (A) Schematic representation of the epithelial-tomesenchymal transition (EMT) and reverse MET. The function of the alternatively spliced genes most relevant for EMT transition is shown. Normal human epithelial MCF10a-Snail-ER are totally reprogrammed into mesenchymal-like cells in 7 days (T7). First changes in EMT markers are observed 6h (T0.25) after treatment with tamoxifen (TXF). Until the EMT is complete, there are several intermediate states in which heterogeneous populations of cells coexist. (B,G) Representation of CTNND1 and FGFR2 gene loci with position of the primers used for ChIP-qPCR experiments. Highlighted in red the alternatively spliced exon regulated during EMT. Sense of transcription is represented as a black arrow. (C, H) Inclusion levels of CTNND1 exon 2 and FGFR2 exon IIIc relative to total expression levels of CTNND1 and FGFR2, respectively, in MCF10a-Snail-ER cells at different time points during induction of the EMT (0 to 7 days in presence of tamoxifen, orange) and reversible MET (21 days after removal of the tamoxifen at T7, red). RT-qPCR results are shown as the mean +/-SEM of n=4 biological replicates. (D-F and I-K) Enrichment levels of H3K27me3 (D, I), H3K27ac (E, J) and H3K4me1 (F, K) along CTNND1 or FGFR2 locus, focusing into the alternatively spliced exons of interest (CTNND1.e2 and FGFR2.IIIc) and flanking intronic and exonic control regions, in tamoxifen-induced MCF10a-Snail-ER cells treated for 6h (T0.25), 24h (T1) or 7 days (T7) with tamoxifen and MET reversed cells in which the tamoxifen was eliminated for 21 days (MET). Chromatin immunoprecipitation results are shown as the mean +/-SEM in n=4 biological replicates. The percentage of input was normalized by three control regions across the different conditions. *P <0.05, **P <0.01, ***P <0.001 in two-tail unpaired Student's ttest respect untreated cells (grey).

Figure 2 :

 2 Figure 2: Localised changes in H3K27me3 and H3K27ac drive alternative splicing. (A) Schematic representation of CTNND1 gene locus and the alternatively spliced exon 2 (yellow) and exon 20 (grey) with the position of the gRNAs used to exon-specifically target the different dCas9-fused proteins. Nucleosome positioning, according to MNase-qPCR assay (data not shown), is represented in exon 2. (B,C) Enrichment levels of H3K27ac (B) and H3K27me3 (C) at CTNND1 exon 2 (yellow) and control exon 20 (grey) in MCF10a-Snail-ER cells upon infection of dCas9 fused to the

Figure 3 :

 3 Figure 3: Chromatin-induced changes in splicing recapitulate the EMT. (A-D)Expression levels of epithelial (E-Cadherin, EPCAM) and mesenchymal (ECM1, MCAM) markers at the mRNA (A,B -RT-qPCR, mean +/-SEM, n=4) and protein (C,D -Flow cytometry, mean +/-SEM, n=4) levels in MCF10a-Snail-ER cells infected with the dCas9-fused proteins changing splicing and the corresponding exon-specific gRNAs targeting FGFR2 exon IIIc (g1) or CTNND1 exon 2 (g1). mRNA levels are normalized by TBP, and protein levels are quantified above the no primary antibody background signal (summary scheme on the left). (E,F) Functional EMT assays to test non-directional (E) and bi-directional migration (F) in MCF10-Snail-ER cells infected with exon 2 or exon IIIc-specific targeting gRNAs and dCas9-fused proteins with their corresponding catalytic mutants. Scratch assays (E) were carried out on confluent monolayers of cells for evaluating the % of gap remaining 24h after wound (mean +/-SEM, n=3). Transwell assays (F) evaluate the number of cells migrating towards FGF-2 in 12h (mean +/-SEM, n=3). (G) MCF10a-Snail-ER cells infected with gRNAs targeting CTNND1 exon 2 and either dCas9-vSETx2 or mutant dCas9-vSETx2* were cell-sorted using a splicing-specific antibody detecting only CTNND1 mesenchymal

Figure 4 :

 4 Figure 4: H3K27 marks regulate splicing by modulating the recruitment of specific splicing factors to the pre-mRNA. (A,B) Apparition in time of CTNND1 exon 2 pre-mRNA in synchronized untreated (grey) and tamoxifen-induced (orange) MCF10a-Snail-ER cells upon release of the transcriptional inhibitor DRB after 0.5 days (A, T0.5) or 7 days (B, T7) of EMT induction. RT-qPCR results are normalized by tRNA expression levels (mean +/-SEM, n=3). (C) Total RNA Polymerase II levels at CTNND1 exon 2 in untreated (grey) and tamoxifen-induced EMT T7 (orange) MCF10a-Snail-ER cells by ChIP-qPCR (mean +/-SEM, n=3). The percentage of input was normalized by three control regions across the different conditions and represented relative to untreated cells (grey). (D-F) Same as (A-C) for CTNND1 control exon 15 (mean +/-SEM, n=3). (G) Predicted RNA-binding motifs along CTNND1 exon 2 in at least two of the four software used (RBPDB, RBPMAP, SFMAP and Spliceaid, details in methods). (H) Inclusion levels of CTNND1 exon 2 upon knock-down, using lentiviral shRNAs, of candidate splicing regulators in untreated (grey) and tamoxifen-induced MCF10-Snail-ER (T7, orange) cells. RT-qPCR results are normalized by total CTNND1 expression levels (mean ± SEM, n=3). (I) Enrichment levels of PTB at CTNND1 exon 2 pre-mRNA in untreated (UNT) and tamoxifen-induced (T7) MCF10a-Snail-ER cells. Constitutively included CTNND1 exon 6 and excluded CTNND1 exon 20 were used as negative and positive controls of PTB binding, respectively. PTB levels were quantified in the indicated regions by qPCR and normalized by IgG and CTNND1 exon 7 control levels (mean ± SEM, n=5) (J) Enrichment levels of PTB at CTNND1 exon 2 and control exon 6 and exon 20 pre-mRNA in cell-sorted cells expressing (positive) or not

  was started by adding complete medium. For each time point of the kinetic, cells are scraped and cell pellets are snap frozen in liquid nitrogen. Total RNA was extracted as mentioned above in RNA Extraction and RT-qPCR. Reverse transcriptase reaction was initiated with random hexamers. Quantification of the pre-mRNAs was performed by real-time PCR with amplicons spanning the intron-exon junctions. For each biological replicate, quantitative PCR reactions were performed in technical duplicates using the iTaq Universal Syber Green supermix (Bio-Rad) on the Bio-Rad CFX-96 Touch Real-Time PCR System, and the data normalized by tRNA.

  were saved as « Input » control and stored at -80 °C. Each aliquot was incubated with 6μg of α-PTB antibody Invitrogen) or 6μg of α-normal mouse control IgG1 antibody (Ref. 14-4714-82, Invitrogen), overnight with rotation at 4°C. Next day, 40 μl of Dynabeads protein G (Ref. 10009D, Invitrogen), pre-washed three times with 1ml 1X PBS, 0.01% v/v Tween-20, were added per sample and incubated for 4h at 4°C with rotation. The unbound supernatant was discarded and beads were washed once with Cell Lysis Buffer (1% v/v NP-40, 0.5% sodium deoxycholate in 1X PBS), three times with Washing Buffer I (1% v/v NP-40, 0.5% sodium deoxycholate, 300mM NaCl in 1X PBS), once with Washing Buffer II (0.5% v/v NP-40, 0.5% sodium deoxycholate, 0.125% v/v SDS in 1X PBS) and once in PBS 1X. All washes were done for 5 min with rotation at 4°C. Beads and Inputs were incubated with 100μl of Proteinase K buffer (100 mM Tris-HCl pH 8, 50 mM NaCl, 10 mM EDTA, 0.5% v/v SDS, 100 U RNAsin in DEPC water) and 10 μl of Proteinase K for 45 min at 25°C shacking at 1.500 rpm. 1ml of Trizol® (Ambion) was added per sample (beads or input) and RNA was purified according to manufacturer's protocol, including 1μl of Glycoblue TM Coprecipitant (Ref. AM9515, Invitrogen). RNA pellets were resuspended in 8μl of DEPC water and incubated with 1 μl DNAse (1U DNAse) and 1 μl of 10X DNAse buffer (Ref. M6101, Promega) for 30 min at 37°C. The DNAse was inactivated with 1 μl of Stop Solution at 65°C for 10 min and RT was performed using Transcriptor First Strand cDNA Synthesis Kit (Ref. 04 897 030 001, Roche) in a final volume of 20

Figure 1 :

 1 Figure 1: Specific histone modifications correlate in time with dynamic changes in splicing during EMT. (A) Schematic representation of the epithelial-to-mesenchymal transition (EMT) and reverse MET. The function of the alternatively spliced genes most relevant for EMT transition is shown. Normal human epithelial MCF10a-Snail-ER are totally reprogrammed into mesenchymal-like cells in 7 days (T7). First changes in EMT markers are observed 6h (T0.25) after treatment with tamoxifen (TXF). Until the EMT is complete, there are several intermediate states in which heterogeneous populations of cells coexist. (B,G) Representation of CTNND1 and FGFR2 gene loci with position of the primers used for ChIP-qPCR experiments. Highlighted in red the alternatively spliced exon regulated during EMT. Sense of transcription is represented as a black arrow. (C, H) Inclusion levels of CTNND1 exon 2 and FGFR2 exon IIIc relative to total expression levels of CTNND1 and FGFR2, respectively, in MCF10a-Snail-ER cells at different time points during induction of the EMT (0 to 7 days in presence of tamoxifen, orange) and reversible MET (21 days after removal of the tamoxifen at T7, red). RT-qPCR results are shown as the mean +/-SEM of n=4 biological replicates. (D-F and I-K) Enrichment levels of H3K27me3 (D,I), H3K27ac (E,J) and H3K4me1 (F,K) along CTNND1 or FGFR2 locus, focusing into the alternatively spliced exons of interest (CTNND1.e2 and FGFR2.IIIc) and flanking intronic and exonic control regions, in tamoxifen-induced MCF10a-Snail-ER cells treated for 6h (T0.25), 24h (T1) or 7 days (T7) with tamoxifen and MET reversed cells in which the tamoxifen was eliminated for 21 days (MET). Chromatin immunoprecipitation results are shown as the mean +/-SEM in n=4 biological replicates. The percentage of input was normalized by three control regions across the different conditions. *P <0.05, **P <0.01, ***P <0.001 in two-tail unpaired Student's t-test respect untreated cells (grey).
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 1 Figure 1: role of antisense FGFR2 in alternative splicing regulation.

Figure 2 :

 2 Figure 2: Impact of H3K27ac levels on splicing and breast cancer.(A) Scatter plot correlating changes in H3K27ac ChIP-seq levels and RNA-seq exon inclusion levels genome-wide during EMT. (B) UCSC brother shot of T0/T7 RNA-seq, H3K27ac ChIP-seq, ATAC-seq and TP63 ChIP-seq at CTNND1 exon 2 and flanking regions. (C) 5-year Disease-Specific Survival curve of 110 TCGA basal breast cancer patients excluding (blue) or including (red) CTNND1 exon 2. Inclusion of the EMT isoform strongly associates with poor prognosis.

Figure 3 :

 3 Figure 3: Mechanisms through which H3K36me3 affect alternative splicing.

Figure 4 :

 4 Figure 4: Splicing-associated chromatin signatures (SACS).Schematic representation of the seven combinations of chromatin modifications (SACS) that differentially mark alternatively spliced exons. For each SACS, we specify the splicing group it is related to, the two co-enriched histone marks, the position of enrichment along the exon (represented by a peak) and the total number (n) of exons marked by the chromatin signature (in brackets the percentage of chromatinmarked exons respect the total number of exons analyzed per group) (adapted fromAgirre et al., in review, Nature Communication, Annexe 1).

Figure 5 :

 5 Figure 5: Kinetics of RNA Polymerase II and histone modifications.

Figure 6 :

 6 Figure 6: different strategies used to modulate chromatin modifications.

Figure 7 :

 7 Figure 7: strategy to impair EMT via dCas9-associated AS changes.

  is not clear yet. In this work, I took advantage of the well-established cell reprogramming system called Epithelial-to-Mesenchymal transition (EMT), in which splicing plays a major role, to test the actual role of histone marks in EMT and splicing.Human normal epithelial MCF10a cells, stably expressing the EMT inducer Snail fused to the estrogen receptor (ER), can induce an EMT upon treatment with tamoxifen in 7 days. It is a highly dynamic system with the first changes in splicing observed just after 12h of treatment, which can be reversed by just eliminating the tamoxifen (MET). I have first correlated in time changes in histone modifications with changes in alternative splicing at exons essential for the EMT. Then, taking advantage of innovative CRISPR/dCas9 editing tools, I have specifically modified one histone mark at a specific exon to test its effect on splicing and EMT. This work is the first one to properly address whether histone modifications are sufficient to regulate splicing in a biologically meaningful manner and to prove the highly dynamic role of chromatin.During this work, I have demonstrated for the first time that alternatively spliced exons important for the EMT are differentially marked by specific histone modifications. These epigenetic marks are highly dynamic during the EMT/MET and some can precede the changes in splicing, such as H3K27me3 and H3K27ac marks, while H3K4me1 mark is associated with late changes in splicing. Decreasing the levels of these epithelial specific H3K27 marks, or increasing the mesenchymal ones, precisely at these alternatively spliced exons is sufficient to shift the splicing pattern towards the mesenchymal isoform, which can partially induce an EMT. Overall, I have shown that chromatin is sufficient to change EMT-specific splicing patterns, which can impact the cell identity.

Figure 8 :

 8 Figure 8: Model linking chromatin marks with AS outcome during EMT.In epithelial cells, CTNND1 exon 2 is excluded and marked by H3K27ac and H3K4me1. During EMT induction and before the first changes in splicing are observed, H3K27ac disappears and H3K27me3 become enriched on the spliced exon. These differential enrichments lead to the eviction of the splicing factor PTB from the exon 2 and is responsible to an increase of the inclusion. Once these changes are well established, H3K4me1 disappears in association with a local decrease of the RNA Polymerase II elongation rate that could be associated with a reinforcement or maintenance of the new splicing state.

  differentially co-regulate splicing in a context dependent way via recruitment of HP1 in embryonic stem cells29. Overexpression of H3K4me3 and H3K27me3 methyltransferases in human mesenchymal stem cells reduces inclusion of exon IIIc in FGFR226,27. The H4K91 acetyltransferase Gcn5 has been shown to favour exon inclusion by regulating the co-transcriptional recruitment of the core spliceosome protein U2 snRNP to the pre-mRNA39. Recently, H3K79me2 has been shown to induce exon exclusion in a subset of genes important for cell proliferation in two acute myeloid leukemia cell lines35.

  chronic myelogenous leukemia bone marrow cells were grown in IMDM + Glutamax-I (Gibco), supplemented with 10% fetal bovine serum (Sigma) and 1x Pen./Strep. (Sigma). Human cervix adenocarcinoma HeLa S3 cells were cultured in Ham's F-12 nutrient mix with 2mM L-Glutamine (Gibco), supplemented with 10% fetal bovine serum (Sigma) and 1x Pen./Strep. (Sigma).

  available. Data was aligned in hg19 genome with STAR 2.3.0e 53 with parameters; sjdbScore 2 --outFilterType BySJout --outSAMattributes All --seedSearchStartLmax 50 , using an overhang of 99nt for long RNAseq reads and a custom database of exon-intron junction annotations from https://github.com/nellore/intropolis. All the exons and introns were extracted from Biomart Ensembl72 annotations. Alternatively spliced cassette exons, in which an alternatively spliced exon is flanked by two constitutive exons, were extracted. First and second exons were excluded from the analysis to avoid a chromatin effect from the transcription start sites. Using the Ensembl biotype term, we also discarded from the final dataset all the exons not labelled as protein coding or noncoding RNA. We considered as constitutive exons all the exons annotated with the constitutive exon term in Ensembl72 and coming from the same transcripts as the selected alternatively splice exons. For each cell line the SJ.out.tab file from STAR output was filtered to recover all the exon-intron junctions present at least with a count of 5 reads. We extracted the number of exclusion and inclusion reads at all the exon-intron and exonexon junctions from the final exon triplets dataset. Final PSI was calculated as a ratio of the number of reads including the exon, divided by the sum of the exclusion and inclusion reads. For the inclusion reads we consider the average value, since we expected reads coming from the acceptor and donor sites. Based on the cumulative distribution of PSI in H1 and IMR90 cell lines, four splicing groups were created: and included (80%<PSI<100%). Regarding gene expression, it was calculated with Salmon 0.8.254, first we quantified the transcriptome for each cell line, using the Ensembl72 transcripts fasta file, and then selected for genes with TPM values >= 10 to discard lowly expressed gene. When comparing different cell lines, alternatively spliced genes with different expression levels were excluded to avoid confounding transcriptional effects.
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  Enrichr uses a Fisher's exact test (p) and a combined score (c), in which the p-value (p) is combined with the z-score (z) of the deviation from the expected rank (!=log(")•#c=logp•z). GO terms were selected based on this p-value (p < 0.01) and the combined score. included (in grey+red) exons are used as controls. * p-value < 0.01 and ** p-value < 0.001 in Wilcoxon rank test compared to constitutive exons (in black) or the corresponding alternatively spliced control exons (in purple) . For each of the boxplots, the number of exons are: SACS1 (K4me1+K4me2 in included exons) n=165 , SACS2 (K9me3+5mC in included exons) n=142, SACS3 (K20me1+K91ac in mid-included exons) n=143, SACS4 (K20me1+K79me2 in excluded exons) n=152, SACS5 (K9me3+5mC in excluded exons) n=89, SACS7 (K14ac+K9ac in mid-excluded exons) n=139, non-marked excluded exons n=600, non-marked included exons n=600, Constitutive exons n=600.

Figure 5 .

 5 Figure 5. SACS are defined by specific RNA binding protein (RBP) motifs. a-d. Volcano plots of the scanned RBP motifs and 5mers in the upstream intron (left), chromatin-marked exon (middle) and downstream intron (right) for a. included H3K9me3+5mC-marked exons (SACS2), b. excluded H3K9me3+5mC-marked exons (SACS5), c. excluded H4K20me1+H3K79me2-marked exons (SACS4) and d. midincluded H4K20me1+H4K91ac-marked exons (SACS3). Colored dots correspond to motifs with adjusted p-value < 0.01 and FDR < 0.05. X axis represents the log2 fold enrichment (FC) of each motif compared to non-marked alternatively spliced events sequences. Y axis represents the -log10 adjusted p-value of the enrichment. FDR and associated adjusted p-value were calculated from n=152 H4K20me1+H3K79me2 excluded exons, n=89 H3K9me3+5mC excluded, n=143 H4K20me1+H4K91ac midincluded exons, n=142 H3K9me3+5mC included exons, n=600 non chromatin-marked excluded exons and n=600 non chromatin-marked included exons.

Figure 6 .

 6 Figure 6. SACS can impact RNA polymerase II distribution and recruitment of splicing factors. a. Boxplot of the normalized RNA polymerase II reads coverage over the upstream intron, exon and downstream intron for the chromatin-marked exons. Constitutive and non-marked excluded and included exons are used as controls (shaded in grey). RNA polymerase II is more enriched at exons than introns in all conditions except for H3K4me1+H3K4me2 (SACS1) and H3K9me3+5mC (SACS2) included exons. ** p-value < 0.01 at exons compared to flanking introns in Wilcoxon rank test. b. Splicing effect on alternatively spliced exons upon hnRNPK knockdown, using available data from GM19238 cells. The number of hnRNPK-dependent events

Figure 1 .

 1 Figure1. Schematic pipeline of the machine learning approach used to identify the chromatin modifications that can classify exons into four different splicing categories. a. Cumulative distribution of alternatively spliced exons in human H1 embryonic stem cells and IMR90 fetal fibroblasts using available RNA-seq datasets. Four arbitrary groups were created based on the percentage of exon inclusion (PSI). A color code is given to each category, with light blue for well excluded (0<PSI<0.2), dark blue to mid-excluded (0.2<PSI<0.4), orange to mid-included (0.4<PSI< 0.8) and red to well included (0.8<PSI<1) events. b. The enrichment levels of 27 histone marks and DNA methylation levels at 4 different positions along the selected exon (upstream intronic region, 5' exonic region, 3' exonic region and downstream intronic region) were calculated and defined as epigenetic features using available ChIP-seq and MeDIP-seq data from the ENCODE and Roadmap Epigenomics Projects. c. A Random Forest classifier (with 100,000 trees and 10,000 iterations) was applied to all the binary comparisons between the four splicing categories to identify the epigenetic features that were most informative to classify the selected splicing events into the four pre-defined splicing categories in H1 and IMR90 cells. In the bottom are listed the final list of chromatin modifications found in common between the two cell lines. As control, we used constitutive exons, which are exons always included in the mRNA, from the same genes as the alternatively spliced exons analyzed.

Figure 2 .

 2 Figure 2. Splicing-associated chromatin signatures (SACS) in H1 hESCs. a. Schematic representation of the seven combinations of chromatin modifications (SACS) that differentially mark alternatively spliced exons. For each SACS, we specify the splicing group it is related to, the two coenriched histone marks, the position of enrichment along the exon (represented by a peak) and the total number (n) of exons marked by the chromatin signature (in brackets the percentage of chromatinmarked exons respect the total number of exons analyzed per group). b-i. Density profiles of H3K4me2 reads around exons marked by H3K4me1 upstream the 3'ss exon start (b); H3K9me3 reads around exons marked by 5mC downstream the 5'ss end of the exon (c); H4K91ac reads around H4K20me1marked exons (d), H3K9ac reads around exons marked by H3K14ac upstream the exon start (e), H3K79me2 reads around H4K20me1-marked exons (f), H3K9me3 reads around 5mC-marked exons (g), H3K27me3 reads around exons marked by H3K4me3 downstream the end of the exon (h); andH3K36me3 reads around H4K20me1-marked exons (i) in excluded (light blue), mid-excluded (dark blue), mid-included (yellow), included (red) and constitutive (grey) exons using available ChIP-seq datasets from H1 hESCs. The mean density of histone marks' reads is represented +/-250 bp from either the 5' or 3' splice site, depending on the SACS. For each mark, we highlight with a black arrow the splicing group that is the highest enriched at a specific position around the regulated exon, as defined by the SACS. Please notice that H3K9me3+5mC is enriched at both included (SACS2) and excluded (SACS5) exons but at different positions, this is why there are two arrows (in grey the enrichment that corresponds to the other SACS).

Figure 3 .

 3 Figure3. Experimental validation of SACS4: H4K20me1 and H3K79me2 levels positively correlate with exon skipping. a. H4K20me1 and H3K79me2 levels at differentially spliced exons in H1 compared to several cell lines from the ENCODE project (K562, IMR90, A549, Gm12878, HelaS3, HepG2 and MCF7). From 139 excluded exons enriched in H4K20me1 and H3K79me2 in H1, 94 remained excluded and 45 shifted to included in at least one of the cell lines analyzed. When looking at H4K20me1 and H3K79me2 co-enrichment levels at the selected exons, we found a statistically significant correlation between exon exclusion and co-enrichment of both histone marks (Fisher's exact test p-value < 0.01). When performing the same type of analysis in mid-included exons enriched in H4K20me1+H4K91ac, we found that out of 61 events, 30 remained included and 31 switched to excluded. Again, exclusion significantly correlated with co-enrichment of H4K20me1 and H3K79me2 (Fisher's exact test p-value < 0.01), suggesting a change in chromatin when a change in splicing is observed. b-c For validation of the results obtained in silico, five splicing events that are included (INCL.) and five that are excluded (EXCL.) in K562 (black) and HeLa S3 (green) cells were tested for H3K79me2 and H4K20me1 levels along the alternatively spliced exon. In b, exon inclusion levels are normalized to total expression levels of the corresponding gene. Below 0.2 (highlighted with a dotted line) the exon is considered excluded. Data is depicted as the Mean +/-SEM of 3 independent experiments by quantitative RT-qPCR. In c, the enrichment levels (% input) of H3K79me2 and H4K20me1 at the alternatively spliced exon are normalized to background levels, which correspond to the average of 3 negative control positions. Data is depicted as the Mean +/-SEM of 3 independent experiments by quantitative ChIP-qPCR. *** p-value < 10-12 (Wilcoxon rank-sum test, two-sided). d, e. Same as b-c, but this time three alternatively spliced events (AS) that switched exon inclusion levels between K562 (in black) and MCF10a (in green) are shown. An included and an excluded event that do not change between cell lines are shown as controls. ** p-value < 0.007 and *** p-value < 0.0005 (Wilcoxon rank-sum test, two-sided).

Figure 4 .

 4 Figure 4. The genetic features of chromatin-marked alternatively spliced exons (SACS). a Boxplots of the 3' and 5' splice site (ss) strength scores. b. Boxplots of exon and upstream and downstream intron lengths (in bp). c. Boxplots of the log2 ratio of the percentage of GC content at the alternatively spliced exon respect the upstream or downstream flanking intron. d. Boxplot of the normalized gene expression levels, represented as log(TPM). Boxplots are centered on the median with interquartile ranges, representing the mean and 25th quantile of all the exons enriched in a particular chromatin signature. Each chromatin-marked splicing group (SACS) has its own color-code. Constitutive exons (in grey+black) and non-marked excluded (in grey+blue) and included (in grey+red) exons are used as controls. * p-value < 0.01 and ** p-value < 0.001 in Wilcoxon rank test compared to constitutive exons (in black) or the corresponding alternatively spliced control exons (in purple) . For each of the boxplots, the number of exons are: SACS1 (K4me1+K4me2 in included exons) n=165 , SACS2 (K9me3+5mC in included exons) n=142, SACS3 (K20me1+K91ac in mid-included exons) n=143, SACS4 (K20me1+K79me2 in excluded exons) n=152, SACS5 (K9me3+5mC in excluded exons) n=89, SACS7 (K14ac+K9ac in mid-excluded exons) n=139, non-marked excluded exons n=600, non-marked included exons n=600, Constitutive exons n=600.

Figure 5 .

 5 Figure5. SACS are defined by specific RNA binding protein (RBP) motifs. a-d. Volcano plots of the scanned RBP motifs and 5mers in the upstream intron (left), chromatin-marked exon (middle) and downstream intron (right) for a. included H3K9me3+5mC-marked exons (SACS2), b. excluded H3K9me3+5mC-marked exons (SACS5), c. excluded H4K20me1+H3K79me2-marked exons (SACS4) and d. mid-included H4K20me1+H4K91ac-marked exons (SACS3). Colored dots correspond to motifs with adjusted p-value < 0.01 and FDR < 0.05. X axis represents the log2 fold enrichment (FC) of each motif compared to non-marked alternatively spliced events sequences. Y axis represents the -log10 adjusted p-value of the enrichment. FDR and associated adjusted p-value were calculated from n=152 H4K20me1+H3K79me2 excluded exons, n=89 H3K9me3+5mC excluded, n=143 H4K20me1+H4K91ac mid-included exons, n=142 H3K9me3+5mC included exons, n=600 non chromatin-marked excluded exons and n=600 non chromatin-marked included exons.

Figure 6 .

 6 Figure 6. SACS can impact RNA polymerase II distribution and recruitment of splicing factors. a.Boxplot of the normalized RNA polymerase II reads coverage over the upstream intron, exon and downstream intron for the chromatin-marked exons. Constitutive and non-marked excluded and included exons are used as controls (shaded in grey). RNA polymerase II is more enriched at exons than introns in all conditions except for H3K4me1+H3K4me2 (SACS1) and H3K9me3+5mC (SACS2) included exons. ** p-value < 0.01 at exons compared to flanking introns in Wilcoxon rank test. b. Splicing effect on alternatively spliced exons upon hnRNPK knockdown, using available data from GM19238 cells. The number of hnRNPK-dependent events with hnRNPK binding evidence, using publicly available eCLIP data in K562 and HepG2 cells, is also shown. The analysis is performed in exons marked by SACS4 and alternatively spliced exons in general. Exons that are more included upon hnRNPK knock down are shown in red, more excluded are shown in blue and not affected are shown in grey. c. hnRNPK binding and enrichment of H4K20me1+H3K79me2 levels at alternatively spliced exons shifting splicing patterns in different cell lines. Using available eCLIP and ChIP-seq data in K562 and HepG2 cells, we found that from 52 excluded exons rich in H4K20me1+H3K79me2 in H1 hESC, 33 remained excluded and 19 switched to included in K562 or HepG2. Excluded events were more co-enriched in H4K20me1+H3K79me2 than included (Fisher's exact test p-value < 0.05) and most of the (H4K20me1+H3K79me2)-rich excluded events were bound by hnRNPK (Fisher's exact test p-value < 0.05), supporting a model in which a specific chromatin signature can favor the recruitment of a splicing regulator to the pre-mRNA.
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  They can have a silencer activity of splicing and are called ESS (exonic splicing silencer) when they are present in exons, or ISS (intronic splicing silencer) if they are located in introns. At the opposite, they can have an enhancer activity of splicing and are called

ESE (exonic splicing enhancer) when they are present in exons, or ISE (intronic splicing enhancer) if they are located in introns

splicing can lead to the expression of tumor-associated variants involved in one of the cancer hallmarks to promote tumorigenesis and some examples are referenced in Table 2. Moreover it has been recently shown at a genome wide level

  

	ESE element of exon 18 of BRCA1 disrupts the binding site of SRFS1, impairing
	that alternative splicing alterations in cancer, called CASC (cancer-associated splicing
	changes), have a functional impact through modification of functional protein domains
	affecting important processes such protein-protein interactions (Climente-González et
	al., 2017). These CASC would be directly involved in the appearance of new oncogenic
	isoforms.
	As previously mentioned, it exists two major mechanisms contributing to aberrant
	alternative splicing in cancer, trans anomalies and cis anomalies. Well-known
	examples of cis anomalies are tumor suppressor genes BRCA1 and BRCA2 (breast
	cancer 1 and 2), important markers of ovarian and breast cancers. Point Mutation in

Table 3 : Examples of splicing factors deregulated in various cancers.

 3 

2.1.1 Discovery of chromatin

  

	In 1880, Walther Flemming observed under a microscope mitotic cells and identified
	for the first time the chromatin. Histones, which are chromatin's major components,
	have been identified 4 years later by Albrecht Kossel. It is only in the 20 th century that
	in deep functional and structural studies on chromatin can be found. Deoxyribonucleic
	acid (DNA), another important component of chromatin, has been discovered in
	bacteria and defined as part of chromosomes and involved in heredity. This new
	discovery was initially controversial because scientific community was convinced that
	genes were proteins and heredity transmitted by them. In 1950, DNA has been
	described as a macromolecule composed of four different nucleotides (A, T, C, G) and
	its double helix structure has been characterized in 1953 by James Watson and
	Francis Crick (Figure

.2 Chromatin: a dynamic structure

  

	centromeres, peri-centromeres and telomeres. Facultative heterochromatin contains
	gene rich regions, is reversible, and can get structural and functional characteristics of
	constitutive heterochromatin. These regions can become decondensed leading to
	transcriptional activation of genes previously repressed.
	2.1Chromatin is a highly dynamic structure and its reorganization gives it new properties
	important for replication, transcription, or DNA repair. Three major mechanisms can
	explain this dynamic: nucleosome movements by remodeling factors, histone post-
	translational modifications (PTM) and DNA methylation, and histone variants
	incorporation in the core particle of the nucleosome.
	and is made of repeated sequences next to

TABLE CONTACT
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	insulin, 0.1 μg/mL cholera toxin, 0.5 μg/mL hydrocortisone, 1% w/v
	penicillin/streptomycin (No serum medium) for 15h. Cells were then treated with 100nM
	4-OHT or Methanol (control) in complete medium.	
	HEK293T cells: HEK293T were maintained at 37°C with 5% CO2 in DMEM
	supplemented with 10% foetal bovine serum, 1% P/S, 1% L-glutamine. HEK293T are
	FOR REAGENT AND RESOURCE SHARING transfected by Calcium Phosphate transfection to generate recombinant lentiviruses.
	Reini Luco, reini.luco@igh.cnrs.fr	
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	DATA AND SOFTWARE AVAILABILITY by cloning Sh RNA sequences into pLKO.1-Hygro (addgene 24150) or pLKO.1-Blast
	ADDITIONAL RESOURCES	

gift from Voigt lab) and UTXcore (a gift from Ge lab), the cDNAs were amplified using Q5 High-Fidelity DNA Polymerase (NEB) with primers carrying the appropriate restriction enzymes sites AscI/SbfI (See Table
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	separation by SDS-PAGE and transfer to PVDF membranes, loading was assessed
	by Coomassie staining. Activity was detected as incorporation of 3 H via exposure of
	Biomax MS film with the help of Biomax Transcreen LE (both Kodak Carestream)
	intensifying screens.
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STAR METHODS

KEY RESOURCES

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Reini Luco (reini.luco@igh.cnrs.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Cell Culture MCF10a cells: Mcf10a cells are non-transformed human breast epithelial cells.

Mcf10a-Snail-ER cell line was generated by introducing a Snail-1 retroviral expression construct using a fused oestrogen receptor (ER) response element to mediate regulation by exogenous 4-hydroxy-tamoxifen (4-OHT) and was obtained from Daniel A. Haber lab with its parental cell line (Javaid et al., 2013). All Mcf10a cell lines were maintained at 37°C with 5% CO2 in DMEM/F12 supplemented with 5% horse serum, 10 ng/mL EGF, 10 μg/mL insulin, 0.1 μg/mL cholera toxin, 0.5 μg/mL hydrocortisone, 1% penicillin/streptomycin, 1% L-glutamine (complete medium).

EMT induction:

Mcf10a were seeded at 7.5.10 5 cells / 150mm dish and 24h after, cells were synchronized in DMEM/F12 supplemented with 10 ng/mL EGF, 10 μg/mL

KEY RESOURCES TABLE Supplementary List: List of Reagents and resources

Supplementary Table S1: List of ChIP-qPCR primers

The Role of histone modifications in the regulation of alternative splicing during the EMT Supplementary Table S2 Supp. Fig. 2 Supp. Fig. 3 The Role of histone modifications in the regulation of alternative splicing during the EMT Supplementary Figure 3: Direct effect of dCas9 epigenomic editing on EMT. (A) Expression levels of the splicing factors most important for EMT (PTB, ESRP1, ESRP2, RbFOX2, MBNL1 and RBM47) in MCF10a-Snail-ER cells infected with different dCas9-fused proteins and exon-specific gRNAs targeting FGFR2 exon IIIc (g1, dark grey) or CTNND1 exon 2 (g1, light grey). RT-qPCR levels were normalized by TBP (mean +/-SEM, n=3). (B) MCF10a-Snail-ER cells infected with dCas9-vSETx2 or mutant dCas9-vSETx2* and two different combinations of exon-specific gRNAs (g1 and g2) targeting CTNND1 exon 2 were cell-sorted by expression levels of the mesenchymal CTNND1 protein variant, which includes exon 2 (mCTNND1(ex2)), using splicing-specific antibody. Negative cells not expressing mCTNND1(ex2) and tamoxifen-induced T7 EMT cells were used as controls. The percentage of mCTNND1(ex2) positive cells per condition is shown. (C) CTNND1 exon 2 inclusion levels in cells expressing (positive) or not (negative) the splicing variant mCTNND1(ex2) in the conditions described in (B). RT-qPCR levels were normalized by total CTNND1 expression levels (mean +/-SEM, n=3). (D-G) Expression levels of epithelial (E-Cadherin, EPCAM) and mesenchymal (MCAM, ECM1) markers in cell-sorted MCF10a-Snail-ER cells infected with dCas9-vSETx2 or the mutant dCas9-vSETx2* and the second combination (g2) of gRNAs targeting CTNND1 exon 2. RT-qPCR levels were normalized by TBP expression levels (mean +/-SEM, n=3 *Corresponding author: reini.luco@igh.cnrs.fr

Abstract

Alternative splicing relies on the combinatorial recruitment of splicing regulators to specific RNA binding sites at the regulated exon. Chromatin has been shown to impact alternative splicing by modulating this recruitment. However, a limited number of histone marks, over a limited number of model genes, have been studied and the combinatorial role of chromatin modifications at a genome-wide level has not been

properly addressed yet. Using a machine learning approach applied to extensive epigenomics and transcriptomics datasets in human H1 embryonic stem cells and IMR90 foetal fibroblasts cells, we have identified eleven chromatin modifications, some of which have never been reported before, that differentially mark alternatively spliced exons depending on the level of exon inclusion. These modifications act in a combinatorial and position-dependent way creating characteristic splicing-associated chromatin signatures (SACS) on 34% of the alternatively spliced exons analysed.

Moreover, chromatin-marked exons share common features, such as shorter exon length, weaker splice sites and the presence of particular RNA binding motifs, which might underline common regulatory pathways. Importantly, we observed a strong correlation between alternative splicing levels and enrichment of the chromatin marks identified by our SACS model when studying the same splicing event in eight different human cell lines. Even more, some of these splicing-associated chromatin marks were also correlated with recruitment of the splicing regulator predicted by the RNA motif search analysis, further supporting a functional link between these chromatin signatures (SACS) and the splicing machinery. We propose that the highly dynamic nature of chromatin could be a way to quickly fine-tune the alternative splicing of key genes necessary for a prompt cellular response.

Universal Sybr green Supermix (Bio-Rad), as previously described 26. Three or more biological replicates were performed for each experiment and data was plotted as mean +/-S.E.M. Exon inclusion levels are calculated by normalizing the expression levels of the regulated exon with total expression levels of the gene calculated from constitutive exons. See Supplementary Table S2 for a list of primers used. embryonic stem cells and IMR90 fetal fibroblasts using available RNA-seq datasets.

Chromatin

Four arbitrary groups were created based on the percentage of exon inclusion (PSI).

A color code is given to each category, with light blue for well excluded (0<PSI<0.2), dark blue to mid-excluded (0.2<PSI<0.4), orange to mid-included (0.4<PSI< 0.8) and red to well included (0.8<PSI<1) events. b. The enrichment levels of 27 histone marks and DNA methylation levels at 4 different positions along the selected exon (upstream intronic region, 5' exonic region, 3' exonic region and downstream intronic region) were calculated and defined as epigenetic features using available ChIP-seq and MeDIPseq data from the ENCODE and Roadmap Epigenomics Projects. c. A Random Forest classifier (with 100,000 trees and 10,000 iterations) was applied to all the binary comparisons between the four splicing categories to identify the epigenetic features that were most informative to classify the selected splicing events into the four pre-defined splicing categories in H1 and IMR90 cells. In the bottom are listed the final list of chromatin modifications found in common between the two cell lines. As control, we used constitutive exons, which are exons always included in the mRNA, from the same genes as the alternatively spliced exons analyzed. (grey) exons using available ChIP-seq datasets from H1 hESCs. The mean density of histone marks' reads is represented +/-250 bp from either the 5' or 3' splice site, depending on the SACS. For each mark, we highlight with a black arrow the splicing group that is the highest enriched at a specific position around the regulated exon, as defined by the SACS. Please notice that H3K9me3+5mC is enriched at both included (SACS2) and excluded (SACS5) exons but at different positions, this is why there are two arrows (in grey the enrichment that corresponds to the other SACS). Supplementary data S3. List of the alternatively spliced exons marked by a specific chromatin signature. The chromosome, exon's genomic coordinates in hg19, the strand specificity and the gene name is given for each splicing event.

Supplementary Figure S1. Enrichment levels of the 15 histone and methyl DNA (5mC) marks selected from the Random Forest classifier. Boxplots of the log2 ratio of the normalized read coverage at the exon respect the read coverage upstream (in the left) or downstream (in the right) the intronic region, for each chromatin marks in excluded (Ex, light blue), mid-excluded (ME, dark blue), mid-included (MI, yellow) and well included (In, red) alternatively spliced events. Boxplots represent the mean and 25th quantile of the log2 (exon/intron) ratio. * p-value < 0.05 and ** p-value < 0.01 in Wilcoxon Rank Sum test, paired.

Supplementary Figure S2. a. Heatmap of the normalized read coverage upstream, at the exon and downstream the intronic region (represented as a yellow rectangle and a line) for each of the chromatin modifications (H3K27me3, H3K4me3, H4K20me1 and H3K79me2) found in our model and in which there is data available in mouse mESCs. When data from only one of the two chromatin marks from a SACS was available, it was not analysed. Only H4K20me1+H3K79me2 was found to significantly mark exons when excluded, as represented by the SACS4 in human hESCs. Importantly, 57% of all the excluded exons analysed in mouse mESCs where enriched in this signature (357/623). b. Density profile of H3K79me2 reads around H4K20me1-marked exons +/-250 bp from the 3' ss exon start in excluded, mid-excluded, mid-included and included exons, as represented in Figure 2.

Supplementary Figure S3. Gene ontology enrichments for the chromatin-marked alternatively spliced genes (SACS). The most significant GO terms related to biological processes are plotted for each SACS using EnrichR combined score as a reference. In SACS4, we highlight with matched colored arrows all the GO terms in common between human hESCs and mouse mESCs. All the terms have a p-value < 0.01 in Fisher's exact test.