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Each octamer is composed of 2 units of 4 different histones, H3, H4, H2A, H2B, which first assemble into H3--H4 heterotetramer and H2A--H2B heterodimers (Figure 1A) [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. From this first condensed unit, multiple layers of compaction occur [START_REF] Luger | New insights into nucleosome and chromatin structure: an ordered state or a disordered affair?[END_REF]. The succession of nucleosomes assembled with each other every "beads--on--a--string". This structure can then coil in a helical 30nm diameter fibre with the help of the linker histone H1, providing another layer of compaction. Several additional levels of compaction are required to reach the highly condensed chromatin structure observed during mitosis and meiosis (Figure 1B). [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. Histone globular domains interact with DNA, while histone tails protrude from the nucleosome. B-Schematic representation of the different chromatin compaction layers.

The chromatin can be visualized by staining techniques and further characterized by electron density microscopy, which led to the categorisation of chromatin in subclasses based on its condensation state: the condensed heterochromatin and decondensed euchromatin [START_REF] Trojer | Facultative heterochromatin: is there a distinctive molecular signature?[END_REF]. Euchromatin, also called loose or open chromatin, is globally associated with active transcription. Its low condensation state makes the DNA more accessible and enables binding of the transcriptional machinery.

Heterochromatin defines transcriptionally silent chromatin and can be further subdivided in constitutive and facultative heterochromatin. Regions important for genome integrity such as telomeres and centromeres, as well as repetitive and noncoding sequences, are often kept stably heterochromatinized and define constitutive heterochromatin. These genomic regions are organised in a compacted state that prevents the transcriptional machinery from binding and transcribing DNA. Some transcription events can still occur, but at a very low level. In contrast, facultative heterochromatin can switch from condensed to more open states in order to allow transcription in response to specific cellular contexts.

Yet, this organisation is not rigid and can be altered through remodelling of the chromatin: repositioning or eviction of nucleosomes, as well as deposition of histone variants, are examples of the dynamic of events that can directly perturb intra-molecular interactions and impact the chromatin primary structure [START_REF] Luger | New insights into nucleosome and chromatin structure: an ordered state or a disordered affair?[END_REF].

All these layers of compaction together with the inherent flexibility participate in regulating the different cellular processes that involve the chromatin, from transcription to DNA replication.

2-Histone variants

The structure of chromatin is highly variable. Hence, in addition to the aforementioned canonical histones that compose the major fraction of the chromatin, variants of histones are also incorporated into the chromatin and modulate its structure and function (reviewed by [START_REF] Henikoff | Histone Variants and Epigenetics[END_REF]). Variants of H3 and H2A are the most frequent; they are deposited at specific regions and are involved in the regulation of various cellular processes.

For instance, centromeres are identified by a special histone H3 variant called CenH3 or CENP--A, which is essential for kinetochore formation and chromosome segregation during mitosis and meiosis [START_REF] Amor | Building the centromere: from foundation proteins to 3D organization[END_REF]. Another well--defined histone variant is H3.3, which differs from H3 by only 4 amino acids and is enriched at transcriptionally active chromatin [START_REF] Ahmad | The histone variant H3.3 marks active chromatin by replication--independent nucleosome assembly[END_REF]. However, the functions attributed to this particular histone variant are still unclear. Indeed, H3.3 also marks telomeric heterochromatin structures, which are transcriptionally silent [START_REF] Goldberg | Distinct Factors Control Histone Variant H3.3 Localization at Specific Genomic Regions[END_REF].

This duality suggests that H3.3 would further have a generic replacement function and therefore would be incorporated where the nucleosome turnover is the most intense, in a replication--independent manner [START_REF] Henikoff | Histone Variants and Epigenetics[END_REF].

Two atypical H2A variants have retained lot of attention: H2A.X and H2A.Z [START_REF] Henikoff | Histone Variants and Epigenetics[END_REF]. H2A.X variant, which differs from canonical H2A by its C--terminal tail, plays an important role during DNA damage response. Indeed, phosphorylation of H2A.X on serine S138 is an early event of the DNA repair pathway and quickly spreads on the chromosome arms following DNA break [START_REF] Morrison | DNA repair in the context of chromatin[END_REF]. This may stabilize the chromosome surrounding the broken ends and help recruit proteins required for repair at the site of the break [START_REF] Lowndes | DNA repair: The importance of phosphorylating histone H2AX[END_REF].

H2A.Z shares only 60% similarity with its major histone H2A counterpart. H2A.Z presents an extended acidic patch domain on the surface of the nucleosome, which affects interaction with H3 in the nucleosome [START_REF] Suto | Crystal structure of a nucleosome core particle containing the variant histone H2A[END_REF]. H2A.Z has been linked to many cellular processes, but seems to be directly involved in transcription regulation.

H2A.Z is thought to facilitate chromatin access to a wide variety of chromatin--modifying complexes, thereby favouring both transcriptional repression or activation depending on the cellular context (G. Q. [START_REF] Hu | H2A.Z Facilitates Access of Active and Repressive Complexes to Chromatin in Embryonic Stem Cell Self--Renewal and Differentiation[END_REF]. Genome--wide mapping of H2A.Z revealed that it associates with poised genes in budding yeast, nematodes and plants, while it marks actively transcribed promoters in flies and mammals [START_REF] Henikoff | Histone Variants and Epigenetics[END_REF].

Interestingly, deposition of H2A.Z is strongly anti--correlated with DNA methylation, but the mechanisms underlying this phenomenon remain poorly understood.

Other variants of histone H2A in vertebrates include macroH2A and H2A.B, which are expressed during germ cell development and are involved in sex chromosome dosage compensation [START_REF] Brockdorff | Dosage Compensation in Mammals[END_REF]). Yet, their exact roles remain to be elucidated.

II. Histone modifications and their functions

Crystallographic analysis of the nucleosome structure showed that the DNA helix binds the histone globular domains, while the N--terminal unstructured histone sequences protrude free outside the nucleosome central structure and make contact with adjacent nucleosomes [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. These histone tails are subjected to numerous post-translational modifications (PTMs), which not only can affect these inter--nucleosomal interactions and perturb the chromatin structure, but also are docking sites for chromatin remodelling proteins and transcription factors. The most frequently observed and studied histone PTMs include acetylation, phosphorylation, methylation and ubiquitination.

Most of these modifications can influence each other's deposition or removal through trans--histone cross--talks. In addition, the histone PTMs form together the histone code, a notion proposed by [START_REF] Strahl | The language of covalent histone modifications[END_REF], according to which combination of different modifications may be predictive for specific cellular outcomes. This model is supported by evidence that the histone modifications are recognized by a variety of proteins termed "chromatin readers", which can "read" the chromatin landscape and further translate the information towards downstream effectors. All these aspects will be discussed in the next sections dedicated to each modification type.

1-Histone acetylation

Histone acetylation was the first discovered histone modification [START_REF] Phillips | The presence of acetyl groups of histones[END_REF].

Acetylation of histones only occurs on lysine residues and is dynamically regulated by the opposing action of two families of enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs). Acetylated lysine residues are recognized by bromodomain--containing proteins, which are found in HATs and other chromatin-remodeling proteins. Early studies revealed that hyperacetylation of histones can promote transcription [START_REF] Allfrey | Acetylation and Methylation of Histones and Their Possible Role in the Regulation of Rna Synthesis[END_REF]. Chemically, acetylation of lysine residues neutralizes the lysine's positive charge; it is proposed that this event would weaken the charge--based interactions between histones and DNA, thereby rendering the chromatin more accessible to the transcription machinery and more prone to gene expressionaccumulating evidence are reviewed in [START_REF] Zentner | Regulation of nucleosome dynamics by histone modifications[END_REF]. Histone acetylation is thus found enriched in euchromatin compared to silent heterochromatin and is almost invariably associated with transcription activation. The open chromatin structure attributed to acetylated histones has revealed to be important for other biological processes where DNA access is crucial, such as DNA replication [START_REF] Unnikrishnan | Dynamic changes in histone acetylation regulate origins of DNA replication[END_REF] or DNA repair [START_REF] Sharma | MOF and Histone H4 Acetylation at Lysine 16 Are Critical for DNA Damage Response and Double--Strand Break Repair[END_REF]. In addition, acetylation of specific residues plays a role in some particular cellular processes. In drosophila, acetylation of H4 on lysine 16 (H4K16Ac) along the X--chromosome is required for proper X--linked gene expression, a key regulatory element for the dosage compensation mechanism [START_REF] Kind | Genome--wide analysis reveals MOF as a key regulator of dosage compensation and gene expression in Drosophila[END_REF]. Moreover, loss of H4K16Ac has also been linked to impaired embryonic stem cell renewal and pluripotency (X. Z. [START_REF] Li | The Histone Acetyltransferase MOF Is a Key Regulator of the Embryonic Stem Cell Core Transcriptional Network[END_REF]. Finally, another function attributed to histone acetylation involves chromatin assembly and deposition of newly synthesized histones via acetylation of free histones [START_REF] Parthun | Hat1: the emerging cellular roles of a type B histone acetyltransferase[END_REF].

2-Histone phosphorylation

Similarly to acetylation, histone phosphorylation is thought to loosen histone--DNA binding and enhance chromatin accessibility. Indeed, phosphorylation negatively charges the modified histone residues, which in turn entails charge repulsion with the negatively charged DNA, thereby altering the nucleosome structure. Therefore, histone phosphorylation is often associated with transcriptional activation. Phosphorylation of histone tails mainly occurs on serine and threonine residues and is dynamically regulated by the opposing action of two families of enzymes, kinases and phosphatases that respectively add and remove the modification.

In addition to transcription regulation, histone phosphorylation has been associated

with various cellular processes. In particular, DNA damage provokes phosphorylation of the histone variant H2A.X by the ATM/ATR kinases, which in turn recruits the DNA repair machinery at sites of DNA breaks, a requirement for proper DNA damage response [START_REF] Paull | A critical role for histone H2AX in recruitment of repair factors to nuclear foci after DNA damage[END_REF]. Another well documented phosphorylation event concerns phosphorylation of Histone H3 on serine 10, which is necessary for entry into mitosis by participating in chromosome condensation initiation in mammalian cells and, at the same time, plays an important role for transcription activation during interphase (S. J. [START_REF] Nowak | Phosphorylation of histone H3: a balancing act between chromosome condensation and transcriptional activation[END_REF].

Histone phosphorylation also involves trans--histone cross--talk and affects the way other histone marks recruit downstream effectors. For example, HP1 binding to h3k9me3 is impaired when serine 10 is phosphorylated on the same tails [START_REF] Hirota | Histone H3 serine 10 phosphorylation by Aurora B causes HP1 dissociation from heterochromatin[END_REF]. Similarly, Polycomb proteins binding to trimethylated H3K27 is reduced when concomitant phosphorylation occurs on S28 [START_REF] Gehani | Polycomb Group Protein Displacement and Gene Activation through MSK--Dependent H3K27me3S28 Phosphorylation[END_REF].

3-Histone methylation

More complex than phosphorylation or acetylation, methylation of histones does not alter the residues charge and therefore the effect on the nucleosomal structure is considered less direct. Methylation mainly affects lysine and arginine residues and is controlled by different sets of proteins. Histone lysine methyltransferases (HKMTs) are responsible for methylation on lysine residues. They are characterised by an evolutionary conserved SET domain, which is responsible for catalysing the methyl transfer from the donor S--adenosymethionine (SAM) to a lysine's ε--amino group [START_REF] Xiao | SET domains and histone methylation[END_REF]. Two families of HKMTs do not possess any SET domain: the DOT1 family of proteins, which methylate H3K79 [START_REF] Ng | Lysine methylation within the globular domain of histone H3 by Dot1 is important for telomeric silencing and Sir protein association[END_REF], and the WRAD complex, which is responsible for H3K4me2 (Patel et al., 2011). Interestingly, up to three methyl groups can be transferred on a single lysine residue. The methylation state can drive different if not opposite functions, which generates a high degree of complexity.

Well--defined chromatin states are associated to the methylation status of specific residues. For instance, H3K4 di--and trimethylation are enriched respectively at gene bodies and transcription start sites of actively transcribed genes, while monomethylated H3K4 patterns can either be found at the 3' end of active genes or at enhancer regions [START_REF] Heintzman | Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome[END_REF]. Gene silencing is also characterized by specific patterns of histone methylation. Constitutive heterochromatin is marked by H3K9me3 and H3K27me1, while facultative heterochromatin at developmental genes, more prone to expression switches, is defined by H3K27me3 enrichment [START_REF] Trojer | Facultative heterochromatin: is there a distinctive molecular signature?[END_REF]. Methylation marks can be considered as border guards, marking boundaries between active and silent chromatin. For example, windows of active transcription within heterochromatin, termed euchromatin islands, are characterized by H3K9me2, a mark that is normally associated with silent heterochromatin. H3K9me2 is enriched within the transcribed region of these euchromatin islands, but spreading of the mark throughout the 5' end of the gene results in gene silencing [START_REF] Jose | Epigenetic dysregulation by nickel through repressive chromatin domain disruption[END_REF][START_REF] Yasuhara | Molecular landscape of modified histones in Drosophila heterochromatic genes and euchromatin--heterochromatin transition zones[END_REF]. However, the picture drawn by particular histone marks is sometime more shaded. For example, H3K36 methylation in the coding region is linked to active transcription, while it negatively impacts gene expression when in the promoter [START_REF] Bannister | Spatial distribution of di--and tri--methyl lysine 36 of histone H3 at active genes[END_REF][START_REF] Strahl | Set2 is a nucleosomal histone H3--selective methyltransferase that mediates transcriptional repression[END_REF].

Methylation on arginine is performed by the protein arginine methyltransferase (PRMT) family that catalyses the transfer of a methyl group from SAM to arginine residues on a wide variety of substrates [START_REF] Bedford | Protein Arginine Methylation in Mammals: Who, What, and Why[END_REF]. Arginine can be mono--or dimethylated, but the role of these particular histone PTMs is much less described. While many PRMTs have been characterized, little is known about the enzymes that remove the histone mark and only a couple of them have been identified.

Histone arginine methylation may have direct impact on transcription regulation, but are also thought to play a major role by facilitating or preventing the deposition of other histone marks, thereby participating in defining precisely the chromatin landscape [START_REF] Guccione | Monoubiquitination and endocytosis direct gamma--secretase cleavage of activated Notch receptor[END_REF][START_REF] Huang | Methylation of histone H4 by arginine methyltransferase PRMT1 is essential in vivo for many subsequent histone modifications[END_REF][START_REF] Litt | Histone arginine methylations: their roles in chromatin dynamics and transcriptional regulation[END_REF].

The different methylation levels can be recognized and "read" by various domains, including the plant homeodomain (PHD) fingers, chromodomains, tudor and PWWP (Proline--Tryptophan--Tryptophan--Proline) domains. The mechanism of binding has been extensively studied and described: the methyl readers bind the methylated lysine residues trough an aromatic cage, usually formed by two to four aromatic residues [START_REF] Cosgrove | Writers and readers deconvoluting the harmonic complexity of the histone code[END_REF].

4-Histone ubiquitination

Ubiquitin is a small highly conserved 76 amino acid chain that was first identified in 1975 by G. Goldstein (G. [START_REF] Goldstein | Isolation of a Polypeptide That Has Lymphocyte--Differentiating Properties and Is Probably Represented Universally in Living Cells[END_REF]. Ubiquitination consists in attaching one (monoubiquitination) or several (polyuniquitination) ubiquitin units to the lysine residue of the target substrate. The reaction is catalysed by the sequential action of E1-activating, E2--conjugating and E3--ligating enzymes that act as ternary complexes.

Ubiquitins are bound to lysine residues on the protein substrate via an isopeptide bond or, although less described, to the amino group of the protein N--terminus via a peptide bond. Removal of ubiquitin elements is actively performed by a large family of enzymes called deubiquitinases (DUBs). Ubiquitination concerns a wide range of proteins and can affect their stability, recycling and function. The mechanisms and cellular functions associated to ubiquitination and deubiquitination will be further discussed in Chapter 4, section I of the introduction.

While a major role attributed to ubiquitination is to direct the proteins for proteosomal degradation through polyubiquitin chain ligations, histone ubiquitination is not linked to proteolysis. The modification mainly occurs on histones H2A and H2B in a monoubiquitinated form, although polyubiquitination of H2A and H2B was also reported in various cell types and tissues (Nickel et al., 1989;Nickel & Davie, 1989) as well as in specific contexts of DNA damage [START_REF] Doil | RNF168 Binds and Amplifies Ubiquitin Conjugates on Damaged Chromosomes to Allow Accumulation of Repair Proteins[END_REF]. Polyubiquitination of H2B was also recently highlighted in yeast, although the associated functions remain elusive [START_REF] Geng | Polyubiquitylation of histone H2B[END_REF]. For the record, ubiquitinated forms of H3 and H4 have also been reported in situations of DNA damage, but the function of these modifications is still unclear (H. B. [START_REF] Wang | Histone H3 and H4 ubiquitylation by the CUL4--DDB--ROC1 ubiquitin ligase facilitates cellular response to DNA damage[END_REF].

As a general rule, monoubiquitination of histone H2A is associated to gene repression (H. B. Wang et al., 2004), while H2BUb is linked to transcription activation (Nickel et al., 1989). H2B ubiquitination occurs on lysine K120 in human and is mediated mostly by the E3 heterodimer RNF20/RNF40 in association with the E2 ligase RAD6A (J. Kim et al., 2009;[START_REF] Kim | The human homolog of yeast BRE1 functions as a transcriptional coactivator through direct activator interactions[END_REF]. The SWI/SNF chromatin remodelling complex subunit BAF250/ARID1 was recently identified to also mediate H2B ubiquitination in vitro and in vivo, but the functions associated to this activity are still unclear (X. S. [START_REF] Li | Mammalian SWI/SNF--A Subunit BAF250/ARID1 Is an E3 Ubiquitin Ligase That Targets Histone H2B[END_REF].

Deubiquitination can be performed by the ubiquitin specific proteases USP22 and USP7 [START_REF] Bonnet | Histone H2B ubiquitination: signaling not scrapping[END_REF]. Studies in yeast and human cells have shown that H2B ubiquitination was involved in trans--tail regulation of other histone marks by stimulating H3 methylation on K4 and K79 residues (J. Kim et al., 2009;[START_REF] Ng | Ubiquitination of histone H2B by Rad6 is required for efficient Dot1--mediated methylation of histone H3 lysine 79[END_REF]Sun & Allis, 2002). More precisely, H2BUb stimulates H3K4 di--and trimethylation by the SET1 methyltransferase and H3K79 di-- and trimethylation by DOT1 (Figure 2A) [START_REF] Shahbazian | Histone H2B ubiquitylation controls processive methylation but not monomethylation by Dot1 and Set1[END_REF]. Subsequent studies showed that the C--terminal helix of H2B acts as a binding surface for the H3K4 methyltransferase SET1--COMPASS complex, which is further stabilized on the chromatin by ubiquitination of H2B [START_REF] Chandrasekharan | Histone H2B C--Terminal Helix Mediates trans--Histone H3K4 Methylation Independent of H2B Ubiquitination[END_REF]. Interestingly, ubiquitination of H2B can be substituted by other ubiquitinated sites on different histones in the crosstalk to H3 methylation, indicating that the orientation of the ubiquitinated residue is more important than the attachment site per se [START_REF] Vlaming | Flexibility in crosstalk between H2B ubiquitination and H3 methylation in vivo[END_REF]. H2B ubiquitination was further shown to be de dependent on the Polymerase Associated Factor (PAF) complex, which associates with elongating RNA Polymerase II and is also required for proper H3 methylation through recruitment of the COMPASS--SET1 complex [START_REF] Bonnet | Histone H2B ubiquitination: signaling not scrapping[END_REF]. H2B

ubiquitination also stimulates the activity of the FACT (FAcilitates Chromatin Transcription) complex, which facilitates transcript elongation through chromatin n remodelling and eviction of H2--H2B heterodimer from the core nucleosome (Figure 2A) [START_REF] Pavri | Histone H2B monoubiquitination functions cooperatively with FACT to regulate elongation by RNA polymerase II[END_REF].

Nevertheless, the role of H2BUb in transcription regulation is still ambiguous. Indeed, mutation of H2B ubiquitination site or depletion of RNF20 have only a mild effect on transcription (Mutiu et al., 2007;[START_REF] Shema | The histone H2B--specific ubiquitin ligase RNF20/hBRE1 acts as a putative tumor suppressor through selective regulation of gene expression[END_REF]. Moreover, studies in yeast have proven H2BUb to be necessary for silencing at telomeres (Sun & Allis, 2002) and genome--wide studies suggest that H2Bub would repress the assembly of the transcription machinery at gene promoters [START_REF] Batta | Genome--wide function of H2B ubiquitylation in promoter and genic regions[END_REF]. This last observation is supported by several works suggesting that the H2B DUB USP22 acts as a transcriptional activator within the SAGA complex (Figure 2B) [START_REF] Espinosa | Histone H2B ubiquitination: the cancer connection[END_REF][START_REF] Zhang | The putative cancer stem cell marker USP22 is a subunit of the human SAGA complex required for activated transcription and cell--cycle progression[END_REF]. Finally, H2B ubiquitination was reported to play a role in DNA repair, but the mechanisms of action remain unclear [START_REF] Bonnet | Histone H2B ubiquitination: signaling not scrapping[END_REF].

III. Regulation and functions of H2A (de)ubiquitination 1-Role in transcription regulation

Histone H2A is the first ubiquitinated protein identified [START_REF] Goldknopf | Isopeptide Linkage between Nonhistone and Histone--2a Polypeptides of Chromosomal Conjugate--Protein--A24[END_REF][START_REF] Hunt | Amino--Terminal Sequence Identity of Ubiquitin and Nonhistone Component of Nuclear Protein A24[END_REF]. The major site of H2A ubiquitination was mapped to C--terminal position 119, a highly conserved residue among eukaryote species (Nickel & Davie, 1989). H2A is heavily ubiquitinated, since around 5 to 15% of total H2A is present in a ubiquitinated form, depending on the studied species (Y. [START_REF] Zhang | Transcriptional regulation by histone ubiquitination anl deubiquitination[END_REF]. For long, the role of H2A ubiquitination in transcription regulation has remained elusive. Indeed, although the modification had been described for decades, the enzymes responsible for H2A ubiquitination have only recently been identified. A major breakthrough in the understanding of H2AK119Ub function came with the characterisation of the first H2A

E3 ubiquitin ligase RING1B (H. B. Wang et al., 2004). The authors performed in vitro H2A ubiquitination assays using fractionated and purified protein extracts from HeLa cells. They identified RING1B as the catalytic subunit of a multiproteic complex from the Polycomb family: the Polycomb Repressive Complex 1 (PRC1). Knockdown of RING1B leads to global loss of H2AK119Ub by 75%, together with derepression of specific Polycomb loci. Subsequent studies showed that PRC1--deposited H2AK119Ub at promoter regions was required to maintain transcriptional repression on developmental genes, by using in vitro embryonic stem cell models (ESc) [START_REF] Endoh | Histone H2A Mono--Ubiquitination Is a Crucial Step to Mediate PRC1--Dependent Repression of Developmental Genes to Maintain ES Cell Identity[END_REF] or by studying in vivo drosophila development [START_REF] Cao | Role of Bmi--1 and Ring1A in H2A ubiquitylation and Hox gene silencing[END_REF]H. B. Wang et al., 2004). These studies indicate a role for H2AK119Ub in controlling cell fate maintenance during the developmental differentiation process. Further characterisation of PRC1 components showed that RING1B is the main E3 ligase responsible for H2AK119Ub, while its homologue RING1A may compensate for Ring1B in certain systems [START_REF] Cao | Role of Bmi--1 and Ring1A in H2A ubiquitylation and Hox gene silencing[END_REF][START_REF] De Napoles | Polycomb group proteins Ring1A/B link ubiquitylation of histone H2A to heritable gene silencing and X inactivation[END_REF]. H2AUb--related silencing is indeed involved in particular cellular processes. For instance, ubiquitinated H2A was found enriched on the silenced X chromosome during X inactivation initiation, the mechanism by which mammals compensate for sex chromosome dosage difference [START_REF] De Napoles | Polycomb group proteins Ring1A/B link ubiquitylation of histone H2A to heritable gene silencing and X inactivation[END_REF][START_REF] Fang | Ring1b--mediated H2A ubiquitination associates with inactive X chromosomes and is involved in initiation of X inactivation[END_REF].

Mechanistically, H2A ubiquitination could prevent transcription by blocking recruitment of the FACT complex, thereby inhibiting RNA polymerase II elongation activity [START_REF] Zhou | Histione H2A monoubiquitination represses transcription by inhibiting RNA polymerase II transcriptional elongation[END_REF]. Indeed, the authors showed that the interaction of FACT subunits with H2A is inhibited by K119 ubiquitination. Of note, this work is based on the role of 2A--HUB, an E3 ligase part of the NCor/HDAC repressive complex, which displays H2A ubiquitination activity in vitro, and is proposed to repress transcription of specific target genes.

Another repression mechanism recently attributed to ubiquitinated H2A could be through the recruitment of Polycomb Repressive Complex 2 (PRC2), which catalyses trimethylation of H3K27, a modification that is also tightly associated to transcription repression maintenance [START_REF] Blackledge | Variant PRC1 complex--dependent H2A ubiquitylation drives PRC2 recruitment and polycomb domain formation[END_REF][START_REF] Cooper | Targeting polycomb to pericentric heterochromatin in embryonic stem cells reveals a role for H2AK119u1 in PRC2 recruitment[END_REF]. Recruitment of specific PRC1 variant complexes can indeed mediate formation of a Polycomb domain via recruitment of PRC2 and establishment of H3K27 trimethylation, thereby inhibiting transcription. In line with these findings, another recent study reported the E3 ligase complex Cullin4B--Ring (CRL4B) to mediate transcriptional repression by ubiquitinating H2A and recruiting the PRC2 complex to specific target genes to promote H3K27 methylation (H. L. [START_REF] Hu | CRL4B Catalyzes H2AK119 Monoubiquitination and Coordinates with PRC2 to Promote Tumorigenesis[END_REF].

Another study suggested that H2AUb was involved in other trans--histone cross--talk and could repress H3K4 di-- and trimethylation, thereby inhibiting transcriptional initiation (Nakagawa et al., 2008).

Finally, a recent study identified lysine residues 127 and 129 as being targeted by the E3 ligase BRCA1, but the implications of such a modification are still unclear [START_REF] Kalb | BRCA1 is a histone--H2A--specific ubiquitin ligase[END_REF]. One hypothesis implicates the derepression in DNA satellite repeat regions together with loss of H2A ubiquitination upon BRCA1 knockdown, but no direct link has been established yet (Q. [START_REF] Zhu | BRCA1 tumour suppression occurs via heterochromatin--mediated silencing[END_REF].

Monoubiquitinated forms of non--canonical histone H2A.Z were also identified in mammalian cells, on lysine residues K120, K121 and K125 [START_REF] Sevilla | Post--translational modifications of the histone variant h2az[END_REF].

H2A.ZUb was found enriched at transcriptionally silent facultative heterochromatin, in particular on the inactive X chromosome [START_REF] Sarcinella | Monoubiquitylation of H2A.Z distinguishes its association with euchromatin or facultative heterochromatin[END_REF]. Ubiquitination of H2A.Z is impaired upon loss of the E3 ligase RING1B, suggesting that PRC1 might be the preferential complex involved in H2AZ ubiquitination, a hypothesis reinforced by the presence and role of PRC1 at the inactive X chromosome [START_REF] De Napoles | Polycomb group proteins Ring1A/B link ubiquitylation of histone H2A to heritable gene silencing and X inactivation[END_REF]. In a subsequent study, the same group showed that H2AZUb was enriched at hormone-responsive gene regulatory regions [START_REF] Draker | USP10 deubiquitylates the histone variant H2A.Z and both are required for androgen receptor--mediated gene activation[END_REF]. They showed that USP10 DUB could deubiquitinate H2A.Z, and that this activity was necessary for activation of the genes enriched in H2A.ZUb following hormonal treatment, reinforcing the assumption that H2A.Z ubiquitination was involved in transcriptional silencing. Specific antibodies directed against H2A.ZUb are a prerequisite for further functional studies of this histone mark. 

2-Role in DNA damage response

In addition to its role in transcription repression, ubiquitination of H2A is also involved in the DNA repair pathway. As mentioned previously, following DNA damage, the histone variant H2AX is rapidly phosphorylated and is a marker of DNA breaking sites.

Following genotoxic stress, the E3 ligases RNF8 and RNF168 are recruited to sites of DNA damage and act in synergy to perform polyubiquitination of H2A and H2AX [START_REF] Doil | RNF168 Binds and Amplifies Ubiquitin Conjugates on Damaged Chromosomes to Allow Accumulation of Repair Proteins[END_REF][START_REF] Huen | RNF8 transduces the DNA--damage signal via histone ubiquitylation and checkpoint protein assembly[END_REF]. Interestingly, the targeted residues differ from the canonical K119. Indeed, recent reports identified N--terminal residues K13, K15 and K27 of H2A/H2AX as being the major substrates of RNF8/RNF168 E3 ligases [START_REF] Gatti | RNF168 Promotes Noncanonical K27 Ubiquitination to Signal DNA Damage[END_REF][START_REF] Gatti | A novel ubiquitin mark at the N--terminal tail of histone H2As targeted by RNF168 ubiquitin ligase[END_REF][START_REF] Mattiroli | RNF168 Ubiquitinates K13--15 on H2A/H2AX to Drive DNA Damage Signaling[END_REF]. In addition, various subunits of the PRC1 complex were identified at sites of DNA damage, where they mediate H2A/H2AX monoubiquitination independently of the RFNA8 pathway [START_REF] Ginjala | BMI1 Is Recruited to DNA Breaks and Contributes to DNA Damage--Induced H2A Ubiquitination and Repair[END_REF].

H2A/H2AX monoubiquitination was further shown to be a prerequisite for H2AX phosphorylation (C. Y. [START_REF] Wu | Critical Role of Monoubiquitination of Histone H2AX Protein in Histone H2AX Phosphorylation and DNA Damage Response[END_REF]. This intricate ubiquitin network facilitates the recruitment to DDR foci of fundamental components of the pathway, such as 53BP1 and BRCA1, required for the activation of downstream effectors and further resolution of DNA breaks [START_REF] Doil | RNF168 Binds and Amplifies Ubiquitin Conjugates on Damaged Chromosomes to Allow Accumulation of Repair Proteins[END_REF][START_REF] Fradet--Turcotte | 53BP1 is a reader of the DNA--damage--induced H2A Lys 15 ubiquitin mark[END_REF][START_REF] Gatti | RNF168 Promotes Noncanonical K27 Ubiquitination to Signal DNA Damage[END_REF].

3-H2A deubiquitination

If ubiquitination of Histone H2A is critical for various aspects of cell biology, the deubiquitination process is just as much important and is mediated by several DUB families (reviewed by [START_REF] Belle | H2A--DUBbing the mammalian epigenome: Expanding frontiers for histone H2A deubiquitinating enzymes in cell biology and physiology[END_REF]). For example, the accumulation of ubiquitinated H2A/H2AX at sites of DNA damage entails transcriptional silencing in damaged regions, which needs to be relieved following DNA repair. Stem cell fate maintenance and differentiation also involve H2A deubiquitination at particular loci in order to drive the activation of lineage specific pathways.

MYSM1 is a DUB from the metalloprotease family, which was first shown to promote transcription activation by coordinating H2A deubiquitination and histone acetylation via its interaction with the pCAF acetyl transferase (P. [START_REF] Zhu | A histone H2A deubiquitinase complex coordinating histone acetylation and H1 dissociation in transcriptional regulation[END_REF]. Subsequent studies have implicated MYSM1 in hematopoietic stem cell maintenance and differentiation, via the transcriptional control of hematopoietic--specific transcription factors [START_REF] Jiang | Control of B Cell Development by the Histone H2A Deubiquitinase MYSM1[END_REF][START_REF] Nijnik | The critical role of histone H2A--deubiquitinase Mysm1 in hematopoiesis and lymphocyte differentiation[END_REF][START_REF] Wang | The control of hematopoietic stem cell maintenance, self--renewal, and differentiation by Mysm1--mediated epigenetic regulation[END_REF].

Another identified H2A DUB is the metalloprotease BRCC36, which was first characterized as a BRCA1 partner and subsequently demonstrated to play a role during DNA damage response [START_REF] Dong | Regulation of BRCC, a holoenzyme complex containing BRCA1 and BRCA2, by a signalosome--like subunit and its role in DNA repair[END_REF]. Indeed, BRCC36 is recruited at DNA damage foci and antagonize the RNF8/168--dependent polyubiquitination of H2A (G. [START_REF] Shao | The Rap80--BRCC36 de--ubiquitinating enzyme complex antagonizes RNF8--Ubc13--dependent ubiquitination events at DNA double strand breaks[END_REF]. However, how BRCC36 participates in DNA breaks repair still needs to be established.

Several proteins from the Ubiquitin specific protease family (USP) were also characterized as H2A DUBs. For instance, USP3, USP16 and USP44 were all three shown to participate in H2A deubiquitination during DNA repair [START_REF] Belle | H2A--DUBbing the mammalian epigenome: Expanding frontiers for histone H2A deubiquitinating enzymes in cell biology and physiology[END_REF]. In particular, USP16 is required for relieving H2AUb--mediated transcription inhibition after DNA breaks resection [START_REF] Shanbhag | ATM--Dependent Chromatin Changes Silence Transcription In cis to DNA Double--Strand Breaks[END_REF]. USP16--dependent transcription activation was further demonstrated in a more genome--wide perspective and described as implicated in lymphocyte quiescence maintenance by counteracting RING1B activity [START_REF] Frangini | The Aurora B Kinase and the Polycomb Protein Ring1B Combine to Regulate Active Promoters in Quiescent Lymphocytes[END_REF]. In addition, USP21 was shown to relieve H2AUb--mediated repression of H3K4 methylation, thereby allowing transcriptional activation in a mouse model of liver regeneration (Nakagawa et al., 2008).

BAP1 (BRCA1 Associated Protein 1) is the only reported member of the UCH family that deubiquitinates H2A. The protein was first characterized as a BRCA1 interacting partner [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF] and is well known for its tumour suppressive role (Ventii et al., 2008). However, its H2A deubiquitinase function was only recently described. A screen performed in Drosophila led to the identification of BAP1 as part of a Polycomb repressive deubiquitinase complex (PR--DUB), which mediates transcriptional repression maintenance on Polycomb targets via deubiquitination of H2AK119Ub (Scheuermann et al., 2010). BAP1 was further shown to participate in cell proliferation, cell cycle progression, DNA damage response, as well as hematopoietic lineage maintenance, but given the multifunctional nature of BAP1, how these different aspects are related to H2A deubiquitination is still unclear. The different functions attributed to BAP1 will be thoroughly discussed in the next chapters. 

Chapter 2

The Polycomb group of proteins

I. Polycomb, trithorax and Hox gene regulation

Embryonic development is the process by which a population of undifferentiated pluripotent stem cells acquire specific properties in response to environmental stimuli, and differentiate into a multitude of specialized cell types and tissues. Although the differentiated cells share mostly the same genome, the patterns of gene expression established during development differ from one cell type to another, and must be maintained throughout cell divisions to ensure proper organ formation and maintenance of tissue homeostasis after embryogenesis. Two families of proteins act together to perpetrate transcriptional programs and preserve cell identity: the Polycomb group (PcG) and trithorax group (trxG) of proteins. These master regulators of gene expression form multiproteic complexes that direct posttranslational modifications on histones and/or affect chromatin compaction, and thereby define a chromatin state that will influence transcriptional activities [START_REF] Schuettengruber | Genome regulation by polycomb and trithorax proteins[END_REF]. They work in an antagonistic though complementary fashion: PcG is associated with transcriptional repression, whereas trxG is linked to transcriptional activation.

Therefore, PcG and trxG complexes may regulate the same genes, but in a mutually exclusive manner, depending on the initial transcriptional state [START_REF] Petruk | Association of trxG and PcG proteins with the bxd maintenance element depends on transcriptional activity[END_REF]. As a result, most trxG proteins were originally identified as suppressors of PcG mutations [START_REF] Kennison | Dosage--Dependent Modifiers of Polycomb and Antennapedia Mutations in Drosophila[END_REF], although punctual cooperation events were also reported [START_REF] Pradeepa | Psip1/Ledgf p75 restrains Hox gene expression by recruiting both trithorax and polycomb group proteins[END_REF][START_REF] Steffen | Quantitative in vivo analysis of chromatin binding of Polycomb and Trithorax group proteins reveals retention of ASH1 on mitotic chromatin[END_REF].

PcG and trxG proteins were originally discovered in Drosophila melanogaster as critical transcriptional regulators of the homeotic gene locus (Hox), which encodes a range of transcription factors that control embryonic development along the anterior--posterior axis (Figure 4). The Hox genes are organized in clusters, facilitating coordinate control by these transcriptional regulators. First evidence of such a regulation came with the analysis of the polycomb (Pc) fly mutant, which displays a phenotype similar to the deletion of a large portion of the Hox bithorax locus [START_REF] Lewis | Gene Complex Controlling Segmentation in Drosophila[END_REF]. Polycomb was therefore proposed to be a bona fide transcriptional regulator of the Hox locus. Subsequent studies identified numbers of genes whose mutations drive the same phenotypes, resulting in the classification of a Polycomb group of proteins (Jurgens, 1985). The expression pattern of Hox genes is indeed spatially and temporally regulated by the PcG and trxG proteins and is critical to define segment identity; their mutation or misregulation leads to body--patterning defects with anterior--posterior segment transformations, sometimes accompanied by premature death. Of note, combinations of mutations in the PcG family increase the phenotypes observed in single mutants, suggesting that these proteins act synergistically to control the spatial expression of the Hox genes (Jurgens, 1985). Importantly, the PcG and trxG proteins are part of a complex regulatory network and only maintain a transcriptional state that is initially established during the first hours of development by a cascade of maternal and zygotic transcription factors [START_REF] Maeda | The ABC of the BX--C: the bithorax complex explained[END_REF]. Genome--wide studies have then revealed that the Polycomb proteins not only control the Hox gene locus, but also are present throughout the genome and regulate the expression of hundreds of genes. This property is conserved in vertebrates, where the PcG/trxG proteins also regulate other cellular processes such as proliferation, stem cell fate maintenance, X--chromosome inactivation or genomic imprinting. In addition, mutations of Polycomb components were reported in a wide variety of malignancies, an aspect that we will further explore in Chapter 4.

Because our focus here is on PcG mechanisms and functions, readers that are interested in trxG mechanisms of action are referred to recent reviews covering trithorax-mediated transcriptional regulation [START_REF] Kingston | Transcriptional Regulation by Trithorax--Group Proteins[END_REF][START_REF] Schuettengruber | Inactivation of polycomb repressive complex 2 components in myeloproliferative and myelodysplastic/myeloproliferative neoplasms[END_REF]. Four Polycomb complexes have been identified to date: Polycomb Repressive Complex 1 (PRC1), PRC2, Pho--Repressive Complex (Pho--RC) and Polycomb Repressive Deubiquitinase (PR--DUB). While PRC1 and PRC2 are well characterized, the identification of PR--DUB is more recent and needs further characterization, in particular in mammals. PcG components are widely conserved from plants to humans, but the evolution was accompanied by a diversification of the proteins that constitute the Polycomb complexes between species. We will focus here on studies using D. melanogaster and mammalian models, which have yielded key insights within the Polycomb machinery. PRC1, PRC2 and Pho--RC composition and functions are discussed in the following sections. PR--DUB, which is the main subject of my work, will be described independently in the next chapters. required to form a stable and functional complex, and therefore are considered as the core subunits of canonical PRC1 [START_REF] Francis | Reconstitution of a functional core polycomb repressive complex[END_REF][START_REF] Shao | Stabilization of chromatin structure by PRC1, a polycomb complex[END_REF]. The purification of a human PRC1 complex from HeLa cells revealed that the complex composition is conserved; yet several paralogs exist for each component [START_REF] Levine | The core of the polycomb repressive complex is compositionally and functionally conserved in flies and humans[END_REF]. The heterogeneous nature of PRC1 complexes was probably a limiting factor in the understanding of its biological function, which explains the late though constant evolution of the field. A better comprehension of how these proteins associate with each other was unravelled in a recent study, which combined comprehensive proteomic and genomic analyses to reveal the existence of at least six functionally distinct PRC1 complexes [START_REF] Gao | PCGF Homologs, CBX Proteins, and RYBP Define Functionally Distinct PRC1 Family Complexes[END_REF]. By performing tandem affinity purification (TAP) from epitope--tagged PCGFs and RING1B expressed in HEK--293 cells, they identified six different PRC1 complexes that all contain RING1A/B, but differ in the PCGF subunit. By ChIP--sequencing analysis, they further showed that the different PCGFs occupy distinct genomic loci, enriched in distinct functional groups of genes as illustrated by gene ontology analysis. Moreover, they confirmed interaction with all 6 PRC1 complexes of two PRC1--related components, RING1/YY1--binding protein (RYBP) or its homolog YAF2 in a mutually exclusive manner. They further demonstrated that incorporation of these cofactors to PRC1 complexes impaired the binding of CBXs, PHCs and SCMs, adding another layer of heterogeneity among the PRC1 complexes (Figure 5C).

In addition to RYBP/YAF2--associated PRC1 complexes, other non--canonical PRC1 complexes were identified. dRing--associated factor (dRAF) complex was characterized in Drosophila by analyzing the PC--unbound dRING fraction and is composed of dRING, PSC and the lysine demethylase dKDM2 [START_REF] Lagarou | dKDM2 couples histone H2A ubiquitylation to histone H3 demethylation during Polycomb group silencing[END_REF] (Figure 5B). dKDM2

catalyses the demethylation of H3K36me2, a mark associated to transcriptional elongation, and stimulates dRING--PSC--mediated H2AK119 ubiquitination in vitro.

However, these two activities seem inter--independent, since dRING--PSC does not influence KDM2 enzymatic activity, while enzymatically inactive dKDM2 can still enhance H2AK119 ubiquitination. Depletion of dKdm2 leads to a dramatic loss in H2AK119Ub together with deregulation of a large subset of genes that strongly overlaps with PRC1 targets, suggesting that dRAF and PRC1 might cooperate in transcriptional silencing through H2AK119 ubiquitination. The mammalian counterpart is the BCL6 co-repressor (BCOR) complex, which results from the interaction of BCOR and KDM2B (dKDM2 paralog), with canonical or non--canonical PCGF1--PRC1 complexes [START_REF] Gearhart | Polycomb group and SCF ubiquitin ligases are found in a novel BCOR complex that is recruited to BCL6 targets[END_REF][START_REF] Sanchez | Proteomics analysis of Ring1B/Rnf2 interactors identifies a novel complex with the Fbxl10/Jhdm1B histone demethylase and the Bcl6 interacting corepressor[END_REF] (Figure 5C). However, the exact contributions of dRAF and BCOR to Polycomb--mediated repression need further investigations. Therefore, formation of a canonical PRC1 depends on the presence of CBX and PH proteins, while RYBP/YAF2 and other facultative subunits such as BCOR and KDM2 define non-canonical PRC1 complexes.

Finally, another atypical PRC1 complex termed E2F6.com was identified in mammals.

Purification of the proteins associated to the transcription factor E2F6 led to the identification of several PRC1 components, among which RING1A/B, MBLR, BMI--1 and RYBP/YAF2 [START_REF] Ogawa | A complex with chromatin modifiers that occupies E2F--and Myc--responsive genes in G(0) cells[END_REF][START_REF] Trimarchi | The E2F6 transcription factor is a component of the mammalian Bmi1--containing polycomb complex[END_REF] (Figure 5D). Various subunits were also identified, including the lysine methyltransferase EHMT1, which is responsible for H3K9 mono--and dimethylation. E2f6 deletion in mouse induces homeotic skeletal transformations, suggesting that the transcription factor participates in PcG--mediated Hox repression [START_REF] Courel | E2f6 and Bmi1 cooperate in axial skeletal development[END_REF][START_REF] Storre | Homeotic transformations of the axial skeleton that accompany a targeted deletion of E2f6[END_REF]. Indeed, E26F

and BMI--1 were shown to co--localize at Hox promoters and mediate Hox genes repression in a synergistic manner [START_REF] Courel | E2f6 and Bmi1 cooperate in axial skeletal development[END_REF]. However, how E26F

participates in PRC1 activity is still unclear. 

2-Recruitment

Models trying to explain PRC1 recruitment to the chromatin often involve an active role of PRC2--deposited H3K27me3 histone mark, which largely colocalizes with PRC1 [START_REF] Boyer | Polycomb complexes repress developmental regulators in murine embryonic stem cells[END_REF][START_REF] Ku | Genomewide Analysis of PRC1 and PRC2 Occupancy Identifies Two Classes of Bivalent Domains[END_REF]. Indeed, chromodomain--containing CBX/Pc subunits are susceptible to recognize and bind this modification. In vitro experiments provided evidence for such an interaction [START_REF] Cao | Role of histone H3 lysine 27 methylation in polycomb--group silencing[END_REF], which was further confirmed by genome--wide studies that showed displacement of PRC1 from chromatin in PRC2-deficient ES cells [START_REF] Boyer | Polycomb complexes repress developmental regulators in murine embryonic stem cells[END_REF]. However, H3K27me3--independent recruitment of PRC1 to chromatin was also proposed and differences observed between differentiated and undifferentiated cells [START_REF] Pasini | The polycomb group protein Suz12 is required for embryonic stem cell differentiation[END_REF][START_REF] Schoeftner | Recruitment of PRC1 function at the initiation of X inactivation independent of PRC2 and silencing[END_REF]. Shedding more light on this matter, another study showed by ChIP--sequencing that only CBX2--PCGF2/4--containing PRC1 complexes accumulate at H3K27me3--rich regions [START_REF] Gao | PCGF Homologs, CBX Proteins, and RYBP Define Functionally Distinct PRC1 Family Complexes[END_REF]. This observation is in line with a previous work that used a biophysical approach to compare the affinity and specificity of H3K27me3 recognition by the different CBX paralogs. The authors realised that the CBX have low affinity towards H3K27me3, and that only CBX2 appears to have a preference for the H3K27me3 mark compared to other trimethylated residues [START_REF] Kaustov | Recognition and Specificity Determinants of the Human Cbx Chromodomains[END_REF]. In addition, H3K27me3 loss does not displace non canonical CBX--lacking RYBP--PRC1 complexes [START_REF] Tavares | RYBP--PRC1 Complexes Mediate H2A Ubiquitylation at Polycomb Target Sites Independently of PRC2 and H3[END_REF].

The BCOR complex was also reported to recruit PRC1 to the chromatin. A recent study showed that artificial tethering of the BCOR component KDM2B to the chromatin leads to the recruitment of PCGF1--PRC1 variant complex at the target locus and formation of a Polycomb domain marked by the enrichment in H2AK119Ub and H3K27me3 [START_REF] Blackledge | Variant PRC1 complex--dependent H2A ubiquitylation drives PRC2 recruitment and polycomb domain formation[END_REF]. They confirmed their observations in vivo, where deletion of KDM2B leads to PCGF1 release from the chromatin at gene--associated CpG islands and gene body regions, as shown by ChIP experiments. These data suggest that the BCOR complex is necessary for the recruitment of PCGF1--PRC1 variant complex at specific chromatin loci.

Of note, another recruitment mechanism was described in flies, which involves tethering of PRC1 by the PHO--RC complex. This particular mechanism will be further described in section IV dedicated to PHO--RC mechanisms of action.

Altogether, these data suggest various, flexible and dynamically regulated mechanisms orchestrating the recruitment to the chromatin of the diverse PRC1 complexes.

3-Silencing mechanism

PRC1 was first shown to mediate chromatin compaction [START_REF] Francis | Reconstitution of a functional core polycomb repressive complex[END_REF][START_REF] Shao | Stabilization of chromatin structure by PRC1, a polycomb complex[END_REF], before its enzymatic activity directing H2AK119 monoubiquitination was uncovered (see Chapter 1 section III.i)) (H. B. Wang et al., 2004). Interestingly, the two repressive mechanisms seem inter--independent. In Drosophila, Psc alone can interact with nucleosomes and mediate compaction of the "beads--on--a--string" chromatin structure [START_REF] Francis | Reconstitution of a functional core polycomb repressive complex[END_REF][START_REF] Lo | Chromatin Modification by PSC Occurs at One PSC per Nucleosome and Does Not Require the Acidic Patch of Histone H2A[END_REF]. Of note, this activity in mammals is mediated by the Polycomb homolog CBX2 subunit [START_REF] Grau | Compaction of chromatin by diverse Polycomb group proteins requires localized regions of high charge[END_REF]. Since CBX2 is absent from RYPB containing PRC1 complexes and RYBP does not impair PRC1-mediated chromatin compaction, RYBP--PRC1 complexes may direct chromatin compaction through another mechanism than canonical PRC1 [START_REF] Gao | PCGF Homologs, CBX Proteins, and RYBP Define Functionally Distinct PRC1 Family Complexes[END_REF].

In Drosophila, dRing mutants display strong Polycomb phenotypes, as well as loss of H2A ubiquitination together with derepression of specific Hox genes, suggesting a role for H2A ubiquitination in mediating Polycomb silencing [START_REF] Fritsch | Molecular and genetic analysis of the Polycomb group gene Sex combs extra/Ring in Drosophila[END_REF][START_REF] Gutierrez | The role of the histone H2A ubiquitinase Sce in Polycomb repression[END_REF]. This hypothesis is supported by a recent work that made use of a Ring1A/Ring1B double knockout ES cell line to demonstrate that a catalytically inactive RING1B could not restore the derepression of PRC1 target genes [START_REF] Endoh | Histone H2A Mono--Ubiquitination Is a Crucial Step to Mediate PRC1--Dependent Repression of Developmental Genes to Maintain ES Cell Identity[END_REF].

However, this data is controversial, since another study showed that the same catalytically inactive RING1B could efficiently restore Hox gene repression in a Ring1b null ES cell line by mediating chromatin compaction [START_REF] Eskeland | Ring1B Compacts Chromatin Structure and Represses Gene Expression Independent of Histone Ubiquitination[END_REF].

Nevertheless, the latter study did not address H2AK119 ubiquitination status at the Hox locus, leaving outstanding the possibility that RING1A could somehow compensate the loss of RING1B. A recent communication from J. Müller's group shed some light on this complex issue (Pengelly et al., 2015). They developed a dRing mutant fly carrying the I48A substitution that disrupts dRING catalytic activity. They showed that although H2A ubiquitination was completely lost, the flies neither develop any Polycomb phenotypes, nor did they show derepression of the Hox genes. In parallel, they built mutant constructs of canonical and variant H2A histones in all the C--terminal lysines residues in order to prevent ubiquitination events. They showed that clones of H2A mutant cells in imaginal wing discs still maintained repression of Polycomb target genes. Altogether, these data indicate that PRC1 can mediate repression of its target genes independently of H2A ubiquitination in Drosophila. The discrepancies observed between fly and mouse models raise interesting questions regarding the evolution of H2Aub in contributing to PRC1--mediated repression.

Interestingly, RING1B mediates H2A monoubiquitination both in canonical and non-canonical complexes; the presence of RYBP within PRC1 even boosts H2AK119 ubiquitination in vitro [START_REF] Gao | PCGF Homologs, CBX Proteins, and RYBP Define Functionally Distinct PRC1 Family Complexes[END_REF]. How H2A ubiquitination can drive or maintain transcriptional repression is still unclear. Current working hypotheses include inhibition of RNA Pol II elongation, trans--histone cross--talk or recruitment of Polycomb PRC2 complex [START_REF] Blackledge | Variant PRC1 complex--dependent H2A ubiquitylation drives PRC2 recruitment and polycomb domain formation[END_REF][START_REF] Cooper | Targeting polycomb to pericentric heterochromatin in embryonic stem cells reveals a role for H2AK119u1 in PRC2 recruitment[END_REF]Nakagawa et al., 2008;[START_REF] Zhou | Histione H2A monoubiquitination represses transcription by inhibiting RNA polymerase II transcriptional elongation[END_REF]. For more details regarding H2AUb--mediated repression mechanisms, please refer to Chapter 1, section III.i).

Of note, ChIP--sequencing experiments revealed that PRC1 components also bind actively transcribed genes, but the function of PRC1 at these loci is still unclear [START_REF] Pemberton | Genome--wide co--localization of Polycomb orthologs and their effects on gene expression in human fibroblasts[END_REF].

4-Biological functions

PRC1 is a key player at determining segment identity during embryonic development, therefore most functional studies have focused on the role of PRC1 during cell fate commitment. PRC1--deficient ES cells fail to maintain stem cell identity and show derepression of critical developmental regulators, suggesting a critical role in maintaining pluripotent states. PRC1 functions downstream of the pluripotent factors OCT3/4 to maintain repression, as shown by ChIP experiments in Oct3/4 mutant ES cells [START_REF] Endoh | Polycomb group proteins Ring1A/B are functionally linked to the core transcriptional regulatory circuitry to maintain ES cell identity[END_REF].

In addition, PRC1 is involved in cell fate decision. Indeed, several studies have reported a switch in PRC1 composition during differentiation. While CBX7 is the primary PC homolog found in undifferentiated ES cells, its expression is switched off towards Cbx2, Cbx4 and Cbx8 during differentiation [START_REF] Klauke | Polycomb Cbx family members mediate the balance between haematopoietic stem cell self--renewal and differentiation[END_REF]Morey et al., 2012;[START_REF] O'loghlen | MicroRNA Regulation of Cbx7 Mediates a Switch of Polycomb Orthologs during ESC Differentiation[END_REF]. The different canonical PRC1 complexes show target selectivity, and while CBX7 represses differentiation genes to maintain pluripotency, CBX2, CBX4, and CBX8 repress pluripotent genes to promote differentiation and lineage commitment.

Moreover, the Cbx paralogs are differentially expressed in specialized cell types and maintain repression on lineage--specific target genes [START_REF] Gil | PRC1 complex diversity: where is it taking us?[END_REF]. In addition, RYBP--PRC1 and KDM2B--PRC1 BCOR complexes are also involved in H2A ubiquitination at specific genomic loci in ES cells [START_REF] Barrero | Polycomb complex recruitment in pluripotent stem cells[END_REF][START_REF] Morey | RYBP and Cbx7 Define Specific Biological Functions of Polycomb Complexes in Mouse Embryonic Stem Cells[END_REF].

Another unexpected function attributed to PRC1 by several studies is the regulation of senescence programs. Cellular senescence is a state in which the cell has reached its proliferative limit and stops dividing, although it remains metabolically active. A common marker of senescence is the activation of the INK4b/ARF/INK4a locus. In normal situations, both canonical and non--canonical PRC1 complexes directly co-regulate this locus in order to control cell proliferation. However, overexpression of PRC1 components, in particular CBX proteins, leads to over--repression of the locus, thus bypassing senescence programs and leading to cell immortalization. Conversely, depletion of PRC1 proteins leads to activation of the locus and premature senescence.

Distinct mechanisms seem to control PRC1 recruitment to this specific locus, from transcription factors, to long non--coding RNAs, to recognition of specific histone marks, indicating a complex and careful regulation of these critical genes [START_REF] Gil | PRC1 complex diversity: where is it taking us?[END_REF].

The diversity of PRC1 complexes raises challenging questions regarding the reasons underlying such a complex evolution and the different functions that can be attributed to each complex.

III. Polycomb Repressive Complex 2 1-The core complex a) Composition

PRC2 was identified in 2002 by several independent groups, both in human cells and Drosophila, as a chromatin modifying complex responsible for H3K27 methylation and gene silencing [START_REF] Cao | Role of histone H3 lysine 27 methylation in polycomb--group silencing[END_REF][START_REF] Czermin | Drosophila enhancer of Zeste/ESC complexes have a histone H3 methyltransferase activity that marks chromosomal polycomb sites[END_REF][START_REF] Kuzmichev | Histone methyltransferase activity associated with a human multiprotein complex containing the Enhancer of Zeste protein[END_REF][START_REF] Muller | Histone methyltransferase activity of a Drosophila polycomb group repressor complex[END_REF]. In Drosophila, PRC2 is composed of 4 core components: the catalytic subunit Enhancer of Zeste (E(Z)), Extra sex combs (ESC) or its homolog ESC--L, Suppressor of Zeste 12 (SU(Z)12) and the Nucleosome remodelling factor Nurf--55 (Figure 5E,left).

In mammals, the composition of PRC2 is highly conserved: EZH1 or EZH2, homologs of E(Z), SUZ12, ESC homolog Embryonic ectoderm development (EED) and Nurf--55 orthologs RBAP46/48 form PRC2 core complex (Figure 5E, right). Of note, several isoforms are produced from EED gene, generated from alternate translation start sites.

All isoforms can be incorporated into PRC2 complex and were proposed to affect PRC2 histone substrate specificity [START_REF] Kuzmichev | Different Ezh2-containing complexes target methylation of histone H1 or nucleosomal histone H3[END_REF][START_REF] Kuzmichev | Composition and histone substrates of polycomb repressive group complexes change during cellular differentiation[END_REF]. However, EED isoforms are overall largely redundant and the expression of a single isoform is sufficient for PRC2 function [START_REF] Montgomery | Molecular and functional mapping of EED motifs required for PRC2--Dependent histone methylation[END_REF][START_REF] Ura | STAT3 and Oct--3/4 control histone modification through induction of Eed in embryonic stem cells[END_REF].

b) Silencing mechanisms

PRC2 is responsible for H3K27 di--and trimethylation, performed by the SET domain containing lysine methyl transferases E(Z)/EZH1/2. Yet, the enzymes require assembly with at least SUZ12 and ESC/EED to efficiently catalyse H3K27 methylation [START_REF] Nekrasov | Nucleosome binding and histone methyltransferase activity of Drosophila PRC2[END_REF]. Of note, although PRC2 can drive monomethylation of H3K27 in vitro, this histone mark is not dramatically affected upon inactivation of PRC2 in vivo, as demonstrated in an EED--deficient ES cell model [START_REF] Schoeftner | Recruitment of PRC1 function at the initiation of X inactivation independent of PRC2 and silencing[END_REF].

In Drosophila, PRC2 repressive activity is directly dependent on H3K27 trimethylation. Indeed, Hox silencing is impaired in Drosophila expressing a catalytically inactive form of E(Z) [START_REF] Muller | Histone methyltransferase activity of a Drosophila polycomb group repressor complex[END_REF]. Moreover, an engineered H3K27 point mutant Drosophila recapitulates the derepression phenotypes observed in PRC2 mutant flies, further demonstrating that H3K27 methylation is the principal mechanism that confers PRC2 its repressive properties [START_REF] Pengelly | A Histone Mutant Reproduces the Phenotype Caused by Loss of Histone--Modifying Factor Polycomb[END_REF].

In mammals, although both EZH1 and EZH2 containing PRC2 complexes can catalyse H3K27 methylation, PRC2--EZH1 has lower methyltransferase activity compared to PRC2--EZH2 as shown by in vitro histone methyltransferase (HMT) assay (Margueron et al., 2008). In vivo, depletion of EZH1 has barely any effect on global levels of H3K27me3, while EZH2 knockdown is sufficient to provoke a strong decrease in the histone mark, confirming the non--redundant role of the two paralogs. The authors further show that EZH1 induces transcriptional repression independently of its enzymatic activity.

Instead, EZH1 mediates chromatin compaction as shown by electron microscopy on reconstituted chromatin, and all four PRC2--EZH1 components are required for this process. The mechanism was confirmed in vivo, where artificial recruitment of PRC2--EZH1 to the chromatin impairs DNase1 accessibility to the targeted locus. Interestingly, EZH2 but not EZH1 expression is associated to proliferation. In line with this, recent data suggests that EZH2 high expression in proliferative tissues is necessary to maintain H3K27me3 homeostasis, and prevent dilution of the pool of H3K27me3 along cell divisions (Wassef et al., submitted).

c) Function regulation

The other components of PRC2 core complex also play crucial roles in mediating PRC2 function. RBAP46/48 are histone chaperones that can bind histones H3 and H4 and, together with SUZ12, contribute to stabilizing PRC2 on the chromatin [START_REF] Nekrasov | Nucleosome binding and histone methyltransferase activity of Drosophila PRC2[END_REF]; A. J. [START_REF] Nowak | Chromatin--modifying Complex Component Nurf55/p55 Associates with Histones H3 and H4 and Polycomb Repressive Complex 2 Subunit Su(z) 12 through Partially Overlapping Binding Sites[END_REF]. On the other hand, EED and SUZ12 are both required for optimal PRC2 enzymatic activity as shown by in vitro HMT assay on recombinant nucleosomes (Cao & Zhang, 2004;[START_REF] Nekrasov | Nucleosome binding and histone methyltransferase activity of Drosophila PRC2[END_REF]. In line with this, SUZ12 was shown to bind EZH2 SET domain, which could explain the critical role of SUZ12 in enhancing PRC2 activity [START_REF] Ciferri | Molecular architecture of human polycomb repressive complex 2[END_REF]. In addition, EED binds trimethylated H3K27 with a high specificity via its C--terminal aromatic cage (Margueron et al., 2009).

Therefore, EED recruits PRC2 on H3K27me3--containing chromatin, which in turn further stimulates PRC2 enzymatic activity. This observation was confirmed in vivo: the introduction of point mutations in ESC aromatic cage could not rescue the Polycomb phenotypes observed in ESC null flies. This suggests a model, by which PRC2 would be recruited on the chromatin by its own substrate, allowing spreading of the mark along neighbouring nucleosomes, but also self--renewal and propagation of the histone mark following cell division (Margueron et al., 2009). On the other hand, the active histone marks H3K4me3 and H3K36me2/3 direct allosteric inhibition of PRC2 activity. In particular, presence of H3K4me3 on the same histone tail as K27 impairs SUZ12--RBAP46/48 complex binding to nucleosomes [START_REF] Schmitges | Histone Methylation by PRC2 Is Inhibited by Active Chromatin Marks[END_REF]. Such an inhibitory system could ensure that H3K27 trimethylation is limited only to the repressed target. Therefore, it is proposed that PRC2 can sense the chromatin environment and tune its enzymatic activity based on the surrounding chromatin landscape. These aspects of PRC2 function are crucial to understand how PRC2 can contribute to the epigenetic maintenance of gene repression.

2-Cofactors

In addition to the four core components, PRC2 interacts with several other polypeptides that modulate its enzymatic activity and/or recruitment to the chromatin.

a) AEBP2

Adipocyte Enhancer--Binding Protein 2 (AEBP2) is a DNA binding zinc finger protein that was described as a partner to several PRC2 components [START_REF] Cao | Role of histone H3 lysine 27 methylation in polycomb--group silencing[END_REF]Cao & Zhang, 2004). More precisely, an electron microscopy--based 3--dimensional reconstruction of the PRC2--AEBP2 complex showed that AEBP2 directly interacts with all PRC2 subunits; it is therefore proposed that AEBP2 reinforces the interactions within PRC2 and stabilizes the complex [START_REF] Ciferri | Molecular architecture of human polycomb repressive complex 2[END_REF]. Moreover, AEBP2 significantly enhances PRC2 activity in vitro (Cao & Zhang, 2004) and colocalizes with PRC2 on a significant subset of genes (H. Kim et al., 2009). Altogether, these data suggest that AEBP2 recruits PRC2 on specific target genes, and stimulates its methyltransferase activity by stabilizing the complex on the chromatin.

b) Polycomb-like

Polycomb--like (Pcl) was described long ago as a PcG protein in Drosophila (I. M. [START_REF] Duncan | Polycomblike --a Gene That Appears to Be Required for the Normal Expression of the Bithorax and Antennapedia Gene Complexes of Drosophila--Melanogaster[END_REF] and later shown to interact with E(Z) via its PHD finger domain (O'connell et al., 2001). Biochemical characterization of PCL--associated proteins further showed that PCL exists in a stable complex with PRC2 and is required for PRC2 recruitment, optimal PRC2 activity and transcriptional repression at Hox target genes, although global H3K27me3 levels did not seem affected in PCL mutant embryos [START_REF] Nekrasov | Pcl--PRC2 is needed to generate high levels of H3--K27 trimethylation at Polycomb target genes[END_REF][START_REF] Savla | Recruitment of Drosophila Polycomb--group proteins by Polycomblike, a component of a novel protein complex in larvae[END_REF].

In mammals, the three PCL homologs PCL1/PHF1, PCL2/MTF2 and PCL3/PHF19 also interact with PRC2 and co--localize with PRC2 core components in mammalian ESCs [START_REF] Casanova | Polycomblike 2 facilitates the recruitment of PRC2 Polycomb group complexes to the inactive X chromosome and to target loci in embryonic stem cells[END_REF][START_REF] Hunkapiller | Polycomb--Like 3 Promotes Polycomb Repressive Complex 2 Binding to CpG Islands and Embryonic Stem Cell Self--Renewal[END_REF]X. Z. Li et al., 2011) Nevertheless, the three paralogs display discrepancies in the way they affect PRC2 activity. Thus, PHF1 was shown to stimulate PRC2 enzymatic activity both in vitro and at HOX target genes, although the PCL homolog is dispensable for PRC2 recruitment [START_REF] Sarma | Ezh2 requires PHF1 to efficiently catalyze H3 lysine 27 trimethylation in vivo[END_REF].

Interestingly, H3K27 di--and trimethylation levels at PRC2 target genes upon PFH1 knockdown were anti--correlated, suggesting that PHF1 stimulates PRC2 activity from di--to trimethylation states. In addition, in contrast to dPCL, knockdown of PHF1 in HeLa cells leads to a significant loss of global H3K27me3 levels, suggesting that PHF1 is an important regulator of PRC2 activity. Conversely, while Mtf2 and Phf19 knockdown in mouse ES cells still induced derepression of several target genes, only Phf19 depletion did affect global H3K27me3 levels [START_REF] Hunkapiller | Polycomb--Like 3 Promotes Polycomb Repressive Complex 2 Binding to CpG Islands and Embryonic Stem Cell Self--Renewal[END_REF]X. Z. Li et al., 2011).

Moreover, in contrast to PHF1, both MTF2 and PHF19 facilitate PRC2 recruitment to its target genes. In addition, MTF2 is required for PRC2 recruitment at the inactive X chromosome in differentiating female ES cells, where PRC2 plays a crucial role [START_REF] Casanova | Polycomblike 2 facilitates the recruitment of PRC2 Polycomb group complexes to the inactive X chromosome and to target loci in embryonic stem cells[END_REF]. However, the lack of comparative studies including all three PCL homologues is a brake to understand the complementarity of these key proteins in regulating PRC2 function.

More recently, several studies reported that the Tudor domain of the mammalian PCLs could bind specifically the active histone mark H3K36me3 [START_REF] Ballare | Phf19 links methylated Lys36 of histone H3 to regulation of Polycomb activity[END_REF][START_REF] Brien | Polycomb PHF19 binds H3K36me3 and recruits PRC2 and demethylase NO66 to embryonic stem cell genes during differentiation[END_REF][START_REF] Cai | An H3K36 Methylation--Engaging Tudor Motif of Polycomb--like Proteins Mediates PRC2 Complex Targeting[END_REF][START_REF] Musselman | The role of histone ubiquitylation and deubiquitylation in gene expression as determined by the analysis of an HTB1(K123R) Saccharomyces cerevisiae strain[END_REF]. Considering the implication of the human PCLs in differentiating ES cells, the authors proposed that these cofactors would target PRC2 to active genes in order to induce their silencing, therefore allowing lineage--specific gene expression during cell fate commitment.

c) JARID2

Another important regulator of PRC2 is the Jumonji family member JARID2 (Jumonji, AT rich interactive domain 2). Although Jumonji proteins represent a family of histone demethylases, JARID2 is devoid of enzymatic activity. Genome--wide studies showed a large overlap between EZH2 and JARID2 target genes, and their recruitment seems to be interdependent, although H3K27me3 levels are barely affected upon JARID2 depletion [START_REF] Landeira | Jarid2 is a PRC2 component in embryonic stem cells required for multi--lineage differentiation and recruitment of PRC1 and RNA Polymerase II to developmental regulators[END_REF][START_REF] Pasini | JARID2 regulates binding of the Polycomb repressive complex 2 to target genes in ES cells[END_REF]. Using biochemical approaches, a recent study showed that JARID2 is a PRC2 substrate, and that methylated JARID2 can enhance PRC2 enzymatic activity both in vitro and in vivo (Sanulli et al., 2015). In addition, JARID2 is an important mediator of PRC2 recruitment to the inactive X chromosome [START_REF] Da Rocha | Jarid2 Is Implicated in the Initial Xist--Induced Targeting of PRC2 to the Inactive X Chromosome[END_REF]. Therefore, JARID2 seems to be involved in regulating both PRC2 recruitment at specific loci and enzymatic activity.

In addition, other factors were described to modulate PRC2 recruitment, including PHO/YY1 via PRE binding (see next section), as well as non--coding RNAs, but the exact role of these facultative partners needs further investigation (Margueron & Reinberg, 2011).

3-Pluripotency and differentiation

Like PRC1, PRC2 main described function lays in cell fate decision regulation. As such, EED deletion in mouse ES cells leads to activation of numerous developmental genes suggesting that PRC2 is important to maintain pluripotent states [START_REF] Boyer | Polycomb complexes repress developmental regulators in murine embryonic stem cells[END_REF].

However, inactivation of PRC2 components does not necessary entail differentiation and also results in derepression of pluripotency factors. These apparent contradictory observations suggest that the sustained expression of pluripotency factors overtakes the aberrant expression of developmental regulators in PRC2--deficient ES cells (Margueron & Reinberg, 2011). Conversely, inactivation of PRC2 core components, or cofactors, leads to impaired lineage commitment, suggesting that PRC2 plays a key role during and after differentiation, which is in line with a function in the maintenanceand not establishment -of transcriptional programs.

IV. Pho-Repressive Complex

Pleiohomeotic (PHO) and its relative Pho--Like (PHO--L) are key elements for PcG repression. These factors were described to bind specific DNA sequences called Polycomb Response Elements (PREs), which were identified mainly from fly Hox genes as cis--regulatory sequences required for PcG repression. PHO is engaged in a heterodimer complex with the protein Scm--like with four MBT domains (dSFMBT) to form the Pho--repressive complex (Pho--RC) (Figure 5F). dSFMBT can bind specifically mono--and dimethylated H3K9 and H4K20 trough its MBT domains. The Pho--RC complex does not possess any enzymatic activity, and therefore is thought to maintain Polycomb--repressed chromatin states by its DNA and histone binding abilities [START_REF] Klymenko | A Polycomb group protein complex with sequence--specific DNA--binding and selective methyl--lysine--binding activities[END_REF]. Another interesting feature of Pho--RC stands in PRC1/2 recruitment at PREs (J. A. Simon & Kingston, 2009). Indeed, physical interactions have been described between PHO and subunits of PRC1 and PRC2 (Mohd--Sarip et al., 2002;L. Wang et al., 2004). In addition, Pho or Pho-L disruption leads to displacement of PRC1 and PRC2 from PREs, suggesting a model in which Pho--RC would tether PRC1 and PRC2 complexes to specific PRE--defined genomic loci, including Hox genes, in order to mediate Polycomb repression (Mohd--Sarip et al., 2005;L. Wang et al., 2004).

In addition, PHO exists in another complex with dINO80 nucleosome--remodelling complex; however whether this complex localizes at PREs is still under debate [START_REF] Bhatia | Chromatin remodeling protein INO80 has a role in regulation of homeotic gene expression in Drosophila[END_REF][START_REF] Klymenko | A Polycomb group protein complex with sequence--specific DNA--binding and selective methyl--lysine--binding activities[END_REF] (Figure 5F). Interestingly, dINO80 mutants display strong homeotic transformations, together with both upregulation and downregulation of Hox genes, suggesting that dINO80 complex could be required for the recruitment of PcG and trxG proteins on the Hox loci [START_REF] Bhatia | Chromatin remodeling protein INO80 has a role in regulation of homeotic gene expression in Drosophila[END_REF]. However, how PHO could mediate dINO80 recruitment to the chromatin and/or how PHO modulates dINO80 transcriptional regulator activities are still question marks.

No mammalian Pho--RC equivalent could be identified so far. Nevertheless, PHO homolog Yin Yang 1 (YY1) was reported to bind PRC2 component EED and mediate PRC2 recruitment in different models, from myoblast differentiation to X--chromosome inactivation in ES cells [START_REF] Caretti | The Polycomb EA2 methyltransferase regulates muscle gene expression and skeletal muscle differentiation[END_REF][START_REF] Jeon | YY1 Tethers Xist RNA to the Inactive X Nucleation Center[END_REF]) (Figure 5G). Moreover, YY1 is required for PcG repression at PRE--like sites in human cells [START_REF] Woo | A Region of the Human HOXD Cluster that Confers Polycomb--Group Responsiveness[END_REF].

However, YY1 response elements are not enriched at Polycomb target genes and YY1 does not overlap with PRC1/2 as shown by ChIP--sequencing in mouse ES cells [START_REF] Mendenhall | GC--Rich Sequence Elements Recruit PRC2 in Mammalian ES Cells[END_REF]. YY1 was also described as a recruiter of the Polycomb PR--DUB complex, but the outcomes of such an interaction are still unclear (Yu et al., 2010).

In addition, YY1 was shown to physically interact with a human INO80 complex (Figure 5G). The recruitment of YY1 and INO80 on the chromatin at specific binding sites is interdependent and promotes transcription activation (Y. [START_REF] Cai | YY1 functions with INO80 to activate transcription[END_REF]. However, conflicting studies have emerged concerning the transcription regulator role associated to YY1, suggesting that YY1 could possess both transcriptional activating and repressive properties depending on its association with co--activators or repressors [START_REF] Vella | Yin Yang 1 extends the Myc--related transcription factors network in embryonic stem cells[END_REF][START_REF] Weill | Transcription factor YY1 binds to the murine beta interferon promoter and regulates its transcriptional capacity with a dual activator/repressor role[END_REF]Yu et al., 2010). Further investigation is required to understand how YY1, INO80 and the Polycomb complexes are linked to each other.

Chapter 3 Functional characterisation of the Polycomb PR-DUB complex

Most of the proteins belonging to the Polycomb family were described decades ago.

However, evidence that other Polycomb proteins were still left to discover incited some researchers to set up a screen aiming at their identification, which led to the identification of the Polycomb PR--DUB complex, which acts through deubiquitination of histone H2A. In this chapter, we will describe the current knowledge regarding the biochemical properties and mechanisms of action of the PR--DUB members.

I. Identification of a new Polycomb complex PR-DUB 1-PR-DUB is required for Hox gene repression through H2A deubiquitination in Drosophila

The PR--DUB complex was first identified and characterized in Drosophila by the group of Jürg Müller in two consecutive studies (Gaytan de Ayala Alonso et al., 2007;Scheuermann et al., 2010). Using an EMS mutagenesis--based genetic screen, they identified a new gene, whose mutation induces classic Polycomb phenotypes. Calypso homozygous mutant embryos die at the end of embryogenesis and display homeotic transformations that are characteristic for PcG mutants. More precisely, abdominal segments A5-A7 are transformed into the eighth abdominal segment. Consistent with Polycomb features, disruption of Calypso leads to abnormal expression of Hox genes, as

shown by immunofluorescence staining of Ubithorax (UBX) and Sex comb reduced (SCR) in the wing imaginal disc. Purification of the proteins associated to a TAP--Calypso transgene coupled to mass spectrometry analysis led to the identification of Additional sex combs (ASX) as the main partner of Calypso. ASX was already described as a

Polycomb protein required for repression of Hox genes during embryonic development (Jurgens, 1985;[START_REF] Sinclair | The Additional sex combs gene of Drosophila encodes a chromatin protein that binds to shared and unique Polycomb group sites on polytene chromosomes[END_REF], but its mechanisms of action remained elusive so far. By ChIP analysis, they showed that Calypso and ASX bind the same genomic loci and share a large subset of target genes with PRC1 and PhoRC Polycomb complexes, including the Hox genes. Analysis of the protein sequence showed that Calypso encodes a deubiquitinating enzyme belonging to the ubiquitin C--terminal hydrolase (UCH)

family. In vitro deubiquitination assays performed on recombinant mononucleosomes revealed that Calypso is able to deubiquitinate histone H2AK119 but not H2BK120 and that interaction with ASX is required for this activity. In vivo, Asx mutant embryos show dramatic decrease in Calypso protein levels, together with global increase in ubiquitination level of histone H2A and, although to a lesser extent, H2B. Furthermore, a catalytically inactive Calypso mutant fails to rescue the derepression of Hox genes occurring in absence of the endogenous protein, which indicates that the deubiquitinase activity of the PR--DUB complex is required for proper repression maintenance of its target genes.

In mammals, the interaction between Calypso and ASX homologues, respectively BRCA1 Associated Protein--1 (BAP1) and Additional sex combs like 1 (ASXL1) and ASXL2, is conserved, as well as the ASX--dependant H2A deubiquitinase activity of the complex, as long as ASXL1 is conserved - ASXL2 was not tested in this assay (Scheuermann et al., 2010). Of note, interaction of BAP1 with ASXL3, the third ASX mammalian homologue, has never been reported so far. However, the Polycomb status of the mammalian PR--DUB complex has not been properly addressed yet. Of note, a very recent paper proposed that truncated versions of ASXL1 would confer hyperactivity to the PR--DUB complex, leading to global erasure of H2AK119Ub together with drastic diminution of H3K27me3 [START_REF] Balasubramani | Cancer--associated ASXL1 mutations may act as gain--of--function mutations of the ASXL1--BAP1 complex[END_REF]. However, further investigations are required before strong conclusions can be drawn from these experiments. We will further analyse this particular aspect in the discussion of this manuscript.

2-A new model for H2AUb-mediated repression maintenance

This new complex adds another layer of complexity to the Polycomb machinery, since the PR--DUB complex seems to antagonize PRC1 activity while still contributing to repression maintenance of the same target genes. Several possible explanations are proposed in Scheuermann et al. (2012). The authors propose for example that the hyperubiquitination of H2A observed in PR--DUB mutant embryos (more than 10--fold increase) could lead to a reduced amount of free ubiquitin, which would subsequently lead to hypoubiquitination of other PRC1 targets, thereby inducing their derepression (Figure 6A). Although not mentioned by the authors, the reduction in free ubiquitin could also affect other actors involved in Hox gene repression that would require ubiquitination processes in order to fulfil their function. Another hypothesis that they put forward is that hyperubiquitination of some targets would sequester H2A--Ub binding factors (such as PRC2), thereby preventing them to bind and repress other targets including the Hox genes (Figure 6B). Last, they suggest that a fine--tuning of H2A ubiquitination level could be at work: PR--DUB would spatially and/or temporally confine H2AUb levels on the chromatin of the target loci, and this mechanism would be required for proper repression maintenance. Righteously, the authors note that the lack of a specific antibody against H2A--Ub in Drosophila is a hurdle that needs to be overcome before these hypotheses can be tested. 

II. PR-DUB members are essential for embryonic development

As described previously, Calypso mutants display strong developmental disorders, characterized by homeotic transformations and premature death at the end of embryogenesis. In this section, we will focus on the developmental disorders observed upon mutations of PR--DUB members, both in mammals and in Drosophila.

1-Bap1 deletion in mice is embryonic lethal and leads to myelodysplastic disorders

Generation of Bap1 KO mice was achieved via deletion of exons 4 and 5 by a Cre--lox recombination system (Dey et al., 2012). Analysis of newborns revealed that deletion of Bap1 leads to embryonic lethality between 8.5 and 9.5 days of development (E8.5 and E9.5). In addition, Bap1 KO embryos at E8.5 showed developmental retardation compared to wild type. Homeotic transformations could not be addressed due to the early lethality of Bap1--deficient mice. In the same study, further conditional deletion of Bap1 in adult mice led to a myeloproliferative / myelodysplastic syndrome (MDS) with features of human chronic myelomonocytic leukemia (CMML). Of note, inactivation of BAP1 is not clearly associated to MDS in human, although the authors identified a patient bearing a heterozygous somatic frameshift mutation within BAP1 catalytic UCH domain. Although BAP1 seems crucial for embryonic development, further investigations are needed to understand its exact contribution to this process.

2-Disruption of ASX(L) proteins shows conserved ETP phenotypes a) ASX

In addition of Polycomb and trithorax groups of proteins, a third class -or more precisely subclass -of proteins involved in expression maintenance was created, based on a genetic screen aiming at the identification of enhancers and suppressors of PcG and trxG mutations [START_REF] Gildea | A screen for new trithorax group genes identified little imaginal discs, the Drosophila melanogaster homologue of human retinoblastoma binding protein 2[END_REF]. Mutations in six genes were found to enhance both trxG and PcG mutations, thereby regrouped as Enhancers of Trithorax and Polycomb mutations (ETP). Asx is classified as an ETP gene, since mutations in Asx enhance both Polycomb and trithorax Group gene mutations [START_REF] Gildea | A screen for new trithorax group genes identified little imaginal discs, the Drosophila melanogaster homologue of human retinoblastoma binding protein 2[END_REF][START_REF] Milne | The Additional sex combs gene of Drosophila is required for activation and repression of homeotic loci, and interacts specifically with Polycomb and super sex combs[END_REF]. Examination of Asx mutant Drosophila embryos revealed bidirectional homeotic transformations along the anterior-posterior body axis. Consistently, ASX is required to maintain repression and activation of Hox genes in a defined pattern [START_REF] Milne | The Additional sex combs gene of Drosophila is required for activation and repression of homeotic loci, and interacts specifically with Polycomb and super sex combs[END_REF][START_REF] Sinclair | Genetic--Analysis of the Additional Sex Combs Locus of Drosophila--Melanogaster[END_REF]. The loss of Calypso expression in Asx mutants reveals that Calypso mechanism of action might be entirely dependent on its association with ASX (Scheuermann et al., 2010). Conversely, the differences observed between Calypso and Asx mutants suggest that ASX could be involved in other functions independently of its association with Calypso.

In line with this, a recent paper described a new interaction between ASX and Cyclin G in Drosophila, which also colocalize on chromatin [START_REF] Dupont | Drosophila Cyclin G and epigenetic maintenance of gene expression during development[END_REF]. Cyclin G was previously shown to bind the ETP Corto and antagonize its repressive function on the homeotic gene Abdominal-B [START_REF] Salvaing | The Enhancer of Trithorax and Polycomb Corto Interacts with Cyclin G in Drosophila[END_REF]. CycG was therefore considered as an activator of Hox genes expression. In this study, while CycG mutation does not lead to homeotic transformations, it enhances Asx as well as other Polycomb genes phenotypes.

Noteworthy, although Cyclin G was found associated with active chromatin as shown by co--staining with DAPI, H3K27me3 and RNA Pol II on polytene chromosomes, disruption of CycG expression enhanced the derepression of Hox genes observed in different Polycomb mutants. Therefore, Cyclin G seems to behave as an activator or a repressor depending on its association with specific partners or other parameters. However, the involvement of ASX, Calypso and H2AUb in Cyclin G--mediated repression still needs to be addressed.

b) ASXL1

Constitutive knockout of Asxl1 in mice was achieved by insertion of a replacement targeting vector within exon 5 of Asxl1 gene, upstream of the conserved ASXH and PHD domains, leading to premature transcription arrest (Fisher, Lee, et al., 2010;[START_REF] Fisher | Loss--of--function Additional sex combs like 1 mutations disrupt hematopoiesis but do not cause severe myelodysplasia or leukemia[END_REF]. In contrast to Bap1 knockout mice, disruption of Asxl1 does not induce embryonic lethality. Asxl1 mutant mice display defects in haematopoiesis but do not show any MDS--or Leukaemia--like phenotypes [START_REF] Fisher | Loss--of--function Additional sex combs like 1 mutations disrupt hematopoiesis but do not cause severe myelodysplasia or leukemia[END_REF], in contrast to humans, where mutations of ASXL1 are associated with MDS and CMML (Gelsi-- [START_REF] Gelsi--Boyer | Mutations of polycomb--associated gene ASXL1 in myelodysplastic syndromes and chronic myelomonocytic leukaemia[END_REF]. However, the majority of mutant mice did not survive until postnatal day 21 (P21), most deaths occurring early between P1 and P3. Authors mentioned that the cause for these premature deaths was unknown. Of note, they also reported that the use of a hybrid genetic background decreased the severity of the phenotypes observed, since the use of a homogenous C57BL/6J background resulted in complete embryonic lethality of Asxl1 homozygous mutant mice.

The skeleton of newborn mice (P1) was examined for developmental defects (Fisher, Lee, et al., 2010). Asxl1 homozygous mutant mice exhibit both anterior and posterior homeotic transformations of the axial skeleton. C2 to C1 cervical vertebrae and C1 to occipital bone transformations accounted for anterior transformations, while posterior transformations were described by C7 to T1 thoracic vertebra and T13 to L1 lumbar vertebra transformations. Consistent with these skeletal defects, Asxl1 mutant embryos display misregulation of Hox genes, as shown by in situ hybridization in whole embryos at E10.5. Hoxa4 and Hoxa7 show derepression and ectopic expression, while Hoxc8 is derepressed in the ectoderm and mesoderm but shows reduced expression in the brain of Asxl1 mutant mice compared to wild type. Therefore, ASXL1 seems to regulate both activation and repression of Hoxc8 depending on the area of expression, consistent with tissue--specific effects observed in Asx mutant Drosophila embryos [START_REF] Soto | Comparison of germline mosaics of genes in the Polycomb group of Drosophila melanogaster[END_REF].

This suggests that, like ASX in Drosophila, ASXL1 would behave as an ETP and would be involved in both activation and repression of developmental genes. This hypothesis was tested by the generation of compound mutant mice for Asxl1 and Cbx7, a Polycomb gene member of the PRC1 complex. Double homozygous mutants showed 100% embryonic lethality before E10.5, when single mutants could develop until and after birth.

Moreover, the homeotic transformations observed in trans--heterozygous mutants were enhanced compared to single heterozygotes, characteristic of an ETP role for ASXL1. Of note, derepression of the HOXA gene cluster upon knockdown of ASXL1 in human hematopoietic cells was recently reported (Abdel-- [START_REF] Wahab | ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression[END_REF], suggesting a conserved mechanism between species.

Interestingly, ASXL1 mutations have also been reported in human pathologies with developmental disorders. For instance, germline duplication of ASXL1 gene has been linked to the 20q11.2 duplication syndrome, characterized by developmental delay, facial dysmorphism and short hands [START_REF] Avila | Delineation of a new chromosome 20q11.2 duplication syndrome including the ASXL1 gene[END_REF]. In addition, the Bohring-Opitz syndrome is another congenital disease characterized by developmental retardation features and in which truncation mutations of ASXL1 account for 50% of all cases [START_REF] Hoischen | De novo nonsense mutations in ASXL1 cause Bohring--Opitz syndrome[END_REF]. The implication of ASXL1 in these development--related diseases is a strong argument in favour of a Polycomb function of this protein.

c) ASXL2

Generation of Asxl2 knockout mice was achieved by a gene--trap targeting the first intron of Asxl2 gene, leading to premature transcription arrest [START_REF] Baskind | Functional conservation of Asxl2, a murine homolog for the Drosophila enhancer of trithorax and polycomb group gene Asx[END_REF].

The authors mentioned that residual transcription of the full length mRNA could still be detected, indicating that the gene--trap did not completely suppress expression of Asxl2.

Disruption of Asxl2 is partially embryonic lethal and approximately half of homozygous animals die before birth. However, the time of embryonic death was not evaluated. 80%

of the Asxl2 mutant survivors did live beyond weaning. The animals were significantly smaller than wild type littermates and had a shortened life span. Histological analyses showed that mutant mice have enlarged hearts and thus may have impaired heart function, which could account for the premature deaths. Among the survivors, 20%

were runts, i.e. were extremely small and weighted 40% less than wild type mice at weaning time. The skeleton of Asxl2 mutant mice was then examined for homeotic transformations. T7 to T6 and T4 to T3 vertebral transformations were observed, as well as defects in sacrum formation. However, the authors did not link these observations to Hox gene deregulation. Of note, no sacral defects were detected in Asxl1 mutant mice (Fisher, Lee, et al., 2010). Like Asxl1, Asxl2 mutant mice display both anterior and posterior transformations in the axial skeleton, suggesting that loss of Asxl2 interferes with the function of both Polycomb and Trithorax proteins. In addition, the authors noticed that the levels of PRC2--deposited histone mark H3K27me3 were reduced in Asxl2 mutant hearts compared to wild type, while H3K4me3 levels, characteristic of active chromatin, remained constant. The authors draw the conclusion that loss of ASXL2 impairs EZH2 activity, leaving behind a less active PRC2--EZH1 

III. Structure and mechanisms of action of the ASX(L) proteins

1-Structure

Two regions are highly conserved between vertebrate and Drosophila Asx homologs [START_REF] Katoh | Functional and cancer genomics of ASXL family members[END_REF]. The first conserved sequence feature is called the ASX Homology (ASXH) domain (Figure 7). Within this domain are two hydrophobic motifs similar to the LXXLL conserved putative nuclear receptor (NR) binding motifs. NRs are DNA--binding transcription factors which function in the context of chromatin and act together with chromatin--remodeling factors, coactivators, and corepressors. They are proposed to switch target genes between active and repressed states, by binding to coactivators in the presence of ligand, and to corepressors in the absence of ligand, respectively [START_REF] Rosenfeld | Coregulator codes of transcriptional regulation by nuclear receptors[END_REF]. Interestingly, it has been reported that ASXL1 and ASXL2 interact with the nuclear receptor LXRα (Liver X receptor alpha) and that ASXL2

promotes LXRα activity while ASXL1 would inhibit it [START_REF] Pan | BAP1 regulates cell cycle progression through E2F1 target genes and mediates transcriptional silencing via H2A monoubiquitination in uveal melanoma cells[END_REF]. Similar results

were previously reported by the same group on PPARγ (Peroxisome Proliferator-activated Receptor γ) (Park et al., 2011) While the link with nuclear receptor requires further investigations, published studies are consistent with a dual role of activator and repressor of ETP--belonging ASX(L) proteins.

The second highly conserved region is a C--terminal plant homeo--domain (PHD) zinc finger [START_REF] Katoh | Functional and cancer genomics of ASXL family members[END_REF]) (Figure 7). Functional roles of the PHD domain involve proteinprotein interactions, acetylation of chromatin proteins, as well as nucleosome interaction [START_REF] Aravind | Scores of RINGS but no PHDs in ubiquitin signaling[END_REF]. Recently, some proteins have been described as binding specific histone modifications via their PHD domains, in particular methylated and acetylated lysine residues (reviewed in (R. Sanchez & Zhou, 2011)). Phylogenetic analyses of 139 human PHD fingers revealed that ASXL PHD domains cluster with H3K4me3--binding PHD fingers [START_REF] Katoh | Functional proteomics of the epigenetic regulators ASXL1, ASXL2 and ASXL3: a convergence of proteomics and epigenetics for translational medicine[END_REF]. It is therefore tempting to speculate that ASXL1/2 could participate in BAP1 recruitment to the chromatin via their PHD domain, although the domain seems dispensable for BAP1 activity both in vitro and in vivo [START_REF] Balasubramani | Cancer--associated ASXL1 mutations may act as gain--of--function mutations of the ASXL1--BAP1 complex[END_REF]Scheuermann et al., 2010).

In addition, mammalian ASXL homologues share conserved sequences that are not present in Drosophila ASX, termed ASX N--terminal (ASXN) domain, ASXL Middle domain--1 (ASXM1) and ASXM2 [START_REF] Katoh | Functional and cancer genomics of ASXL family members[END_REF]) (Figure 7). The N--terminal region comprising ASXN, ASXH and ASXM1 was reported as involved in interaction with several proteins including EZH2 and BAP1 (Abdel-- [START_REF] Wahab | ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression[END_REF]Scheuermann et al., 2010). By contrast, the region around the ASXM2 domain and PHD finger, which is frequently lost in disease--associated ASXL mutants, is involved in interactions with nuclear receptors (NRs) [START_REF] Cho | Additional sex comb--like 1 (ASXL1), in cooperation with SRC--1, acts as a ligand--dependent coactivator for retinoic acid receptor[END_REF]. Concerning ASXL2, the binding with LIM-domain protein WTIP is linked to retinoic acid signalling (F. F. [START_REF] Khan | WTIP interacts with ASXL2 and blocks ASXL2--mediated activation of retinoic acid signaling[END_REF]. ASXL1, ASXL2 and ASXL3 share the common domain architecture consisting of the ASXN, ASXH, ASXM1 and ASXM2 domains and a plant homeodomain finger (PHD) finger. The region around the ASXN, ASXH and ASXM1 domains is involved in interactions with BAP1, EZH2 and NCOA1, whereas the region around the ASXM2 domain and PHD finger is involved in interactions with nuclear receptors and WTIP.

2-A functional role for ASXL1 and EZH2

As mentioned previously, ASXL1 knockdown in human hematopoietic cells leads to derepression of the HOXA gene cluster, together with myeloid transformation of the cell lineage (Abdel-- [START_REF] Wahab | ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression[END_REF]. By contrast, despite observed interaction of BAP1 and ASXL1 by co--immunoprecipitation, knockdown of BAP1 in the same model did not impact the expression level of HOXA genes. In addition, global levels of H2AK119Ub 

Chapter 4

BAP1 is part of multiproteic complexes that regulate its function Beside its potential Polycomb activity, BAP1 is a deubiquitinating enzyme part of multiproteic complexes that may regulate its biochemical properties, activity, substrate specificity, or recruitment to specific chromatin loci. In this section, we will first focus on the different mechanisms and functions associated to (de)ubiquitination. We will then integrate BAP1 functions with its different partners and in particular focus on how interaction with HCF--1 regulates cell cycle progression. Finally, we will explore how BAP1 different partners interfere with its transcriptional regulator activity.

I. Regulation and function of (de)ubiquitination 1-Mechanisms of ubiquitination

Ubiquitination is a posttranslational modification of a target protein substrate by one (monoubiquitination) or several (polyubiquitination) ubiquitin (Ub) units, a small highly conserved 76 amino acid chain that was first identified in 1975 by G. Goldstein (G. [START_REF] Goldstein | Isolation of a Polypeptide That Has Lymphocyte--Differentiating Properties and Is Probably Represented Universally in Living Cells[END_REF]. It targets a wide range of proteins and can affect their stability, localization and function. Of note, other small proteins called Ubiquitine--like (Ubl) present similar mechanisms and complementary regulatory functions to ubiquitin (van der Veen & Ploegh, 2012). SUMO, which leads to sumoylation and NEDD8, responsible for neddylation, are among the most studied. They show no sequence homology with ubiquitin, but present a similar tridimensional structure. For the purpose of this work, we will focus on ubiquitin--related mechanisms.

Ubiquitin is conjugated to lysine residues on the protein substrate or, although less described, to cysteine residues, serine residues, or the amino group of the protein N-terminus [START_REF] Streich | Structural and Functional Insights to Ubiquitin--Like Protein Conjugation[END_REF]. The reaction is catalysed by the sequential action of a ternary enzymatic complex composed of E1--activating, E2--conjugating and E3--ligating enzymes (Figure 8). E1 first catalyses an ATP--dependent reaction that activates ubiquitin and entails the formation of an E1--Ub thioester. Conformational changes occurring during E1--Ub thioester formation enable E2 binding and transfer of the Ub to a conserved active--site cysteine on E2. E3 then binds both E2--Ub and the target substrate to facilitate ubiquitin conjugation via the formation of an isopeptide bond, although in some cases the E2--Ub can direct conjugation by itself. A 4th class of enzymes, termed E4 ubiquitin chain assembly factors, seems involved in specific polyubiquitination scenarii [START_REF] Koegl | A novel ubiquitination factor, E4, is involved in multiubiquitin chain assembly[END_REF]. In human, only about ten E1 and thirty E2 enzymes were identified, while more than a thousand E3 coexist, which would hold the specificity of target recognition to the complex [START_REF] Reinstein | Narrative review: Protein degradation and human diseases: The ubiquitin connection[END_REF]. The ubiquitin ligase complexes are tightly regulated, and subtle posttranslational modifications such as phosphorylation events can switch on and off the activity of a complex by inducing conformational changes [START_REF] Streich | Structural and Functional Insights to Ubiquitin--Like Protein Conjugation[END_REF]. The ubiquitin--activating enzyme (E1) activates ubiquitin by an ATP--dependent reaction. The ubiquitin is then transferred to the active cysteine residue of a ubiquitin--conjugating enzyme (E2). Ubiquitin ligases (E3) bring E2 and substrates together and catalyse the transfer of ubiquitin to a lysine (or serine) residue on the substrate protein. Mono--or polyubiquitin chains can be formed.

Different forms and combinations of ubiquitin linkage exist that each have different signalling outcomes, leading to the emerging notion of a "ubiquitin code" [START_REF] Komander | The Ubiquitin Code[END_REF] (Figure 9A--B). Monoubiquitination can occur on a single residue or at multiple sites on the same protein, leading to multimonoubiquitination.

Polyubiquitination is more complex. Indeed, polymeric chains of ubiquitin entities can be formed via one of the seven lysine residues present on each ubiquitin unit, which constitute sites for the generation of an isopeptide bond with the C--terminus of another ubiquitin (W. [START_REF] Li | Polyubiquitin chains: functions, structures, and mechanisms[END_REF]. The most studied and characterized forms of polyubiquitination are homogenous ubiquitin chains, when the same residue is modified during elongation, as in Lys11--, Lys48--, or Lys63--linked chains [START_REF] Komander | The Ubiquitin Code[END_REF]). Yet, ubiquitin chains can also display a mixed topology if different linkage sites alternate at succeeding positions of the chain. Branched chains of ubiquitin have also been observed, which consist in a single ubiquitin modified with multiple ubiquitin [START_REF] Kim | Certain pairs of ubiquitin--conjugating enzymes (E2s) and ubiquitin--protein ligases (E3s) synthesize nondegradable forked ubiquitin chains containing all possible isopeptide linkages[END_REF], although branched conjugates assembled by the anaphase-promoting complex (APC/C) were reported to enhance proteasomal targeting. [START_REF] Meyer | Enhanced Protein Degradation by Branched Ubiquitin Chains[END_REF]. This variety of ubiquitin chains results in different spatial conformations and levels of compaction, adding another layer of specificity to the potential interactions with binding partners [START_REF] Komander | The Ubiquitin Code[END_REF]. Since all E3 ligases are theoretically able to generate polyubiquitin chains, mechanisms of mono-- versus polyubiquitination have to be tightly controlled in order to trigger the right outcome [START_REF] Komander | The Ubiquitin Code[END_REF]. For example, in the case of PRC1--mediated H2A ubiquitination, the E3 ligase RING1B is tightly bound to the chromatin, which results in a stiff E3--subtrate complex. Ubiquitination of H2A on lysine 119 is achieved through association with the E2 enzyme UBCH5C. The modified residue, together with PRC1 still anchored on the targeted site, results in a steric hindrance that prevents further modification, thereby restricting the reaction to monoubiquitination [START_REF] Bentley | Recognition of UbcH5c and the nucleosome by the Bmi1/Ring1b ubiquitin ligase complex[END_REF].

2-Multiple functions of ubiquitination

The proteasome is an enormous protease complex, which functions to degrade proteins and produce a mixture of peptides that, in mammals, are further routed to the cell surface to serve as antigens for adaptive cell--mediated immunity [START_REF] Kisselev | The sizes of peptides generated from protein by mammalian 26 and 20 S proteasomes --Implications for understanding the degradative mechanism and antigen presentation[END_REF].

The first cellular function associated to ubiquitination dates back to the discovery of an ubiquitin--mediated degradation system by Aaron Ciechanover, Avram Hershko, and Irwin Rose in the early 1980s, rewarded in 2004 with the Nobel Prize in chemistry. By biochemical fractionation, they isolated ubiquitin on the one hand, and another fraction containing the 26S proteasome complex on the other hand. They showed that combination of these two fractions led to covalent bond formation between the proteins and ubiquitin in an ATP--dependent reaction [START_REF] Ciechanover | Atp--Dependent Conjugation of Reticulocyte Proteins with the Polypeptide Required for Protein--Degradation[END_REF]. They further noticed that ubiquitin conjugation was enzymatically catalysed and occurred preferentially in multiple events on a single substrate, and that this reaction triggered proteolysis (Hershko et al., 1980). Subsequent studies showed that substrates directed for proteolysis were polyubiquitinated, forming a K48--linked chain [START_REF] Chau | A Multiubiquitin Chain Is Confined to Specific Lysine in a Targeted Short--Lived Protein[END_REF].

Mutation of ubiquitin K48 could prevent proteasomal degradation of the studied tagged protein, demonstrating the specificity of the cellular outcome associated with ubiquitin chain topology. Other homogenous ubiquitin chains were also further demonstrated to target the substrates for proteolysis, such as K11--, K29-- and in some cases K63--linked chains [START_REF] Komander | The Ubiquitin Code[END_REF]. The substrate's ubiquitin tag can be recognized by a large number of the proteasome subunits, which help to initiate the proteolysis process [START_REF] Finley | Recognition and Processing of Ubiquitin--Protein Conjugates by the Proteasome[END_REF].

Eukaryotic cells contain a second proteolytic pathway called the lysosome, which is a membrane--enclosed organelle that contains numerous proteases. In contrast to the proteasome, which mainly digest ubiquitinated proteins, lysosomal--directed degradation is mostly non--specific and serves to recycle the proteins and other cellular components [START_REF] Ciechanover | Proteolysis: from the lysosome to ubiquitin and the proteasome[END_REF]. Yet, some ubiquitin--mediated pathways were shown to target proteins for lysosomal digestion. For example, the ESCRT complexes (endosomal sorting complex required for transport) recruit monoubiquitinated proteins and drive their internalization into specific endosome compartments that further trigger their transport towards lysosome [START_REF] Hurley | The ESCRT complexes: Structure and mechanism of a membrane--trafficking network[END_REF]. Another astonishing described mechanism is the virally--induced degradation of immune response MHC Class I molecules: the Kaposi's sarcoma-associated herpesvirus (KSHV) encodes an E3 ligase that recruits host E2 enzymes to modify MHC class I molecules with K63--linked ubiquitin chains, which are then targeted to endocytocis and sorting for lysosomal degradation (L. M. [START_REF] Duncan | Lysine--63--linked ubiquitination is required for endolysosomal degradation of class I molecules[END_REF].

Ubiquitination can also be a signal for protein binding, or the driver of further signalling pathways [START_REF] Mukhopadhyay | Proteasome--independent functions of ubiquitin in endocytosis and signaling[END_REF]. Indeed, monoubiquitination of signal receptors acts as a signal for internalization through endocytosis and can stimulate further cellular response. For example, monoubiquitination is important for ligand-activation of the Notch receptor, which is an important regulator of development and cell fate in metazoans (Gupta--Rossi et al., 2004). Activated Notch--Ub is internalized and cleaved by a γ--secretase enzyme in a ubiquitin--dependent manner. This critical step is necessary for the release of Notch intracellular domain, which further translocates to the nucleus where it participates in transcriptional activation of target genes. Another example is the multiple ubiquitination events that regulate the nuclear factor (NF) κB signalling pathway, a major actor of the immune response. Upon activation of NF--κB transcription factors, K63--linked ubiquitin chains act as a scaffold to tether several partners of the pathway together, an important step that is needed to trigger further cellular response [START_REF] Mukhopadhyay | Proteasome--independent functions of ubiquitin in endocytosis and signaling[END_REF].

In addition, ubiquitination can also affect cellular localization. Therefore, multi-monoubiquitination of p53 transcription factor is responsible for its export out of the nucleus (M. Y. [START_REF] Li | Mono-versus polyubiquitination: Differential control of p53 fate by Mdm2[END_REF]. Another advanced explanation is that ubiquitination of p53 would prevent accessibility of its nuclear localization signal to the export machinery [START_REF] Komander | The Ubiquitin Code[END_REF]. Of note, the same mechanism was proposed to affect the deubiquitinase BAP1, which gets sequestered in the cytoplasm upon multi-monoubiquitination of its C--terminal nuclear localization motif by the E3 enzyme UBE2O [START_REF] Mashtalir | Autodeubiquitination Protects the Tumor Suppressor BAP1 from Cytoplasmic Sequestration Mediated by the Atypical Ubiquitin Ligase UBE2O[END_REF]. BAP1 counteracts this process and ensures its nuclear localization by an autodeubiquitination mechanism, which is enabled by intramolecular interaction of BAP1 C--terminal and enzymatic domains.

Finally, ubiquitination of DNA--bound histone proteins can impact transcription or other DNA--related events such as the response to DNA damage (see Chapter 1, sections II.4 and III).

3-Mechanisms and functions of deubiquitination

By antagonizing mono--and polyubiquitination of proteins, the deubiquitinating enzymes (DUBs) main reported function concerns the stabilization of their substrates by reversing proteasomal targeting. In addition, DUBs also control the dynamics of ubiquitin--mediated signalling events, making them central elements of signalling pathways [START_REF] Clague | Deubiquitylases from genes to organism[END_REF]) (Figure 10). Machado--Joseph disease protease (MJD), which are all cycsteine isopeptidases, and the Jab1/Mpn/Mov34 (JAMM) family of Zn 2+ metalloproteases [START_REF] Nijman | A genomic and functional inventory of deubiquitinating enzymes[END_REF]. Most DUBs can discriminate between Ub and Ubl entities through recognition of a specific C-terminal motif in ubiquitin moieties [START_REF] Clague | Deubiquitylases from genes to organism[END_REF]). Yet, NEDD8 and ISG15 Ubls present a high degree of similarity to this motif, which allows for cross--reactivity events [START_REF] Akutsu | Molecular basis for ubiquitin and ISG15 cross--reactivity in viral ovarian tumor domains[END_REF][START_REF] Akutsu | Molecular basis for ubiquitin and ISG15 cross--reactivity in viral ovarian tumor domains[END_REF]. (Sahtoe & Sixma, 2015). Some DUBs require assembly into macromolecular complexes: together with others, USP14 is recruited by the 26S proteasome, where its activity is enhanced by 500 fold, and actively deubiquitinates proteasome--targeted substrates, enabling free ubiquitin units to be reused (M. [START_REF] Hu | Structure and mechanisms of the proteasome--associated deubiquitinating enzyme USP14[END_REF]. Other DUBs are targeted to specific cellular localization: this is the case for H2A.X DUBs that are specifically targeted to sites of DNA damage following genotoxic stress [START_REF] Belle | H2A--DUBbing the mammalian epigenome: Expanding frontiers for histone H2A deubiquitinating enzymes in cell biology and physiology[END_REF], see also Chapter 1, section III.2.

Another regulatory mechanism is provided by specific interactors. For instance, the UCH BAP1 deubiquitinates H2A only in presence of its partner ASXL1 (Scheuermann et al., 2010). Alternatively, some DUBs stay in an inactive conformation until they bind their substrate, which provokes a rearrangement of the enzyme into an active state (M. [START_REF] Hu | Crystal structure of a UBP--family deubiquitinating enzyme in isolation and in complex with ubiquitin aldehyde[END_REF].

Another layer of regulation is carried by the chain linkage topology, which directs cleavage specificity of the different DUBs; of note the specificity is variable among DUB families [START_REF] Clague | Deubiquitylases from genes to organism[END_REF]. For instance, although the catalytic domain of OTU members is highly conserved, the OTU Cezanne and TRABID show preference towards K11--and K29--linked chains respectively, while OTUB1 and OTUB2 show opposite proclivities for Lys63--and Lys48--linked chains [START_REF] Clague | Deubiquitylases from genes to organism[END_REF]. Similarly, some DUBs from the JAMM family have a strong preference for K63--linked ubiquitin chains [START_REF] Komander | Molecular discrimination of structurally equivalent Lys 63-linked and linear polyubiquitin chains[END_REF]. As a consequence, these last DUBs are unable to catalyse efficiently the last proximal ubiquitin moiety that stays attached to the substrate protein [START_REF] Clague | Deubiquitylases from genes to organism[END_REF]. It is proposed that the DUB specificity towards a designated protein is a combination of both target and attached ubiquitin moiety recognition [START_REF] Nijman | A genomic and functional inventory of deubiquitinating enzymes[END_REF].

II. BAP1 biochemical properties 1-BAP1 structure

BAP1 was first identified in 1998 as part of a yeast two--hybrid screen aiming at identifying new partners of BRCA1 [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF]. BAP1 protein is 729 amino acids long and can be described in 3 main domains (Figure 11A). The N--terminal region of BAP1 consists in a Ubiquitin Carboxy Hydrolase (UCH) domain, which confers BAP1 its deubiquitinase activity. A single point mutation of the Cysteine C91 residue is sufficient for suppressing BAP1 enzymatic activity [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF]. The UCH domain is followed by a large intermediate domain (Mid) that contains a site of interaction with the cell cycle regulator HCF--1 [START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF]. Finally, the C-terminal domain (CTD) is involved in interaction with BRCA1 [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF] and presents a conserved domain with the UCH family member UCH37, thereby called UCH--Like Domain (ULD, aa 635 --693) [START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF]. In addition, BAP1 possesses two C--terminal nuclear localisation signals (NLS) [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF]. The crystal structure of BAP1 has not been solved yet, but analysis of BAP1 amino acid sequence and alignment with UCH37 structure suggests the presence of two putative coiled--coiled motifs that would engage BAP1 to fold over itself, allowing interaction of the CTD and UCH domains [START_REF] Mashtalir | Autodeubiquitination Protects the Tumor Suppressor BAP1 from Cytoplasmic Sequestration Mediated by the Atypical Ubiquitin Ligase UBE2O[END_REF] (Figure 11B). 

2-BAP1 interactome

Mass spectrometry analyses of BAP1 interactome in various cell lines and tissues have revealed that BAP1 interacts with numerous partners beside the aforementioned BRCA1 and the ASX homologs ASXL1/2 (Table 2). Recurrent partners include the cell cycle regulator Host Cell Factor--1 (HCF--1), the Forkhead Box transcription factors FOXK1/2 and the lysine demethylase KDM1B (Baymaz et al., 2014;Dey et al., 2012;Machida et al., 2009;Yu et al., 2010). Other mentioned partners include the O--linked N--Acetylglucosamine (GlcNAc) transferase OGT (Dey et al., 2012;Yu et al., 2010), the transcription factor Yin Yang 1 (YY1) (Yu et al., 2010), the ubiquitin ligase UBE2O [START_REF] Mashtalir | Autodeubiquitination Protects the Tumor Suppressor BAP1 from Cytoplasmic Sequestration Mediated by the Atypical Ubiquitin Ligase UBE2O[END_REF]Yu et al, 2010), or more recently the methyl--CpG--binding domain (MBD) proteins MBD5 and MBD6 (Baymaz et al., 2014). Moreover, using glycerol gradient assays or gel filtration chromatography, BAP1 was found to elute in high molecular weight multiproteic complexes, inciting researchers to mention a core complex consisting of BAP1, ASXL1 and/or ASXL2, HCF--1, KDM1B, OGT1 and FOXK1/2 [START_REF] Pena--Llopis | BAP1 loss defines a new class of renal cell carcinoma[END_REF]Yu et al., 2010). Of note, other interactions with BRCA1, BARD1 or INO80 were identified via yeast two--hybrid screens or direct co-immunoprecipitations but were never observed in mass spectrometry analyses of BAP1 interactome [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF][START_REF] Lee | Stabilization and targeting of INO80 to replication forks by BAP1 during normal DNA synthesis[END_REF]Nishikawa et al., 2009). This suggests that interaction with these proteins may occur only in specific cellular contexts such as DNA damage or DNA replication. Interaction of several partners has already been mapped on BAP1 domains (Figure 11A). Interaction with BRCA1 is disrupted upon deletion of BAP1 C--terminal domain (aa 596 --721) [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF]. HCF--1 interacts with BAP1 through a specific and conserved HCF binding motif Asn--His--Asn--Tyr (NHNY, amino acids 363 to 366) located in the middle of the protein sequence. Mutation of these residues to alanines (AAAA) is sufficient to disrupt interaction with HCF--1 [START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF]. YY1 has been mapped to BAP1 C--terminal coiled--coiled domain (residues 642 to 729) by GST pull--down experiments using GST--BAP1 fusion constructs (Yu et al., 2010). Finally, a computational study predicted interaction of ASXL1 protein with BAP1 ULD domain.

Reference

This prediction is based on the conservation of a specific motif called DEUBAD (for DEUBiquitinase Adaptor Domain) between ASXL1 and two other proteins, NFRKB and ADRM1, which display sequence similarities with ASXL1 (Sanchez--Pulido et al., 2012).

These proteins are known to interact with BAP1 homolog UCH37 ULD domain through regions containing this conserved DEUBAD sequence as shown by GST pull--down experiments [START_REF] Yao | Distinct modes of regulation of the Uch37 deubiquitinating enzyme in the proteasome and in the Ino80 chromatin--remodeling complex[END_REF][START_REF] Yao | Proteasome recruitment and activation of the Uch37 deubiquitinating enzyme by Adrm1[END_REF]. However, this hypothesis has never been tested neither in vitro nor in vivo.

Curiously, the BAP1--ASXL1/2 axis has never been deeply explored so far, despite the strong evidence for the ASXL proteins to be required for BAP1--mediated H2A deubiquitination (Scheuermann et al., 2010). This may be due to the difficulty for detecting endogenous as well as overexpressing stable ASXL proteins, as reported in this recent study (Inoue et al., 2015), or for extracting full--length proteins (Scheuermann et al., 2010). Besides, interaction of BAP1 with KDM1B, which demethylates specifically H3K4me2 (R. Fang et al., 2010;Yang et al., 2010), has never been studied neither, although the interaction was reported in all mass spectrometry analyses. These aspects will be further discussed in the general discussion and perspectives of this manuscript.

III. The multifaceted functions of BAP1 1-Interaction with HCF-1 regulates cell cycle progression a) BAP1 regulates cell proliferation in an HCF1-dependent manner

Interaction of BAP1 with HCF--1 is the most characterized so far. HCF--1 is a large protein involved in many cellular processes. It is best known for its role as a transcriptional co-regulator as well as its involvement in cell cycle regulation [START_REF] Goto | A single--point mutation in HCF causes temperature-sensitive cell--cycle arrest and disrupts VP16 function[END_REF]. For example, HCF--1 promotes G1/S transition by recruiting H3K4 histone methyltransferases to E2F regulated promoters (Tyagi et al., 2007). HCF1 is a chromatin associated protein, although it does not bind DNA directly but instead interacts with a plethora of transcription factors and chromatin modifiers through its N--terminus Kelch domain that forms a docking surface for proteins carrying a conserved peptide sequence (D/E)HxY (where "x" denotes any residue), called the HCF binding motif (HBM) [START_REF] Freiman | Viral mimicry: common mode of association with HCF by VP16 and the cellular protein LZIP[END_REF][START_REF] Lu | Luman, a new member of the CREB/ATF family, binds to herpes simplex virus VP16--associated host cellular factor[END_REF]. BAP1 interacts with HCF--1 through the HBM--related sequence NHNY located in its intermediate region (Machida et al., 2009;[START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF]. Of note, such a motif is absent in Drosophila BAP1, indicating that BAP1/HCF--1 related functions might be specific to mammals.

BAP1 was proposed to positively regulate cell proliferation by deubiquitinating HCF--1, thereby stabilizing the protein (Machida et al., 2009;[START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF]. More precisely, depletion of BAP1 leads to the accumulation of K48--ubiquitinated HCF--1, which normally carries K63--and K48--linked ubiquitin chains [START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF]. This suggests a preference of BAP1 towards K48--ubiquitinated substrates. BAP1 was also shown to form a complex with the transcription factor YY1, leading to the transcriptional deregulation of many genes, most of them being cell proliferation or cell cycle related (Yu et al., 2010). On the opposite, another study showed that reintroduction of BAP1 in a BAP1 mutant renal carcinoma cell line could slow down cell proliferation in an HCF--1--dependent manner [START_REF] Pena--Llopis | BAP1 loss defines a new class of renal cell carcinoma[END_REF]. The same observation was made in the lung carcinoma--derived NCI--H226 BAP1--deficient cell line [START_REF] Yu | Tumor suppressor and deubiquitinase BAP1 promotes DNA double-strand break repair[END_REF]. Of note, depletion of HCF--1 binding motif did not impair the BAP1-mediated H2A deubiquitination observed upon re--expression of the protein.

Globally, the effects of BAP1 depletion or overexpression on proliferation have been reported in many studies. They are highly variable and seem to be cell line or tissue-dependent [START_REF] Eletr | An emerging model for BAP1's role in regulating cell cycle progression[END_REF]) (Table 2). Still, several studies suggest that BAP1 would be required to engage the cells in G1/S transition [START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF]Nishikawa et al., 2009;[START_REF] Pan | BAP1 regulates cell cycle progression through E2F1 target genes and mediates transcriptional silencing via H2A monoubiquitination in uveal melanoma cells[END_REF]. Only one recent study proposes a functional model [START_REF] Pan | BAP1 regulates cell cycle progression through E2F1 target genes and mediates transcriptional silencing via H2A monoubiquitination in uveal melanoma cells[END_REF]. Using a uveal melanoma cell line, they show that BAP1 silencing leads to cell forks by interacting with ubiquitinated H2A. Altogether, these results support a role for BAP1 in regulating cell cycle progression independently from its transcription regulation activity. However, the authors did not address the possible role of BAP1--INO80 interaction in replication--independent processes. Indeed, INO80 is also known for its role as a transcriptional regulator and is critical for proper Polycomb--mediated Hox gene repression in Drosophila [START_REF] Bhatia | Chromatin remodeling protein INO80 has a role in regulation of homeotic gene expression in Drosophila[END_REF][START_REF] Cai | YY1 functions with INO80 to activate transcription[END_REF]. Therefore, it would be interesting to investigate how these two chromatin regulators can affect transcriptional processes together. 

2-BAP1 in transcription regulation a) Calypso mediates Hox gene repression maintenance in drosophila

In Drosophila, mutation of Asx or Calypso leads to derepression of Hox genes such as Ubx or Scr (Gaytan de Ayala Alonso et al., 2007;Scheuermann et al., 2010). However, other PcG target genes tested in a subsequent study show no misregulation upon depletion of the PR--DUB members [START_REF] Gutierrez | The role of the histone H2A ubiquitinase Sce in Polycomb repression[END_REF], although almost 200 potential targets were found in common for PR--DUB, Pho--RC and PRC1 Polycomb complexes by ChIP-sequencing analysis (Scheuermann et al., 2010). Still, double mutants for Asx and Sex combs extra (Sce), the catalytic subunit of PRC1 and PRC1--related dRAF complexes, leads to increased derepression of PcG targets compared to individual inactivation of each factor, suggesting a fine balance mechanism for H2AUb mediated repression [START_REF] Gutierrez | The role of the histone H2A ubiquitinase Sce in Polycomb repression[END_REF].

b) BAP1 forms a complex with HCF-1 and other factors for transcription regulation

In mammals, the current state of knowledge is even less clear. Transcriptomic analyses performed in different models show that BAP1 depletion can lead to both activation and silencing of variable amount of genes (Dey et al., 2012;Matatall et al., 2013;[START_REF] Pena--Llopis | BAP1 loss defines a new class of renal cell carcinoma[END_REF]Yu et al., 2010). Several researchers link mammalian BAP1 to transcription activation. In addition to HCF mediating BAP1 recruitment to E2Fs for transcription activation [START_REF] Pan | BAP1 regulates cell cycle progression through E2F1 target genes and mediates transcriptional silencing via H2A monoubiquitination in uveal melanoma cells[END_REF], a recent study mentioned the role of FOXK2 in promoting BAP1 tethering to specific genomic loci, which would then promote transcription of the target genes (Ji et al., 2014). Alternatively, BAP1 was claimed to form a ternary complex with YY1 and HCF--1 in order to positively regulate transcription (Yu et al., 2010). By

ChIP experiments in presence or absence of YY1, the authors showed that YY1 could recruit BAP1 and HCF--1 to the promoter of COX7C, a gene encoding a protein involved in the mitochondrial respiratory chain. Silencing of BAP1 or HCF--1 leads to downregulation of the COX7C protein, suggesting that the complex formed by these 3 proteins actively regulate transcription of COX7C. The transcription activator potential of BAP1 was further demonstrated in transient reporter assay. The authors artificially tethered Gal4--BAP1 constructs to the promoter of a Luciferase reporter gene, subsequently promoting its expression. However, the transcriptomic analysis performed in the same study showed that BAP1 silencing by shRNA in a U2OS cell line leads to both activation and repression of a comparable amount of genes, but direct and indirect effects of BAP1 silencing were not assessed (Yu et al., 2010). Of note, the interaction between YY1 and BAP1 reported in this study has not been reproduced in other independent works so far.

c) BAP1 is involved in transcription regulation via interaction with HCF-1 and OGT

One study only combined identification of BAP1--bound targets and transcriptomic analysis following Bap1 deletion (Dey et al., 2012). Briefly, the authors developed a Bap1 conditional knockout (KO) mouse model and used two hematopoietic progenitor cell populations derived from wild type and Bap1 KO mice for transcriptomic profiling by microarray analysis. In parallel, BAP1 targets were identified by ChIP--sequencing using bone marrow--derived macrophages extracted from engineered 3xFlag--BAP1 knockin mice. A total of 9128 significant BAP1 peaks were identified, of which 5926 (65%) were located near the transcription start sites of 5731 genes. Among these genes, 32 were down--regulated significantly in Bap1 KO cells while 18 were up--regulated. Of note, no deregulation of the Hox genes was observed in this model. Although the ChIP-sequencing and transcriptome profiling were not performed in the exact same cell types, these data suggest that Bap1 deletion does not lead to dramatic transcriptome reprogramming. Interestingly, ChIP--sequencing performed for HCF--1 and OGT revealed a large overlap between promoters occupied by these 3 proteins, whose interaction was identified by mass spectrometry and confirmed at the endogenous level by co-immunoprecipitation in 3xFlag--BAP1 mouse spleen. In addition, protein levels of HCF--1 and OGT were reduced in absence of BAP1. Deubiquitination assays showed that OGT is a substrate for BAP1, which led to the following model proposed by the authors: BAP1 would deubiquitinate and thereby stabilize OGT, which in turn activates HCF--1 proteolytic maturation by O--GlcNAcylation, a process that had been previously described [START_REF] Capotosti | O--GlcNAc Transferase Catalyzes Site--Specific Proteolysis of HCF--1[END_REF]. The three proteins would then form a stable transcription regulatory complex.

Another study links BAP1, OGT, HCF1 and transcription regulation [START_REF] Ruan | O--GlcNAc Transferase/Host Cell Factor C1 Complex Regulates Gluconeogenesis by Modulating PGC--1 alpha Stability[END_REF].

In this study, the gluconeogenesis master regulator PGC1α interacts through its HBM motif with HCF--1, which in turn recruits OGT, which then modifies PGC1α through O--GlcNAcylation. This post--translational modification facilitates BAP1 binding on PGC1α.

BAP1 then deubiquitinates PGC1α, thereby stabilizing the protein. Thus, BAP1

participates indirectly to PGC1α--mediated transcriptional regulation. This study is an interesting example of how BAP1 could regulate different cellular processes without acting as a transcriptional regulator per se.

3-BAP1 deubiquitinates γ γ-Tubulin to prevent genome instability

Finally, a recent study identified γ--Tubulin as a new substrate for BAP1 in breast cancer cells [START_REF] Zarrizi | Deubiquitination of gamma--Tubulin by BAP1 Prevents Chromosome Instability in Breast Cancer Cells[END_REF]. More precisely, the shift of γ--Tubulin observed on a denaturing gel following BAP1 depletion corresponds to a diubiquitination state. The authors link this modification to reported ubiquitination of γ--Tubulin at lysines 48 and 344, achieved by the tumour suppressor complex BRCA1/BARD1 and crucial to maintain a proper number of centrosomes during cell division [START_REF] Starita | BRCA1--dependent ubiquitination of gamma--tubulin regulates centrosome number[END_REF]. The authors further showed that γ--Tubulin co--immunoprecipitates with BAP1 specifically during mitosis. They noticed that BAP1 silencing led to mitotic abnormalities characterized by defects in chromosome condensation and incorrect chromosome segregation. Deubiquitination of γ--Tubulin by BAP1 was further shown to be important for mitotic spindle formation and therefore prevent chromosome instability.

Chapter 5

PR-DUB in malignant pathologies BAP1 gene is located on chromosome 3p21.1, a region that undergoes frequent deletions in many cancers. In addition, deep sequencing of various tumours revealed frequent somatic inactivation of BAP1 gene. Germinal mutations of BAP1 were subsequently identified in families developing an accumulation of specific cancer types, leading to the current idea that BAP1 mutations are associated with a specific tumour syndrome. In this section, we will first review how the deregulation of Polycomb components can influence cancer progression. We will then describe how BAP1 and the ASXL proteins are linked to malignant diseases.

I. Frequent alterations of Polycomb proteins in cancers 1-Multifaceted PRC2 functions in cancers

The deregulation of chromatin structure is a recurrent feature of tumour development.

Consistent with this observation, whole genome sequencing studies performed in the last few years have revealed frequent alterations of chromatin modifiers in malignant pathologies [START_REF] Greenblatt | Chromatin modifiers and the promise of epigenetic therapy in acute leukemia[END_REF][START_REF] Gregory | Chromatin modifiers and carcinogenesis[END_REF][START_REF] Rosa | Chromatin modifier enzymes, the histone code and cancer[END_REF]. Hence, mutations of PRC2 components have been reported in a variety of cancers [START_REF] Scelfo | The controversial role of the Polycomb group proteins in transcription and cancer: how much do we not understand Polycomb proteins?[END_REF]. In addition to genetic mutations, EZH2 expression is upregulated in several types of carcinomas, including breast and prostate cancers, in which EZH2 expression correlates to bad prognosis [START_REF] Chase | Aberrations of EZH2 in Cancer[END_REF]. Several studies suggest that EZH2 aberrant expression maintains repression of tumour suppressor loci, such as INK4A/ARF, which controls cell proliferation and senescence programs (Bracken et al., 2007). Aberrant silencing or mutation of this locus can drive cell immortalization and is frequently observed in tumorigenesis. However, EZH2 overexpression in tumours does not necessarily correlate with an increase in H3K27me3 levels. Actually, trimethylation of H3K27 was even found anti--correlated with EZH2 expression in some highly proliferative tumours [START_REF] Holm | Global H3K27 trimethylation and EZH2 abundance in breast tumor subtypes[END_REF]. This paradoxical observation led to hypothesize a PRC2--independent role of EZH2 [START_REF] Xu | EZH2 Oncogenic Activity in Castration--Resistant Prostate Cancer Cells Is Polycomb--Independent[END_REF]. However, it seems that high EZH2 expression in cancers is tightly linked to proliferation and might not actively contribute to tumour progression (Wassef et al., submitted).

Frequent point mutations in EZH2 coding sequence were reported in some types of lymphomas. In particular, a recurrent substitution of Y641 residue in EZH2 catalytic domain was observed in diffuse large B--cell lymphomas and follicular lymphomas [START_REF] Morin | Somatic mutations altering EZH2 (Tyr641) in follicular and diffuse large B--cell lymphomas of germinal--center origin[END_REF]. In vitro studies have shown that this mutation provokes an increase in EZH2 catalytic activity towards H3K27 di--and trimethylation [START_REF] Mccabe | EZH2 inhibition as a therapeutic strategy for lymphoma with EZH2--activating mutations[END_REF][START_REF] Sneeringer | Coordinated activities of wild--type plus mutant EZH2 drive tumor--associated hypertrimethylation of lysine 27 on histone H3 (H3K27) in human B--cell lymphomas[END_REF]. As a consequence, the accumulation of H3K27me3 on differentiation genes could prevent terminal differentiation of germinal--centre B cells and stimulate lymphoid transformation [START_REF] Beguelin | EZH2 Is Required for Germinal Center Formation and Somatic EZH2 Mutations Promote Lymphoid Transformation[END_REF]. Importantly, specific inhibitors of EZH2 were shown to suppress growth of EZH2--mutant lymphoma cells [START_REF] Garapaty--Rao | Identification of EZH2 and EZH1 Small Molecule Inhibitors with Selective Impact on Diffuse Large B Cell Lymphoma Cell Growth[END_REF][START_REF] Knutson | A selective inhibitor of EZH2 blocks H3K27 methylation and kills mutant lymphoma cells[END_REF]; two of them are currently tested in clinical trials in lymphoma--suffering patients, thereby bringing new hope of treatment for these pathologies.

In contrast, frequent loss--of--function mutations of PRC2 components EZH2, SUZ12 and EED were identified in myeloid malignancies and correlated to a poor prognosis [START_REF] Ernst | Inactivating mutations of the histone methyltransferase gene EZH2 in myeloid disorders[END_REF]; S. N. [START_REF] Khan | Multiple mechanisms deregulate EZH2 and histone H3 lysine 27 epigenetic changes in myeloid malignancies[END_REF]. As a result, H3K27me3 levels are impaired and PRC2 target genes undergo reactivation. Similar to Bap1, Ezh2 loss is sufficient to induce myelodysplastic syndrome features in a murine model, suggesting a tumour suppressor role of EZH2 in myeloid hemopathies [START_REF] Sashida | Ezh2 loss promotes development of myelodysplastic syndrome but attenuates its predisposition to leukaemic transformation[END_REF]. In addition, loss of EZH2, but also SUZ12 and EED, were reported in patients with acute lymphoblastic leukaemia [START_REF] Ntziachristos | Genetic inactivation of the polycomb repressive complex 2 in T cell acute lymphoblastic leukemia[END_REF]. Once again, Ezh2 inactivation in a mouse model is sufficient to induce aggressive forms of acute leukaemia, indicating a likely causal role for EZH2 deregulation in leukaemogenesis (C. [START_REF] Simon | A key role for EZH2 and associated genes in mouse and human adult T--cell acute leukemia[END_REF].

SUZ12 and EED are also frequently found mutated in malignant peripheral nerve sheath tumours (MPNST), which are an aggressive form of peripheral nerve malignant tumours. These tumours are characterized by the systematic loss of Neurofibromin-1 (NF1) tumour suppressor gene, which is accompanied by mutations in SUZ12 or EED in 70% of all cases (W. Lee et al., 2014). The PRC2--deficient tumours display loss of H3K27me3 together with a distinct transcriptional profile. In addition, simultaneous deletion of Nf1 and Suz12 in a mouse model leads to the development of MPNSTs, indicating a major role of PRC2 complex in this pathology. Interestingly, mutations of EZH2 were never reported in this disease, raising the question whether it could have a distinct role than SUZ12 or EED in this particular malignancy.

The variety of PRC2 alterations, which behaves sometimes like an oncogene, sometimes like a tumour suppressor, reflects the multifaceted function of this complex. It also adds another layer of complexity to our understanding of PRC2 mechanisms of action: while most studies focus on the reactivation of specific cohort of genes, PRC2 inactivation may also lead to the loss of an important layer of gene regulation that may affect thousands of genes, together with a global disorganization of the chromatin structure. This feature may enhance the plasticity of gene regulation, leading to a transcriptional instability that could favour tumour development (Wassef et al., submitted). 

2-PRC1 deregulation in cancer

Although the role of PRC1 in cancer progression is less evident, several studies have unveiled the deregulation of specific subunits of PRC1 complexes in certain types of cancers [START_REF] Gil | PRC1 complex diversity: where is it taking us?[END_REF]. Like PRC2, PRC1 components may act both as oncogenes or tumour suppressors depending on the tumoural context. For instance, CBX8 was shown to have PRC1--independent oncogenic properties in the development of acute leukaemias [START_REF] Tan | CBX8, a Polycomb Group Protein, Is Essential for MLL--AF9--Induced Leukemogenesis[END_REF]. One of the major genetic features of acute leukaemia is the generation of Mixed lineage leukaemia (MLL) fusion proteins following chromosomal translocations [START_REF] Aplan | Chromosomal translocations involving the MLL gene: Molecular mechanisms[END_REF]. MLL is a histone H3K4--specific methyltransferase, member of the trithorax group of proteins and associated with active transcription. In acute leukaemia, MLL is frequently fused to the transcriptional
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activator AF9, which was shown to interact with CBX8 (Garcia--Cuellar et al., 2001).

CBX8 forms a complex with MLL--AF9 independently of PRC1, and disruption of CBX8 interaction with MLL--AF9 was shown to abrogate HOX gene upregulation and inhibit MLL--AF9 induced leukaemogenesis [START_REF] Tan | CBX8, a Polycomb Group Protein, Is Essential for MLL--AF9--Induced Leukemogenesis[END_REF].

Other PRC1 components play a more controversial role. For instance, CBX7 expression was shown to correlate with cancer progression in prostate tumours [START_REF] Yap | Molecular Interplay of the Noncoding RNA ANRIL and Methylated Histone H3 Lysine 27 by Polycomb CBX7 in Transcriptional Silencing of INK4a[END_REF], while other studies reported that decreased expression of CBX7 in human carcinomas is linked to a poor prognosis [START_REF] Federico | Chromobox Protein Homologue 7 Protein, with Decreased Expression in Human Carcinomas, Positively Regulates E--Cadherin Expression by Interacting with the Histone Deacetylase 2 Protein[END_REF]. However, the participation of PRC1 canonical or non--canonical complexes to tumorigenesis still needs to be further investigated.

Overall, the context--dependent pro-- or anti--tumourigenic role of PcG proteins suggests that they maintain a repressive state on both oncogenic and tumour suppressive pathways, thereby preserving a homeostatic balance in the cell. 

3-ASXL mutations are linked to malignant pathologies

Inactivation and gain of function mutations of ASXL1 and ASXL2 have also been reported in different types of cancers. The mutation spectra of ASXL genes in human disease has been reviewed in [START_REF] Katoh | Functional proteomics of the epigenetic regulators ASXL1, ASXL2 and ASXL3: a convergence of proteomics and epigenetics for translational medicine[END_REF] and is summarized in table xxx (mettre le tableau de katoh). The cancer spectrum associated with the mutation events of ASXL genes differs completely from BAP1's. This suggests that BAP1 and ASXL might have non--overlapping function in cancer cells. This hypothesis is supported by a study reporting that BAP1 and ASXL1 loss of function have distinct transcriptomic consequences in hematopoietic cells (Abdel-- [START_REF] Wahab | ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression[END_REF]. The authors further show that knock down of ASXL1 but not BAP1 leads to aberrant HOX gene expression. This last observation raises the question of the exact link between BAP1/ASXLs and the Polycomb machinery.

III. BAP1 in DNA Damage Response

Several studies have linked BAP1 to DNA repair pathways, hence its interaction with BRCA1 and its inactivation reported in many cancers. Below, we will review the major discoveries that link BAP1 and the DNA repair machinery.

1-BAP1 and BRCA1 are involved in the same DDR pathways

As already mentioned, BAP1 can interact with BRCA1, a famous tumour suppressor involved in many aspects of the DNA damage response machinery (J. [START_REF] Wu | The role of BRCA1 in DNA damage response[END_REF]. It was suggested that BAP1 does not directly promote deubiquitination of BRCA1 (Nishikawa et al., 2009), which was first proposed to take place in response to BRCA1 autoubiquitination activity [START_REF] Mallery | Activation of the E3 ligase function of the BRCA1/BARD1 complex by polyubiquitin chains[END_REF]. Instead, BAP1 binds BRCA1--associated RING domain 1 (BARD1), which associates with BRCA1 to form a functional E3 ubiquitin ligase involved in DNA damage response (DDR) [START_REF] Greenberg | Multifactorial contributions to an acute DNA damage response by BRCA1/BARD1--containing complexes[END_REF]. BAP1--BARD1 interaction disrupts BRCA1--BARD1 heterodimer formation, thereby inhibiting the complex E3 ligase activity (Nishikawa et al., 2009). Silencing of BAP1 expression by short hairpin RNAs (shRNAs) negatively impacts the DDR, impairs BRCA1 foci formation and sensitizes cells to ionizing radiation, resulting in S phase retardation, a phenotype that is similar to BRCA1 deficiency. Moreover, concomitant silencing of BAP1 and BRCA1 did not result in an increased phenotype compared to individual silencing of each factor. Therefore, BRCA1 and BAP1 may be involved in the same DDR pathways [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF]Nishikawa et al., 2009).

2-BAP1 is phosphorylated following DNA damage

Large--scale proteomic studies showed that BAP1 gets phosphorylated on Serine 592 following ionizing radiation, a site that conforms to the canonical SQ/TQ motif recognized by the DNA damage activated kinases Ataxia Telangiectasia Mutated (ATM), Ataxia Telangiectasia and Rad3--related (ATR), and DNA--dependent protein kinases [START_REF] Stokes | Profiling of UV--induced ATM/ATR signaling pathways[END_REF]. The phosphorylation of BAP1 on S592 following irradiation or other replication stress was further confirmed with a specific antibody [START_REF] Eletr | BAP1 is phosphorylated at serine 592 in S--phase following DNA damage[END_REF]. Finally, it was shown that inhibition of ATM but neither ATR nor DNA--PKCs leads to abrogation of BAP1 phosphorylation on S592 [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF][START_REF] Yu | Tumor suppressor and deubiquitinase BAP1 promotes DNA double-strand break repair[END_REF]. Of note, phosphorylation of BAP1 occurs only in a small subset of the total protein; and while BAP1 is globally found associated to the chromatin, phospho--BAP1 may disassociate from the chromatin [START_REF] Eletr | BAP1 is phosphorylated at serine 592 in S--phase following DNA damage[END_REF]). Yet, the function of the modified protein remains to be elucidated. A recent report showed that while expression of wildtype BAP1 in BAP1--null NCI--H226 cell line reduces γ--H2AX accumulation, S592 point mutant BAP1 does not [START_REF] Yu | Tumor suppressor and deubiquitinase BAP1 promotes DNA double-strand break repair[END_REF]. However, the role of BAP1 regarding γ--H2AX accumulation is still controversial, since another study showed that knockdown of BAP1 does not affect accumulation of γ--H2AX at the site of induced double strand break (DSB) [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF].

3-BAP1 deubiquitinates H2A at double strand break sites

Following laser induced irradiation, BAP1 is recruited to sites of DNA damage, independently of its phosphorylation status [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF][START_REF] Yu | Tumor suppressor and deubiquitinase BAP1 promotes DNA double-strand break repair[END_REF]. However, BAP1 does not get enriched at sites of UV damage or single strand breaks, suggesting a specificity for BAP1 recruitment to sites of double strand breaks (DSB) [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF]. Interestingly, this last study showed that recruitment of BAP1 to sites of DNA damage requires an intact UCH catalytic domain. Moreover, inhibition of RNF8/RNF168--dependent H2A ubiquitination also impairs BAP1 recruitment to the DSBs. ChIP analysis revealed that depletion of BAP1 leads to an increase in H2AK119Ub levels at sites of induced DSB, indicating that BAP1 would anchor at DSB sites through recognition of H2Aub accumulation by its catalytic domain, thereby promoting H2A deubiquitination [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF]. Of note, ASXL1 also gets recruited at sites of DNA damage in a BAP1--dependent manner, but its role in BAP1--mediated H2A deubiquitination at DSB flanking regions has not been addressed [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF].

4-BAP1 mediates DNA repair via homologous recombination

BAP1 seems to be involved in homologous recombination (HR) repair, according to a couple of studies [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF][START_REF] Yu | Tumor suppressor and deubiquitinase BAP1 promotes DNA double-strand break repair[END_REF]. Indeed, depletion of BAP1 impairs BRCA1 and RAD51 foci formation, typical of HR pathways [START_REF] Feng | A dual role of BRCA1 in two distinct homologous recombination mediated repair in response to replication arrest[END_REF], but does not affect foci formation of p53 Binding Protein 1 (53BP1), involved in non homologous end joining DNA repair (NHEJ) [START_REF] Bunting | 53BP1 inhibits homologous recombination in Brca1--deficient cells by blocking resection of DNA breaks[END_REF]. Of note, this observation is in contradiction with published data in pleural mesothelioma or renal carcinoma cell lines, which report an impact of BAP1 loss on both repair pathways [START_REF] Bott | The nuclear deubiquitinase BAP1 is commonly inactivated by somatic mutations and 3p21.1 losses in malignant pleural mesothelioma[END_REF][START_REF] Pena--Llopis | BAP1 loss defines a new class of renal cell carcinoma[END_REF]. Still, using a GFP--based reporter of HR or NHEJ, the authors showed that depletion of BAP1 results in a 3--fold decrease in HR activity, while NHEJ activity was not affected [START_REF] Ismail | Germline mutations in BAP1 impair its function in DNA double--strand break repair[END_REF].

Altogether, these data display strong evidence that implicate BAP1 in DNA repair pathways. Most probably, BAP1 plays a role in DNA breaks resection through its H2A deubiquitination activity, an important feature to allow transcription reactivation following DNA repair. Another function could be the recruitment of specific partners at DNA breaks, such as BRCA1 or BARD1. Nonetheless, the association of BAP1 with BRCA1/BARD1 complex in the context of DNA damage needs further investigation, as does the involvement of other key partners of BAP1, such as HCF--1 or the ASXL1/2 proteins.

PhD outline and questions addressed

I debuted in Raphaël Margueron's lab as an M2 student. At that time, we reasoned that alterations of PRC2 function in cancer could be due to misregulation of some of its cofactors. This hypothesis was comforted by the specific upregulation of PCL3/PHF19, one of three mammalian Polycomblike (PCL) homologs, in various types of cancer. Institut Curie is a leader in France for uveal melanoma medical care, a rare but aggressive eye cancer. Genetic alterations of GNAQ or GNA11 occur in around 85% of all uveal melanoma cases, in a mutually exclusive manner. GNAQ/11 are two GTP--binding proteins that activate the MAP kinase pathway in order to regulate cell division.

Mutations in these regulatory elements are specific of uveal melanoma, but are early events of tumourigenesis and do not explain the high metastatic rate of this malignancy.

In contrast, loss of expression of the deubiquitinase and tumour suppressor BAP1 was recently identified as a marker of high metastatic potential tumours. Indeed, around 80% of metastasizing uveal melanomas carry mutations in BAP1 gene, drawing attention on this particular enzyme. Soon after, germline mutations of BAP1 were defined as predisposing to a cancer syndrome including mainly uveal melanoma, cutaneous melanoma, malignant pleural mesothelioma and renal cell carcinoma. It was tempting to link the recurrent inactivating mutations of BAP1 in cancer with its reported association with BRCA1 (and therefore the DNA repair machinery). However, this hypothesis was difficult to conciliate with the low rate of genetic mutations in uveal melanomas. An alternative hypothesis for the role of BAP1 resulted from the identification of BAP1 Drosophila homolog as part of a new Polycomb complex called "PR--DUB". This complex was reported to be responsible for maintenance of gene repression through histone H2A deubiquitination. Since the role of BAP1 was poorly characterized in mammals, we decided to address this question taking advantage of the lab expertise in Polycomb mechanisms of repression.

We initiated this study using a uveal melanoma cell line derived at Institut Curie (most commercially available uveal melanoma cell lines carry genetic mutations generally found in Cutaneous Melanoma such as BRAF). Our aim was to investigate the consequences of BAP1 loss in terms of global transcriptional regulation in order to infer how its inactivation could contribute to tumour progression. We could achieve efficient silencing of BAP1 by stable infections with shRNA constructs in this model cell line. We confirmed the impact of BAP1 depletion on H2A ubiquitination; however proliferation was severely impaired consequent to the suppression of BAP1 expression, thereby limiting the experiments we could do and their interpretations. A subsequent study confirmed that BAP1 loss leads to cell cycle arrest in uveal melanoma cells. Therefore, we decided to first characterize the PR--DUB complex from a biochemical point of view and then to use model cell lines where BAP1 is dispensable for proliferation to apprehend its functions.

It was quite intriguing that PR--DUB composition was reported to be quite different in

Drosophila and mammals with a large variety of partners identified as interacting with

BAP1 by mass spectrometry experiments. Our first strategy was to purify PR--DUB in stringent conditions to firmly establish the composition of the complex and then investigate whether BAP1 was part of a large complex or whether it functions within several distinct complexes. Our results revealed that BAP1 is part of several sub-complexes that may be responsible for distinct BAP1--linked functions. In particular, we found that while both ASXL1 and ASXL2 interact with BAP1, their interactome is distinct. Hence, ASXL2--BAP1 but not ASXL1--BAP1 could bind the histone demethylase KDM1B, suggesting specific functions for this particular complex. In order to understand the function of these different PR--DUB complexes, we took advantage of the HAP1 haploid cell line to generate knockouts for BAP1, ASXL1 and ASXL2. We found that ASXL1 but not ASXL2 depletion leads to a global increase of H2A ubiquitination, supporting distinct roles for the two homologs. Importantly, neither ASXL1 nor ASXL2 deletions interfere with BAP1 localization at chromatin, suggesting that either BAP1 gets recruited to its target genomic loci independently of the ASXL proteins, or that the deletion of one ASXL homolog is compensated by the other. In this regard, it is worth mentioning that we failed to generate a double knockout (ASXL1 and ASXL2) cell line.

Another intriguing aspect regarding BAP1 function is the difficulty to conciliate its classification as Polycomb with its enzymatic activity apparently counteracting the action of PRC1, plus reports suggesting that it could promote transcription. To investigate the role of BAP1 in transcriptional regulation, first we generated model cell lines allowing the artificial recruitment of BAP1 at chromatin. These experiments revealed that BAP1 could repress transcription independently of its catalytic activity, and that BAP1 carries several independent domains that can mediate transcriptional repression. To confirm this result genome wide, we engaged into a large transcriptomic and epigenomic characterization of cell lines wild type or mutated for different components of PR--DUB. More precisely, we are performing a genomic mapping of different histone marks including H2AK119Ub, H3K27me3 and H3K4me3 in parallel to RNA--sequencing. These ongoing experiments will allow us to understand how ASXL1/2 regulate BAP1 activity and how the mammalian PR--DUB complex fits into the Polycomb machinery.

Beside the expected role of BAP1 in the regulation of H2A ubiquitination, several studies have reported that BAP1 could deubiquitinate additional substrates. We decided to explore this question through a comprehensive characterization of the ubiquitome of cells expressing BAP1 or not. To this end, we used a SILAC--based approach to compare the ubiquitome of wild type and BAP1--deficient cells. As expected, we identified H2A as a major target of BAP1. Our analysis also revealed H2B as another potential substrate.

Interestingly, BAP1 would deubiquitinate H2B on residue K108, a poorly characterized histone post--translational modifications. Indeed, ubiquitination of H2BK108 has never been explored and is susceptible to have an impact on the nucleosome charge or structure. Finally, we identified two new interesting substrates: IMP3 and HNRNPM, which physically associate to regulate the post--transcriptional expression of several cyclin genes, thereby affecting cell proliferation. Noteworthy, IMP3 expression is linked to poor prognosis in several cancers, making this protein an interesting candidate that could contribute to the role of BAP1 in malignant pathologies.

RESULTS

PART I: ASXL1 and ASXL2 engage BAP1 in functionally distinct complexes

(Manuscript in preparation)

Introduction

In the nucleus of eukaryotic cells, the DNA is organized in a nucleoproteic structure called chromatin [START_REF] Margueron | Chromatin structure and the inheritance of epigenetic information[END_REF]. The DNA is wrapped around an octamer of histones to form the nucleosomes, which are subjected to dynamic regulations and modifications. Among them, post--translational modifications of histones are crucial to define specific chromatin environments [START_REF] Kouzarides | Chromatin modifications and their function[END_REF]. Thus, inactivation of enzymes controlling chromatin structure impairs various biological processes such as transcriptional regulation.

Among the different players, the Polycomb group (PcG) of proteins was shown to be essential for the maintenance of gene repression. Consequently, altering its activity affects cellular processes such as cell proliferation, genomic imprinting, X--Chromosome inactivation or cell fate determination (Simon & Kingston, 2009).

In vivo, mutations of a PcG member often leads to severe developmental defects, the hallmark of PcG mutations being the anterior to posterior transformations consequent to Hox genes misexpression (Jurgens, 1985). Two Polycomb complexes have been well characterized so far: the Polycomb Repressive Complex 1 (PRC1) and PRC2. PRC2 catalyzes di--and trimethylation of histone H3 on lysine 27, while PRC1 acts through monoubiquitination of histone H2A on lysine 119 (H2AK119) (Margueron & Reinberg, 2011;Wang et al., 2004).

Conserved from Drosophila to mammals, the activity of these complexes is necessary for maintaining the silenced status of their target genes, although the role of H2A ubiquitination in Polycomb silencing has recently been called into question in Drosophila (Pengelly et al., 2015).

Recently, a new protein complex displaying Polycomb features was characterized in Drosophila: the Polycomb Repressive DeUBiquitinase (PR--DUB) complex (Gaytan de Ayala Alonso et al., 2007;Scheuermann et al., 2010). The PR--DUB complex is composed of the deubiquitinating enzyme Calypso and the Polycomb protein Additional Sex Combs (ASX) and catalyzes deubiquitination of H2AK120. PR--DUB and PRC1 thereby exhibit opposite enzymatic activities but both contribute to the repression of some Polycomb target genes. This seeming contradiction suggests that a fine--tuning of H2A ubiquitination level could be required for proper regulation of the target genes expression (Scheuermann et al., 2012). In mammals, the interaction between Calypso and ASX paralogs, BRCA1 Associated Protein--1 (BAP1) and Additional Sex Combs--Like 1/2 (ASXL1/2) respectively, is conserved, so is the H2A DUB activity of BAP1 (Scheuermann et al., 2010). However, the interactome of mammalian BAP1 is much more complex than in Drosophila. Indeed, in addition to ASXL1/2, interaction has been reported with transcription factors (YY1, FOXK1/2), chromatin modifiers (KDM1B, OGT1), the cell cycle regulator HCF--1 and DNA repair proteins (MBD5/6 or the BRCA1--BARD1 complex) (Baymaz et al., 2014;Dey et al., 2012;Machida et al., 2009;Nishikawa et al., 2009;Yu et al., 2010).

While the precise functions of BAP1 in mammals are still unclear, the contribution of each of its partners is even more elusive. For instance, BAP1 was reported to act sometimes as a transcriptional activator, sometimes as a repressor (Dey et al., 2012;Matatall et al., 2013;Yu et al., 2010), an observation difficult to reconcile with its characterization as an actor of the Polycomb machinery.

In addition, BAP1 is classified as a tumor suppressor (Ventii et al., 2008). In humans, germline inactivating mutations of BAP1 predispose to a cancer syndrome that includes uveal melanoma (UM), mesothelioma, renal cell carcinoma and others cancers (Carbone et al., 2012;Popova et al., 2013). In particular, BAP1 is frequently mutated in metastasizing uveal melanomas, a rare but aggressive eye cancer [START_REF] Harbour | Frequent mutation of BAP1 in metastasizing uveal melanomas[END_REF]. Therefore, the description of BAP1 mechanisms of action is essential to understand its role during cancer progression. After showing the continuous need for BAP1 during embryonic development, we used biochemical approaches to characterize the PR--DUB complexes in mammals. We showed that ASXL1/2 might control the composition of PR--DUB complexes and therefore specify its functions. We further showed that artificial tethering of BAP1 at chromatin leads to transcriptional repression and we are currently expanding this result through transcriptomic and epigenomic studies.

Material and methods

BAP1-LacZ mouse lineage generation

All animals used in the study were handled with care and experiments were done according to the guidelines from French legislation and institutional policies. We obtained ES cells targeted at the BAP1 locus (insertion of a LacZ reporter) from the EUCOMM consortium. Cells were injected into blastocyst and we obtained germline transmission. Mice used for this study were BAP1 LacZ/WT ; BAP1 flox/flox , ROSA:ERT2--Cre; BAP1 KO/WT , EZH2 KO/WT .

Inducible BAP1 deletion in mouse embryos

To overcome the early lethality of BAP1 --/--mice, we generated an inducible knockout. The day of the vaginal plug was designated as E0.5. BAP1 flox/flox ; ROSA:ERT2--Cre were bred and intraperitoneal injections of tamoxifen (1mg/10g of mouse) were performed at E10.5. Embryos were harvested at E19.5 by C-section.

BAP1 KO/WT were crossed with EZH2 KO/WT to obtain a double heterozygous knockout. The viability was assessed at birth and the phenotypes were assessed until adult age.

Beta-galactosidase staining of whole embryos

LacZ+/-- mice were intercrossed and embryos were harvested at E7.5 and E10.5 to assess viability and perform beta--galactosidase stainings. Embryos were fixed in 4% paraformaldehyde at room temperature (10 min for E7.5 embryos, 2 hours for E10.5 embryos) and soaked in x--gal solution (1mg/ml) for 2 days at 37°C.

Antibodies

BAP1 (C--4; sc--28383), GAL4 (WB) (RK5C1; sc--510), FOXK1 (G--4; sc--373810) were purchased from Santa--Cruz; ASXL1 (clone 6E2; SAB1403479), FLAG (M2; F1804) were purchased from Sigma; HCF--1 (A301--400A), RNF2 (A302--869A) were purchased from Bethyl Laboratories; Lamin B1 (ab16048), KDM1B (ab134997) were purchased from Abcam; H2AK119Ub (D27C4; 8240S), H3K27me3 (ChIP) (9733S) were purchased from Cell Signaling; H2B (5HH2--2A8; 61037); H2BK120Ub (C56; 39623), H3 (C--terminal; 39163) were purchased from Active Motif; H3K4me2 (MCA--MAB10003--100--Ex) was purchased from Cosmo Bio; alpha--Tubulin (1F4E3; A01410) was purchased from Genscript; GAL4 (ChIP) (06--262) was purchased from Millipore; H3K27me2/3 (WB) was previously described (Margueron et al., 2008).

Recombinant protein purification

BAP1, ASXL1_Nt and ASXL2_Nt baculoviruses were produced accordingly to Bac-to--Bac Baculovirus Expression Systems (Invitrogen) starting from pFASTbac--HTA vector. BAP1 cDNA was fused to a N--terminal Flag tag, while ASXL1/2 fragments were fused to a C--terminal StrepII tag. All proteins carry an N-terminal His tag from the pFASTbac vector. Recombinant Flag--BAP1, ASXL1_Nt--StrepII and ASXL2_Nt--StrepII were produced in SF9 insect cells after infection with the corresponding baculoviruses. Lysates containing the recombinant proteins were resuspended in BC300--Mg (25mM Tris pH8.0, 300mM NaCl, 5%Glycerol, 1mM MgCl2), sonicated and clarified by centrifugation before incubation with Flag--beads (M2--beads) and elution with Flag peptide in BC150--Mg. The eluted proteins were further purified by ion exchange chromatography on a Mono S PC 1.6/5 0.1ml column (GE Healthcare 17--0672--01) and eluted with an increasing NaCl concentration gradient. The elution profile was assessed by SDS page gel followed by Coomassie staining.

Chromatography analyses

For analysis of endogenous protein profiles in MP41 and HAP1 cells, nuclear extracts were first dialyzed against BC100 (50mM Tris pH8.0, 100mM KCl, 1mM EDTA, 10% Glycerol and protease inhibitors) and clarified by high--speed centrifugation. Samples were then purified by ion exchange chromatography using a HiTrap SP HP 1ml column (GE Healthcare 17--1151--01). Elution was performed with an increasing KCl concentration gradient and the fractions were analysed by western blot. Gel filtration chromatography analyses were performed using a Superose 6 PC 3.2/30 2.4 ml column (GE Healthcare 17--0673--01). The native molecular size markers used for column calibration were thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), and conalbumin (75 kDa) (obtained from GE Healthcare). Mono and Superose columns were attached to a GE AKTA micro and HiTrap columns were attached to a GE AKTA purifier.

Light scattering analysis

Size--exclusion chromatography Multi--angle Light Scattering (SEC--MALS) experiments for BAP1, BAP1+ASXL1_Nt and BAP1+ASXL2_Nt constructs were carried out at the Subcellular Structure and Cellular Dynamics unit, CNRS UMR144, Institut Curie. The complexes were prepared for SEC--MALS as described above for recombinant protein purification; complexes were isolated by ion exchange chromatography (Mono Q) prior to SEC--MALS analysis. Protein samples were injected onto a Superose 6 PC 3.2/30 size exclusion column attached to a GE AKTA purifier at a flow rate of 0,5 ml/min in buffer composition.

Data were evaluated in ASTRA software using the Zimm model.

Cell lines

T--Rex 293 cells (Invitrogen) were grown according to the manufacturer's instructions. MP41 cells were kindly provided by Dr S. Roman--Roman and cultured in RPMI media supplemented with 10% FBS and 1% L--Glutamine (Invitrogen). HAP1 cells were cultured in IMDM media supplemented with 10% FBS and 1% L--Glutamine. HeLa S3 cells were nicely provided by Dr S. Ait Si Ali.

They were cultured in adherence in DMEM media supplemented with 10% FBS and 1% L--Glutamine. Non--adherent culture of HeLa cells was performed in DMEM media supplemented with 5% FBS and 1% L--Glutamine following guidelines from [START_REF] Nakatani | Immunoaffinity purification of mammalian protein complexes[END_REF]. SF9 cells were cultured in SF--900 II SFM medium (Invitrogen) supplemented with 5% FBS, 1% Penicillin/Streptomycin (Invitrogen) and Amphotericin B at 28 °C.

Transfection

Cell transfection was performed using Polyethylenimine (PEI) "Max" from Polysciences (#24765). Protocoles were optimized for each cell line based on [START_REF] Hsu | A simple and rapid nonviral approach to efficiently transfect primary tissue--derived cells using polyethylenimine[END_REF].

Constitutive knockouts in HAP1 cell line

Mutation of BAP1, ASXL1, ASXL2 and EZH2 in HAP1 cell line was performed using CRISPR/CAS9 technology. A donor template encoding a puromycin selection cassette was transfected with PEI at a 1:1:1 ratio with CAS9 (addgene 41815) and gene--specific gRNA (built from gRNA cloning vector, addgene 41824).

Homology directed repair of the double strand break resulted in the insertion of a puromycin resistance cassette within the first introns of the targeted gene. The puromycin cDNA is downstream a T2A "self--cleaving" sequence and upstream a transcription termination signal and flanked by two splicing donor and acceptor sites, leading to the production of a truncated RNA encoding the first exons of the targeted protein together with the puromycin resistance protein. The clones resulting from puromycin selection were then screened for the cassette insertion by PCR on genomic DNA, followed by KO validation by RT--qPCR analysis of the target gene expression. The selected clones were thus used as constitutive knockouts, using the parental cell line as a control in all experiments.

Luciferase assay

Stable clones expressing pCDNA4--T0--Gal4 constructs were produced and selected as already described (Sanulli et al., 2015). All constructs bear an N-terminal GAL4 tag and a C--terminal HA tag. A nuclear localization sequence (NLS) "PKKKRKV" derived from the simian virus 40 large tumour antigen was further inserted upstream of truncated BAP1 constructs cDNA. This NLS sequence was used to generate a control cell line expressing a GAL4--NLS--HA protein. 48 hours after doxycycline induction at 1μg/ml (Sigma), Luciferase activity was measured in whole cell lysates using the Luciferase Assay System (Promega, #E15020) and Fluostar Optima BMG labtech luminometer. All experiments were performed in biological and technical triplicates and normalized for protein concentration measured by Bradford assay (Biorad).

Proliferation assay 50000 cells were plated in 6 well plates in triplicates and counted every 24 hours over 4 days using a Vi--cells counter (Beckman--coulter).

Cell fractionation

Cells were resuspended in buffer A1 (10mM HEPES pH 7.9, 10mM KCl, 1.5mM MgCl2, 0.34M sucrose, 10% glycerol, 0.1% Triton--X 100, 1mM DTT), spin 5min 2000rpm to obtain the cytoplasmic fraction. Nuclei were lysed in buffer B1 (3mM EDTA, 0.2mM EGTA, 1mM DTT) for 30 min in rotation and spin 5min at 2500rpm to obtain the nuclear fraction. Pellets were resuspended in buffer C (10mM Pipes pH 6.8, 1mM CaCl2, 50mM NaCl) in presence of 2U of MNase and incubated at 37°C in shaking for 15 min. DNA digestion was stopped with EGTA 1mM final. Chromatin soluble (supernatant) and chromatin insoluble (pellet) fractions were separated by centrifugation 5min at 2500rpm. The pellet was solubilized in buffer C complemented with NaCl 1M final concentration and sonicated. All the buffers were supplemented with protease inhibitors.

RT-qPCR

Total RNA was isolated using Trizol--Chloroform extraction and isopropanol precipitation. cDNA was synthetized using High Capacity cDNA RT kit (4368814--Applied Biosystems) and quantitative PCR was performed with technical triplicate using SYBR green reagent (Roche) on a ViiA7 equipment (Applied Biosystems). At least three biological independent experiments were performed for each assay and RT negative controls were always included.

Histone extraction

Cells were lysed in a hypotonic lysis buffer (10mM Tris pH6.8, 50mM Na2SO4, 1%Triton X--100, 10mM MgCl2, 8.6% sucrose and protease inhibitors) and carefully homogenized using a Dounce A homogenizer. After a 6000g 10min 4°C centrifugation step, the pellet was washed with 10mM Tris pH7.5, 13mM EDTA and resuspended in ice cold water. Protein precipitation was performed by addition of sulfuric acid 0,4N final concentration and 1hr incubation on ice. The samples were centrifugated 10min 14000 rpm 4°C and the histone--containing supernatant collected and neutralized by addition of 0,5V of 1,5M Tris pH8.8.

Quantification was performed by Bradford assay and confirmed by SDS--PAGE followed by Coomassie staining.

shRNA production and lentiviral infection

shRNAs were designed against BAP1 based on Machida et al. (2009).

Oligonucleotides were annealed and sub--cloned in the pLKO.1 vector (Addgene).

Oligonucleotides corresponding to a scramble shRNA (antisense sequence CGAGGGCGACTTAACCTTAGG) were cloned into pLKO.1 vector. Lentiviruses were produced by co--transfection of HEK--293T cells with pMD2G, pSPAX2 and pLKO vectors at 1:2:4 ratio. Viral supernatants were collected 48 and 72 hours post--transfection and filtered with a 45um syringe filter. Infection of MP41 cells was performed by two rounds of 3--hours incubation with viral supernatants, further selected with 2μg/ml puromycin.

Chromatin immuno-precipitation (ChIP)

ChIPs were performed as described previously (Margueron et al., 2008). Cell confluence and amount of starting material were kept constant by plating defined number of cells two days before cross--linking.

Nuclear Extracts and Immunoprecipitation

For nuclear extract preparation, cells were incubated with buffer A (10mM Hepes pH 7.9, 2.5mM MgCl2, 0.25M sucrose, 0.1% NP40 and protease inhibitors) for 10 min on ice, centrifuged at 8000 rpm for 10 min, resuspended in buffer B (25mM Hepes pH 7.9, 1.5mM MgCl2, 700 mM NaCl, 0.1 mM EDTA, 20% glycerol and protease inhibitors), sonicated and centrifuged at 14000 rpm for 15min.

For immunoprecipitation, 1mg of nuclear extracts was dialysed in BC250 (50mM Tris pH8.0, 250mM KCl, 1mM EDTA, 10% Glycerol and protease inhibitors) and incubated with the corresponding matrix (anti--HA affinity matrix, Sigma 11815016001; anti--FLAG M2 affinity gel, Sigma A220). The beads were then washed three times with BC250 + 0,05% NP40 and eluted with 2X Laemmli Sample Buffer.

Stable expression in MP41 cells

For mass spectrometry analysis of Flag--tagged BAP1 in MP41 cells, cDNA encoding the protein was first subcloned in pBABE retroviral plasmid.

Retroviruses were produced by co--transfection of HEK--293T cells with pMD2G, pUMVC and pBABE vectors at 1:9:10 ratio. Viral supernatants were collected 48 and 72 hours post--transfection and filtered with a 45um syringe filter. Infection of MP41 cells was performed by two rounds of 3--hours incubation with viral supernatants, further selected with 2μg/ml puromycin.

Stable expression in HeLa cells

For mass spectrometry analysis of Flag--tagged BAP1, ASXL1, ASXL2 and KDM1B in HeLa cells, cDNAs encoding the different proteins were first subcloned in pRev retroviral plasmid (gift from S. Ait Si Ali), downstream a 2xFlag--2xHA sequence and upstream an IRES sequence followed by CD25 cDNA. Retroviruses were produced by transfection of a 293 Phoenix cell line (gift from S. Ait Si Ali) and HeLa S3 cells were infected by incubation with viral supernatants for 3 hours at 37°C. Infected cells were then selected by FACS sorting against CD25 expression using CD25--FITC antibody and following manufacturers instructions (BD Biosciences 553866). Expression was assessed by western blot analysis of nuclear extracts.

Mass spectrometry analysis

For mass spectrometry analysis of Flag--tagged BAP1 overexpressing MP41 cells, 50mg of nuclear extracts was used and first purified on an ion exchange chromatography HiTrap Q 1ml column (GE Healthcare 17--1153--01). For mass spectrometry analysis of Flag--tagged constructs overexpressing HeLa cells, 100mg of nuclear extracts were used. Immuno--precipitation of samples was performed as described above. For these experiments, the elution was performed with 0,2mg/ml Flag peptide, precipitated with ice--cold acetone and resuspended in 1X Laemmli Sample Buffer.

After IP elution of enriched proteins, SDS--PAGE (Invitrogen) was used without separation as a cleanup step to remove lipids, metabolites, salts, and denaturing agents from the samples. After colloidal blue staining (LabSafe GEL BlueTM GBiosciences), 4 gel slices were excised and proteins were reduced with 10 mM DTT prior to alkylation with 55 mM iodoacetamide. After washing and shrinking the gel pieces with 100% MeCN, in--gel digestion was performed using trypsin/Lys--C (Promega) overnight in 25 mM NH4HCO3 at 30 °C.

Peptides were extracted and analyzed by nanoLC--MS/MS using an RSLCnano system (Ultimate 3000, Thermo Scientific) coupled to an Orbitrap Fusion mass spectrometer (Q--OT--qIT, Thermo Fisher Scientific). Samples were loaded on a C18 precolumn (300 µm inner diameter x 5 mm; Dionex) at 20 µl/min in 2% MeCN, 0.05% TFA. After a desalting for 3 min, the precolumn was switched on the C18 column (75 μm i.d. x 50 cm, packed with C18 PepMap™, 3 μm, 100 Å; LC Packings) equilibrated in solvent A (2% MeCN, 0.1% HCOOH). Bound peptides were eluted using a two--step linear gradient of 147 min (from 1 to 20% (v/v)) of solvent B (100% MeCN, 0.085% HCOOH) and 65 min (from 20 to 40% (v/v)) of solvent B, at a 400 nl/min flow rate and an oven temperature of 40°C. We acquired Survey MS scans in the Orbitrap on the 400--1200 m/z range with the resolution set to a value of 120,000 and a 4 × 10 5 ion count target. Each scan was recalibrated in real time by co--injecting an internal standard from ambient air into the C--trap. Tandem MS was performed by isolation at 1.6 Th with the quadrupole, HCD fragmentation with normalized collision energy of 35, and rapid scan MS analysis in the ion trap. The MS2 ion count target was set to 10 4 and the max injection time was 100 ms. Only those precursors with charge state 2-7 were sampled for MS2. The dynamic exclusion duration was set to 60 s with a 10 ppm tolerance around the selected precursor and its isotopes. The instrument was run in top speed mode with 3 s cycles.

Data were searched against the uniprot--Human database, using Sequest HT from Proteome Discoverer 1.4 (thermo Scientific). Enzyme specificity was set to trypsin and a maximum of two miss cleavages was allowed. Oxidized methionine, N--terminal acetylation and carbamidomethyl cysteine were set as variable modifications. The mass tolerances in MS and MS/MS were set to 10 ppm and 0.6 Da, respectively. The resulting files were further processed using myProMS [START_REF] Poullet | MyProMs, a web server for management and validation of mass spectrometry--based proteomic data[END_REF]. The Sequest HT target and decoy search results were validated at 1% FDR with Percolator.

Results

BAP1 is necessary for early and late embryonic development

To investigate the role of BAP1, we first evaluated its function during embryonic development in mice. We took advantage of Bap1 targeted ES cells available from EUCOMM to generate the mutant animals. The targeting construct generates a constitutive knockout with a LacZ reporter fused to Bap1 first exons, which becomes a conditional knockout after removing the cassette with a Flippase (Figure S1). We harvested embryos at E7.5 and successfully obtained BAP1 lacZ/lacZ (also referred as --/--) embryos with no obvious phenotype (Figure 1A). In contrast, we were not able to obtain any BAP1 --/--embryos at E10.5 and we observed a few resorbed deciduae, confirming the previously reported early lethality of Bap1 germline inactivation (Dey et al., 2012). Nevertheless, heterozygous BAP1 +/--embryos survived and looked like wild--type ones at E10.5.

We used the LacZ reporter to monitor BAP1 expression and showed that it is expressed exclusively in embryonic tissues at E7.5 suggesting that the lethality observed afterwards is not due to extra--embryonic abnormalities. At E10.5, BAP1 seems to be ubiquitously expressed (Figure 1A, lower panel).

As the germline inactivation of Bap1 is early embryonic lethal, we used the conditional knockout mouse model to determine whether BAP1 remains necessary later in development. We generated BAP1 flox; ROSA:ERT2--Cre mice and induced Bap1 deletion by a single injection of tamoxifen at E10.5 (after the lethality time point). Embryos were harvested at E19.5 to avoid maternal cannibalism (Figure 1B, upper panel). Knockout embryos presented a severe developmental delay compared to heterozygous embryos and their morphological pattern suggests lethality around E13.5--E15.5 (Figure 1B, middle panel). Accordingly, we observed a dramatic body weight reduction in --/-homozygous compared to --/+ heterozygous embryos (363mg versus 1617mg respectively) (Figure 1B, lower panel). Altogether, these results show that BAP1 remains necessary both during early and late embryonic development.

Since the homozygous deletion of Bap1 leads to a phenotype too severe to distinguish subtle developmental defects and since the heterozygous mice do not show any overt phenotype, we decided to investigate whether they would be a synergy between Bap1 and Ezh2 deletion. In a similar approach, a previous study has shown that concomitant inactivation of Asxl1 and the PRC1 component Cbx2 (Asxl1 Tm1Bc ; Cbx2 tm1Ykf ) displayed enhanced skeleton defects compared to single mutants (Fisher et al., 2010). While these crosses are still ongoing, our first results indicate that mice heterozygous for Bap1 and Ezh2 are born with an expected Mendelian ratio (Figure 1D, upper left panel). In addition, these mice did not present any obvious phenotypes (Figure 1D 

ASXL1/2 stabilize BAP1 in vitro

Since the genetic deletion of Bap1 in mice was moderately informative regarding its function, we decided to tackle this question through a more mechanistic approach. Several BAP1 interactomes were previously published and while some partners are recurrently found (e.g. ASXL1/2, HCF--1 or KDM1B), others appear more context specific. Given the major role of BAP1 in uveal melanoma (UM) progression, we decided to analyze BAP1 interactome from the UM patient-derived xenograft MP41 cell line (Amirouchene--Angelozzi et al., 2014). We stably infected MP41 cells with a Flag--tagged version of BAP1 or empty vector as control and isolated nuclear extracts. To increase the specificity of the immunoprecipitation (IP), we performed a first purification step by ion exchange chromatography before pulling down BAP1 by Flag--IP (Figure 2A, left panel). We then identified BAP1 interacting proteins by mass spectrometry. We retrieved most known partners of BAP1, such as the ASX homologues ASXL1 and ASXL2, the histone demethylase KDM1B, the transcription factors FOXK1 and FOXK2 or the cell cycle regulator HCF--1 (Figure 2A, right panel). In contrast, in our settings, the transcription factor YY1, the O--linked GlcNac Transferase OGT or the ubiquitin ligase UBE2O were either not identified or not significantly enriched in Flag--BAP1 IP as compared to the control IP. Nonetheless, BAP1 interactome is surprisingly consistent in all the cellular contexts analyzed, thus suggesting that BAP1 inactivation in uveal melanoma impairs its canonical function.

Consistent with previous reports, size exclusion chromatography of MP41

nuclear extracts indicates that the apparent molecular weight of BAP1 is rather high (0,7--1 Megadaltons), suggesting that it could be at the center of a large multiproteic complex containing some or all of its partners [START_REF] Pena--Llopis | BAP1 loss defines a new class of renal cell carcinoma[END_REF]Yu et al., 2010). Yet, surprisingly, recombinant BAP1 purified from SF9 behaves on sizing column similarly to the endogenous protein (Figure 2B). We further confirmed that recombinant BAP1 is detected at high molecular weight on native gel electrophoresis, indicating, that purified BAP1 is not monomeric and tends to oligomerize (Figure S2B). Interestingly, it was previously reported that BAP1 enzymatic activity is dependent on its association with ASXL1 N-terminal domain (aa 2--365) (Scheuermann et al., 2010). From this observation, we reasoned that ASXL N--terminal fragments could stabilize BAP1 and prevent its oligomerization. To test this hypothesis, we purified BAP1 alone or in association with ASXL1 or ASXL2 N--terminal fragments (ASXL1/2_Nt, aa 2--365 and 2--384 respectively). We first noticed that BAP1 elution pattern from ion exchange chromatography is restricted to a few fractions when associated to ASXL fragments, while the elution of BAP1 alone spreads along the salt gradient, suggesting a more homogeneous form when in complex with its partners (Figure S2A). We further analyzed the molecular weight distribution of BAP1 +/--ASXL1/2_Nt by multi--angle light scattering coupled to size exclusion chromatography (SEC--MALS). As expected, we found that although BAP1 is easily soluble and does not aggregate in solution, it displays a non--uniform profile with a high dispersity degree and elutes in high molecular weight fractions, indicating a high and heterogeneous polymerization level (Figure 2C).

In contrast, the presence of ASXL1/2 fragments appears to limit the oligomerization of BAP1 as shown by the substantial decrease of BAP1 eluting right after the void volume and an overall reduced molecular weight distribution of BAP1--ASXL1/2_Nt complexes compared to BAP1 alone (Figure 2C). It should however be noticed that the apparent molecular weight of BAP1--ASXL1/2_Nt remains much superior to the theoretical molecular weight of a dimeric complex.

Moreover, Coomassie blue staining of the purified complexes suggests that BAP1 does not associate with ASXL1/2 fragments on a 1:1 ratio, but is rather present in several units per complex (Figure S2A, left panels). It is possible that some other domains of ASXL1/2 would be required to stabilize BAP1 or that additional partners are involved in the core complex composition.

ASXL1 and ASXL2 engage BAP1 in distinct protein complexes

We then wished to better describe the composition of PR--DUB in mammals and in particular to determine whether BAP1 partners are all present together in a single complex or whether BAP1 is engaged in distinct protein complexes. To this end, we performed mass spectrometry analysis on HeLa cells stably overexpressing Flag--tagged versions of BAP1, ASXL1, ASXL2 and KDM1B (Figure S3A). As expected, we could identify BAP1 in ASXL1, ASXL2 and KDM1B IP (Figure 3A and 3B). More interestingly, our results revealed that PR--DUB composition varies depending on the bait. Indeed, while we recovered most of BAP1 known partners with ASXL2 IP (e.g. KDM1B, MBD5/6, FOXK2), none of them appeared significantly enriched in ASXL1 IP. This observation was further confirmed in KDM1B IP where we identified ASXL2 as a major partner but not ASXL1. Of note, this result is consistent with previous reports in which only ASXL2 was identified in FOXK2 (Ji et al., 2014) or MDB5 and 6 mass spectrometry analyses (Baymaz et al., 2014). In addition to ASXL2 and BAP1, we also identified NSD3 in the KDM1B IP in agreement with previous publication (Fang et al., 2010). It remains difficult to conclude on HCF--1 and OGT, since both proteins tend to be present in the control IP and are therefore not significantly enriched in the PR--DUB IPs.

The apparent lack of interaction between KDM1B and ASXL1 was further confirmed by analysis of BAP1 and its partners on a sizing column. To this end, we first isolated and purified nuclear extracts from wild type MP41 cells via ion exchange chromatography (Figure S3B). We further processed BAP1--containing fraction on a sizing column. As observed before, BAP1 elutes in a rather broad peak of high apparent molecular weight (Figure 3C). More interestingly, while ASXL1 elutes towards the higher size of this peak, KDM1B elutes at lower molecular weight and does not co--elute with ASXL1, consistent with the afore-described mass spectrometry analyses. Unfortunately, we could not probe ASXL2 in the same experiment due to the lack of specificity or sensitivity of the tested antibodies.

In conclusion, our results suggest that BAP1 is engaged in different complexes, the composition of which being apparently controlled by the ASXL homolog it interacts with (Figure 3C).

ASXL1 but not ASXL2 is required for BAP1-mediated H2A deubiquitination

In order to investigate whether the different PR--DUB complexes might have distinct functions, we analyzed the biological consequences of interfering with their main components. First, we used RNA interference in MP41 cells to knock BAP1 expression down to barely detectable levels (Figure S4A). BAP1 knockdown was correlated to a strong increase in H2A ubiquitination, confirming the important role of BAP1 towards this substrate in this model. However, loss of BAP1 in this model quickly leads to proliferation arrest, thereby preventing us from further analysis and potentially mitigating our results (Figure S4B). Therefore, we turned to the HAP1 cell line, this model presenting the advantage of being nearly haploid and therefore particularly amenable to genome editing. We first confirmed that PR--DUB members behave on sizing column similarly to MP41 cells (Figure S4C). We then used a strategy of CRISPR/Cas9--based genome editing to generate constitutive knockouts of a selected set of genes (Figure 4A). Our strategy was based on the introduction of a premature transcription termination signal by homologous recombination within the target genes. RT--qPCR analysis showed that complete knockout could be achieved for BAP1, ASXL1 and ASXL2 (Figure 4B). We also impaired the expression of EZH2, the catalytic subunit of the Polycomb PRC2 complex, which was further confirmed at the protein level (Figures 4B and S4D). Noteworthy, we failed to obtain concomitant depletion of ASXL1 and ASXL2, suggesting a partial redundancy of the ASX homologs in performing essential functions. In this model, BAP1 is dispensable for proliferation, allowing us to delve into the mechanistic of PR--DUB complexes (Figure S4E). First, we wondered if the depletion of the PR--DUB members would affect the expression or the stability of the other components, as it was shown in the case of PRC2 [START_REF] Pasini | Suz12 is essential for mouse development and for EZH2 histone methyltransferase activity[END_REF] or PRC1 [START_REF] Leeb | Ring1B is crucial for the regulation of developmental control genes and PRC1 proteins but not X inactivation in embryonic cells[END_REF]. As assessed by RT--qPCR, the mRNA level of each tested PR--DUB component was not affected by loss of BAP1, ASXL1 or ASXL2 (Figure 4B). By western blot, we did not observe any clear impact of deleting BAP1, ASXL1 or ASXL2 on KDM1B or HCF--1 protein level (Figure 4C). Surprisingly, FOXK1 protein level was found increased in BAP1-deficient HAP1 cells, suggesting that BAP1might destabilize the transcription factor in this model. Unfortunately, the lack of specificity of ASXL antibodies on nuclear extracts prevented us from detecting them in this assay.

We then monitored the consequences of these knockouts on various histone marks and especially H2A ubiquitination. We used acid extraction to purify histones from wild type and KO HAP1 cells and probed their modification by western blot. As expected, we found that BAP1 loss leads to an increase in H2A ubiquitination level by around two fold (Figure 4D). Interestingly, we found that ASXL1 but not ASXL2 depletion also leads to an increase in H2A ubiquitination, although slightly less important than the one observed after BAP1 loss (1.6 fold versus 1.9 fold). In contrast, H2B ubiquitination level was not affected by the loss of BAP1 or its partners. Of note, histone variant H2A.Z ubiquitination was also altered in a similar fashion to that of canonical H2A. We also probed H3K27me3, since ASXL1 was suggested to be required for PRC2 activity [START_REF] Wahab | ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression[END_REF]Wang 2015). However, in this model cell line, the deletion of ASXL1 or ASXL2 was ineffectual on the global levels of H3K27me3. Finally, KDM1B substrate H3K4me2 was globally unaffected by the loss of any PR--DUB member.

Targeting deubiquitinase enzymes to substrates is a crucial factor for their enzymatic activity (Sahtoe & Sixma, 2015). Considering the presence of conserved domains in ASXL protein structure, in particular PHD and putative DNA binding domains, these partners could be crucial for BAP1 localization to chromatin. To test this hypothesis, we performed a step--wise cell fractionation in HAP1 wild type and knockout cells and assessed BAP1 distribution in the different cellular fractions by western blot analysis (Figure 4E). As expected regarding its function, BAP1 is found primarily enriched within the chromatin fractions. In contrast, KDM1B, which also performs chromatin--modifying activities, is predominantly found in the nuclear fraction, independent from chromatin. Upon loss of ASXL1 or ASXL2, we did not detect substantial alteration of BAP1 or KDM1B distribution patterns. This suggests either that both homologs are redundant or that BAP1 is tethered to the chromatin independently of the ASXL proteins.

BAP1 mediates transcriptional silencing independently of its catalytic activity

While the classification of Calypso as a Polycomb indicates that PR--DUB might be involved in the maintenance of transcriptional repression, some other studies suggest that BAP1 could instead be a transcriptional activator (Yu et al., 2010).

To clarify this question, we used a model cell line (here referred as LucB) allowing the artificial recruitment of proteins through a Gal4 DNA binding domain (Gal4--DBD) at a luciferase reporter transgene (Figure 5A). We then generated different clones expressing the Gal4--DBD fused to BAP1 wild type (BAP1_WT), or to a nuclear localization signal (NLS) as a control. The expression of the Gal4--DBD--fused constructs is doxycycline inducible, allowing tight control on the reporter assay (Figure 5B). Doxycycline treatment in LucB had no effect on the luciferase activity, neither did induced expression of the Gal4--NLS construct (Figure 5C). In contrast, expression of Gal4--BAP1_WT led to a robust (around 5--fold) repression of the reporter transgene, in line with the repressive role associated to Polycomb proteins. This transcriptional repression was concomitant to the recruitment of GAL4--BAP1 to the chromatin as shown by Chromatin Immunoprecipitation (ChIP; Figure 5D). We also observed a decrease in H2AK119Ub enrichment at the Luciferase promoter upon BAP1 recruitment, suggesting that BAP1 is enzymatically active at the reporter promoter. To determine whether BAP1 deubiquitinase activity was required for the transcriptional repression, we repeated this experiment with a catalytically dead version of BAP1 (BAP1_CD) bearing the C91S point mutation. Surprisingly, in this context of a forced recruitment through the GAL4--BD, BAP1 enzymatic activity was dispensable for transcriptional repression (Figure 5B--C).

BAP1 regulate transcription through several means

In order to identify the mechanisms responsible for the transcriptional repression mediated by BAP1, we tried to narrow down the domains of BAP1 involved. To this end, we built truncated forms of BAP1 fused to GAL4--DBD based on the structural information available on the protein: an N--terminal catalytic ubiquitin carboxy hydrolase (UCH) domain, an intermediate domain here termed Mid, and a C--terminal domain (CTD) containing a conserved region with the deubiquitinase UCH37 (UCH37--like domain ULD) (Figure S6A). We generated cell lines expressing these fragments under the control of doxycycline and analyzed the resulting luciferase activity (Figure 6.A--B). Despite the apparent difference in the expression level of the fusion proteins, those three fragments were able to repress transcription to a similar extent. Considering the tendency of BAP1 to oligomerize in vitro, we speculated that those fragments could interact with and recruit the endogenous BAP1. Therefore, we repeated the assay upon silencing of the endogenous protein. Similar repressive effects could still be observed upon depletion of endogenous BAP1, thereby ruling out the possibility of its recruitment by the mutant constructs (Figure S6B--C).

We then hypothesized that the different BAP1 domains tested in our study could bind distinct partners that could mediate independent transcriptional repression. Therefore, we performed co--IP experiments in order to map some of BAP1 identified partners on the different domains (Figure 6C). BAP1 Mid domain was found to bind all the partners tested. In addition, KDM1B appeared to bind both BAP1 Mid and C--terminal domains. Binding of ASXL1 to the Mid domain of BAP1 was a bit surprising, since a computational study predicted interaction of ASXL1 with BAP1 C--terminal region (Sanchez--Pulido et al., 2012). Also, considering the questionable specificity of the antibody against ASXL1, we sought another approach to test the interaction between ASXL1 and BAP1. Indeed, BAP1 overexpression was reported to stabilize ASXL1 protein accumulation (Inoue et al., 2015). We decided to use this property as an alternative readout for BAP1/ASXL1 interaction. Interestingly, two domains of BAP1 and in particular the Mid domain could stabilize Flag--ASXL1 expression to a greater extent than full length BAP1, thus supporting the hypothesis that this domain could be important for BAP1/ASXL1 interaction.

Although the exact mechanisms by which each domain of BAP1 can mediate transcriptional repression are not solved yet, our results indicate that some partners of BAP1 might contact it through different domains as shown in particular for KDM1B. Whether the interaction of BAP1 with KDM1B is direct or not remains an open question.

Discussion

In this study, we have shown that BAP1 is necessary for early and late embryonic development in mice. The early lethality observed after Bap1 germline inactivation is in line with a previous work that reported an embryonic lethality around E8.5 (Dey et al., 2012). Here, we showed that a conditional inactivation of Bap1 at a later time point (E10.5) also induces a rapid death of the embryos, demonstrating that BAP1 is still necessary at later developmental stages. Yet, the causes of death and of severe growth retardation remain to be elucidated. Since the early lethality of Bap1--inactivated mice did not allow us to elucidate BAP1 functions, we considered a biochemical approach for further analyses.

We have shown that BAP1 forms multiple subcomplexes with its partners, an observation in line with the multifaceted functions attributed to the protein. In particular, we have brought evidence that BAP1 forms a complex with ASXL1 that is predominantly responsible for H2A deubiquitination in vivo. In contrast, ASXL2 displays no detectable contribution to this activity at the global level.

Considering the distinct interactomes observed for ASXL1 and ASXL2, this suggests that PR--DUB--ASXL1 and PR--DUB--ASXL2 might be involved in different functions, as it was shown in the context of adipogenesis (Park et al., 2011). Our ongoing transcriptomic and epigenomic study of ASXL1/2 knockout cells is likely to shed some light on this hypothesis.

We also showed that BAP1 forms a ternary complex with ASXL2 and the histone demethylase KDM1B. However, we did not identify NSD3, a previously reported partner of KDM1B in ASXL2 IP, suggesting that KDM1B interactions with NSD3 or ASXL2 are mutually exclusive. KDM1B association with supposedly unrelated complex might explain that its role in transcriptional regulation remains unclear (Ciccone et al., 2009;Fang et al., 2010;Yang et al., 2010). Nonetheless, the function of KDM1B within the PR--DUB complex is still an open question. An obvious hypothesis is to speculate that a cross talk between H2A ubiquitination and H3K4me2 might exist. Interestingly, such a link has already been suggested in a study that proposed that H2A ubiquitination could inhibit MLL3--mediated H3K4 methylation (Nakagawa et al., 2008). Alternatively, one cannot exclude that KDM1B might have other substrates than H3K4, as it was reported for its homolog KDM1A [START_REF] Huang | p53 is regulated by the lysine demethylase LSD1[END_REF][START_REF] Metzger | LSD1 demethylates repressive histone marks to promote androgen--receptor--dependent transcription[END_REF][START_REF] Shi | Histone demethylation mediated by the nuclear arnine oxidase homolog LSD1[END_REF].

The question of BAP1 recruitment to the chromatin has not been deeply explored so far. Transcription factors such as FOXK2 or YY1 were shown to target BAP1 to specific loci (Ji et al., 2014;Yu et al., 2010), but they do not provide a general mechanism for BAP1 tethering to chromatin structures. BAP1 was also shown to overlap with HCF--1 on the chromatin (Dey et al., 2012), but HCF--1 is not known to bind directly DNA or chromatin. Instead, it is supposed to act as a scaffold that links histone--modifying enzymes to transcription factors at promoters (Tyagi et al., 2007). One evident hypothesis for BAP1 recruitment includes the ASXL1/2 proteins, which carry C--terminal PHD domains. Several studies have depicted a mechanism by which these domains would bind methylated lysine or arginine residues (Sanchez & Zhou, 2011). Here, we provide evidence that BAP1 is mostly found at the chromatin; however its association to the chromatin is maintained even without ASXL1 or ASXL2, suggesting that the ASXL proteins may be dispensable for tethering BAP1 to the chromatin. Nevertheless, we cannot exclude a potential redundancy between the two homologs. Co--depletion of both ASXL1 and ASXL2 could help resolve this issue; yet we failed to obtain double knockout in HAP1 cells, suggesting that these proteins may at least partially overlap in performing essential functions in the cell.

Finally, we confirmed the transcription repressor potential of BAP1 in a reporter assay, in which GAL4--BAP1 constructs were artificially tethered to the promoter a Luciferase reporter gene. We highlighted the co--existence of several independent repressive mechanisms, which is not so surprising given the number of partners and independent BAP1--associated complexes revealed by our study. Yet, this result is at odd with previous work, in which the authors showed that recruitment of wild type or HBM--depleted BAP1 could activate Luciferase activity by 2 to 4 fold, while a catalytic mutant BAP1 could not (Yu et al., 2010). A major difference between both studies is that the latter was performed in the context of transient co--transfection of the luciferase reporter vector together with the Gal4 fusion constructs, while here we generated stable cell lines. The transient transfection approach implicates that the reporter is not in a fully chromatinized environment and that the levels of overexpression of the fusion proteins are likely higher, which could potentially lead to quenching effects of BAP1 partners. Notwithstanding, both approaches have limits and the ongoing transcriptomic study coupled to ChIP--sequencing will help us deciphering the contribution of BAP1 and its partners to the chromatin landscape and transcription regulation. 

Results

By using a 1.4 fold enrichment cut--off, we identified 12 proteins that were significantly more ubiquitinated in BAP1 KO compared to wild type and rescued and retrieved in both replicates (see material and methods; Figure 8D). Among them, we identified H2A as a target of BAP1, thereby validating our strategy (Figure 8E). Of note, H2A.Z ubiquitination was also identified as a BAP1 target in the experiment, but in one out of two replicates only. We confirmed the specific increase of H2A and H2A.Z ubiquitination in BAP1 KO cells compared to wild type and BAP1--rescued cells by western blot analysis on nuclear extracts (Figure 8F, upper panel).

Surprisingly, we also identified H2BUb as a potential substrate of BAP1 (Figure 8E).

However, Western blot analysis against H2BK120Ub did not allow us to confirm this observation (Figure 8F, upper panel). Interestingly, H2B ubiquitination site was identified not only on canonical lysine 120 but also on lysine 108. Although H2BK108 ubiquitination was detected in several mass spectrometry analyses, the modification was barely described in the literature; it is therefore possible that this modification is not abundant in the cells and consequently not detectable by western blot against total H2B (data not shown).

Out of the other potential substrates, two proteins have drawn our attention: IMP3 and HNRNPM (Figure 8E). IMP3 is a member of the IMP family (insulin--like growth factor 2 mRNA--binding proteins), which affects gene expression through post--transcriptional regulation of mRNA level [START_REF] Nielsen | A family of insulin--like growth factor II mRNA--binding proteins represses translation in late development[END_REF]. In particular, IMP proteins were shown to target Cyclin D1, D3 and G1 mRNAs [START_REF] Boudoukha | Role of the RNA--Binding Protein IMP--2 in Muscle Cell Motility[END_REF]. IMP3 was further shown to bind the Heterogeneous Ribonucleoprotein M (HNRNPM), allowing nuclear localization of the complex and expression regulation of several Cyclins at the mRNA level [START_REF] Vargas | Post--transcriptional regulation of cyclins D1, D3 and G1 and proliferation of human cancer cells depend on IMP--3 nuclear localization[END_REF]. This activity seems critical for cell proliferation since loss of IMP3 leads to proliferation arrest in the G1 phase of the cell cycle. Moreover, IMP3 expression is correlated to poor prognosis in several types of cancers [START_REF] Kobel | IGF2BP3 (IMP3) expression is a marker of unfavorable prognosis in ovarian carcinoma of clear cell subtype[END_REF][START_REF] Lochhead | Insulin--like growth factor 2 messenger RNA binding protein 3 (IGF2BP3) is a marker of unfavourable prognosis in colorectal cancer[END_REF][START_REF] Schaeffer | Insulin--like growth factor 2 mRNA binding protein 3 (IGF2BP3) overexpression in pancreatic ductal adenocarcinoma correlates with poor survival[END_REF]. Therefore, we decided to start exploring the potential regulation of this complex by BAP1. We analysed the cytoplasmic versus nuclear distribution of IMP3 by Western blot, but found no obvious change in the protein expression or distribution in the cell compartments upon BAP1 depletion (Figure 8F, lower panel). Also, no hyperubiquitination of the protein could be observed, suggesting that the modification might not be abundant. Further investigations are required to understand how these proteins could be regulated by BAP1.

Conclusion

Comparing the ubiquitome of wild type and BAP1--deficient cells by mass spectrometry analysis seems to be a powerful tool in order to identify unknown substrates of BAP1.

Indeed, we could confirm the role of BAP1 in mediating H2A deubiquitination, which validates the designed strategy. We could also identify new substrates, both histones and non--histones. Among them, exploring the role of H2BK108Ub could open new perspectives in the description of chromatin modifications and their functions, as well as in the understanding of BAP1--mediated transcription regulation. In addition, investigating how BAP1 loss can affect the function of HNRNPM--IMP3 heterodimer could help to unveil new aspects of BAP1 function that could be impaired in BAP1-mutated cancers. However, we did not retrieve any of the previously identified non-histone BAP1 targets. Despite these encouraging preliminary data, we encountered a few limiting factors. Indeed, only a low number of proteins could be retrieved in both replicates. The low quantity of starting material together with the abundance of H2A--Ub signal were the major breaks in the identification of more substrates. We intend to repeat this experiment by starting with a larger number of cells and by introducing a fractionation step that should allow us to isolate H2A--Ub from other fractions, as described in another study [START_REF] Udeshi | Large--scale identification of ubiquitination sites by mass spectrometry[END_REF]. These optimization steps should help to identify more reproducibly and more precisely the various substrates of BAP1.

Material and methods

SILAC

We followed the manufacturer protocol (CST --PTMScan® Ubiquitin Remnant Motif (K-ε--GG) Kit) for the SILAC experiment. We performed the experiment on HAP1 wild--type cells, HAP1 BAP1 KO cells and HAP1 BAP1 KO cells that have been rescued for BAP1 expression. Briefly, 7x15cm culture dishes containing 2.10 6 cells each were grown per experimental group. Cells were grown for 3 days in IMDM SILAC culture medium supplemented with 10% FBS and containing "light", "medium" or "heavy" lysine (0, +4 and +8 kDa respectively). A duplicate was performed with changes in the modified lysine distribution to avoid any bias due to specific lysine incorporation. We validated the incorporation of modified lysines by >95%.

Immunoprecipitation

Proteins were lysed in 9M urea buffer, sonicated and quantified (Bradford). Further analyses were performed on a mix of 10 mg of proteins per experimental group.

Proteins were reduced with DTT and alkylated by chloroacetamide. Then, the sample was digested with a mix of proteinase K and lys C overnight at room temperature. The digestion was assessed by SDS--PAGE (coomassie) and the resulting peptides were purified on Sep--Pak C18 columns from Water Corporation. The samples were then lyophilized and dissolved in the provided immunoprecipitation buffer before performing immunoprecipitation with ubiquitin antibody--beads from the kit.

Identification of Ubiquitin-Specific Lysine by nanoLC-MS/MS analysis

After K--ε--GG peptide enrichment, SILAC--labelled peptides were analysed by nanoLC--MS/MS using an RSLCnano system (Ultimate 3000, Thermo Scientific) coupled to an Orbitrap Fusion mass spectrometer (Q--OT--qIT, Thermo Fisher Scientific). Samples were loaded on a C18 precolumn (300 µm inner diameter x 5 mm; Dionex) at 20 µl/min in 2% MeCN, 0.05% TFA. After a desalting for 3 min, the precolumn was switched on the In Drosophila, Calypso (dBAP1) loss results in clear Polycomb--like developmental defects. However, deciphering the role of BAP1 for mouse embryonic development has revealed to be challenging. We could confirm the early lethality of Bap1 constitutive knockout mice between E7.5 and E10.5 (Dey et al., 2012). By using a Tamoxifen-inducible knockout mouse model, we also provided evidence that BAP1 is required for later developmental stages. However, the early embryonic lethality and the severe growth arrest consequent to BAP1 deletion later in development has prevented us from conducting further analyses so far. To bypass this limitation, we plan on harvesting the mutant embryos a few days after Tamoxifen injection. In addition, histological stainings and immunohistochemistry on embryo sections would enable us to assess whether defects in some particular organs or whether a global decrease in cell proliferation is responsible for growth retardation. How BAP1 deletion affects Hox gene expression or anterior posterior development are still open questions. In addition, we will analyse the role of BAP1 during development by establishing inducible Bap1 knockout mouse embryonic stem cells. Thereby, we will be able to explore the role of BAP1 in ES cell differentiation, stem cell maintenance and cell fate choice. Indeed, considering the importance of PRC1 in regulating stem cell properties, it is tempting to assume that BAP1 may play crucial roles in modulating similar processes.

2-The BAP1-ASXL1/2 axis

In Drosophila, Calypso association to ASX was shown to be a prerequisite for H2A deubiquitination and transcription repression maintenance of PR--DUB target genes (Scheuermann et al., 2010). We have shown using mass spectrometry analyses and chromatography separation techniques that ASX mammalian orthologs ASXL1 and ASXL2 define the composition of distinct BAP1--associated protein complexes. We then provided evidence that ASXL1 but not ASXL2 was required for global H2A deubiquitination activity. It is unlikely that this difference reflects a lower abundance of ASXL2, since we recovered more peptides for ASXL2 than ASXL1 in all our mass spectrometry experiments. Also, our RT--qPCR analyses do not suggest that ASXL1 expression level is higher than ASXL2. Importantly, this result does not necessary mean that ASXL2 cannot affect local levels of H2A ubiquitination and associated transcriptional activities. Curiously, the BAP1--ASXL1/2 axis has barely been explored so far. One recent study delves further into this aspect by investigating the consequences of overexpressing BAP1 together with ASXL1 full--length or fragments [START_REF] Balasubramani | Cancer--associated ASXL1 mutations may act as gain--of--function mutations of the ASXL1--BAP1 complex[END_REF]. They noticed that overexpression of BAP1 with a N--terminal ASXL1 fragment (aa 1--479) leads to complete erasure of H2AUb together with global loss of H3K27me3. In comparison, overexpression of BAP1 with full--length ASXL1 only leads to mild reduction of H2AK119Ub level. The authors infer from these results that BAP1--ASXL11--479 forms a hyperactive PR--DUB complex that actively erases H2AK119Ub, which in turn entails H3K27me3 loss. This hypothesis is supported by recent studies, which, as mentioned in the introduction of this manuscript, have demonstrated that PRC1--mediated H2AK119Ub would act upstream of PRC2--mediated H3K27me3 deposition [START_REF] Blackledge | Variant PRC1 complex--dependent H2A ubiquitylation drives PRC2 recruitment and polycomb domain formation[END_REF][START_REF] Cooper | Targeting polycomb to pericentric heterochromatin in embryonic stem cells reveals a role for H2AK119u1 in PRC2 recruitment[END_REF][START_REF] Kalb | Histone H2A monoubiquitination promotes histone H3 methylation in Polycomb repression[END_REF].

Moreover, the ASXL1 mutations observed in haematological cancers and in developmental disorders are predicted to give rise to truncated variants. From their observations, the authors propose a model in which truncated forms of ASXL1 in malignancies would behave as gain--of--function mutants. However, this study suffers from some caveats. Indeed, not only does the study relay on strong overexpression of the proteins, but the comparison between full--length and truncated forms of ASXL1 in enhancing BAP1--mediated H2A deubiquitination is based on transient co--transfection experiments, in which the expression level of the full--length ASXL1 protein does not reach half the one of the longest fragment used in the study. Therefore, the differences in expression level could simply explain the "hyperactivity" obtained with the ASXL1 fragments. In order to validate the mechanism proposed by the authors, it would be wise to use genome--editing tools to introduce cancer--like mutations within the endogenous ASXL1 locus in order to explore the consequences of such events in a more physiological context of expression level. Importantly, in our hands the deletion of either ASXL1 or ASXL2 does not affect the global level of H3K37me3.

The lower expression obtained for the full--length ASXL1 protein in this study is in line with our work and others that report difficulties both for detecting endogenous and for overexpressing stable ASXL proteins (Inoue et al., 2015), as well as for extracting full-length ASXL proteins, that are thought to undergo fragmentation during cell lysis (Scheuermann et al., 2010). Accordingly, our attempts to produce full--length recombinant ASXL1 and ASXL2 proteins in SF9 resulted in very low yields, preventing us from performing further in vitro assays so far. With regards to the behaviour of recombinant BAP1 alone or in presence of the recombinant ASXL N--termini fragments, it would be of interest to put more effort in trying to stabilize the full--length proteins for purification and pursuing further biochemical assays.

3-BAP1 and KDM1B: unexplored interaction between two histone modifying enzymes

Among the different complexes associated to BAP1, we showed that the histone demethylase KDM1B forms a ternary complex with ASXL2 and BAP1. Unfortunately, we did not have the opportunity to explore the function of this complex further.

Surprisingly, the role of BAP1--KDM1B interaction has not been studied, although the interaction was reported in every mass spectrometry analyses performed with BAP1.

KDM1B was shown to demethylate specifically dimethylated H3K4 (H3K4me2) (R. Fang et al., 2010). However, its role in transcription regulation is still unclear. Genome--wide mapping of KDM1B revealed that the demethylase is enriched in the gene body of transcriptionally active genes, and that its loss negatively impacts optimal transcription activation (R. Fang et al., 2010). On the contrary, another study showed that KDM1B could be involved in repressive mechanisms, independently of its enzymatic activity (Yang et al., 2010). KD1MB is also known for its role in maternal genomic imprinting establishment, where its absence is linked to DNA methylation failure at sites of imprinted genes (Ciccone et al., 2009). It is interesting to mention that deubiquitylation of histone H2A is involved in a cross--talk with di--and trimethylated H3K4 (Nakagawa et al., 2008). Indeed, in vitro assays performed with reconstituted chromatin showed that ubH2A specifically represses active di--and trimethylation of H3K4 by MLL3, thereby inhibiting transcription initiation. The H2A deubiquitinase USP21 was shown to relieve this H2A--Ub--mediated repression. It would be interesting to determine if BAP1 could be involved in such a mechanism. One could imagine that BAP1 might interfere with such a crosstalk between H2AK119Ub and H3K4me2/3 by recruiting KDM1B at sites of deubiquitination or vice--versa. In such a model, the concomitant deubiquitination of H2AK119Ub and loss of H3K4me2/3 could be essential for a transition from a Polycomb regulated gene to a state more stably repressed thanks to DNA methylation. Indeed, it is known that H3K4 methylation prevents DNMT3A/B--mediated de novo DNA methylation [START_REF] Rose | Understanding the relationship between DNA methylation and histone lysine methylation[END_REF]. Evaluating DNA methylation in cells expressing BAP1 or not might be important to investigate the validity of this model.

4-Chromatin targeting: the usual suspects

How BAP1 gets recruited to the chromatin is still unclear. We have tried to tackle this question by deleting ASXL1 and ASXL2, assuming that they might participate in BAP1 recruitment to chromatin loci via their conserved PHD domain. We provided evidence that BAP1 co--purifies with chromatin fractions, and that the association with chromatin was not affected by the loss of ASXL1 or ASXL2. Nevertheless, we cannot exclude partial redundancy between the two homologs, an issue that we are trying to overcome by generating double knockout cell lines.

We also consider the possibility that BAP1 binding to chromatin would rely on the presence of its substrate. In this context, depletion of ubiquitinated H2A would lead to dissociation of BAP1 from the chromatin. Our attempts to artificially create such a situation have failed. Indeed, the commercially available PRC1 inhibitor PRT4165 [START_REF] Ismail | A Small Molecule Inhibitor of Polycomb Repressive Complex 1 Inhibits Ubiquitin Signaling at DNA Double--strand Breaks[END_REF] displayed very mild if any effect on H2A ubiquitination in our hands (data not shown). In parallel, we obtained RING1B mutant HAP1 cells, which bear a frameshift mutation leading to a premature stop codon. The protein was barely detectable by western blot, confirming the knockout (data not shown). Strikingly, H2AK119Ub levels were barely affected compared to wild type cells (data not shown),

suggesting that RING1A or another ubiquitin ligase might have an important role for H2A ubiquitination in HAP1 cells. Co--deletion of the two RING1 homologs could be required to achieve substantial inhibition of H2A ubiquitination in this cellular model.

In Drosophila, the role of PHO--RC and PREs in PR--DUB recruitment would also be worth studying, given the large overlap observed between the target genes of PR--DUB, PHO and PRC1 (Scheuermann et al., 2010).

5-Transcription regulation

The role of BAP1 regarding transcription regulation is still unclear. While BAP1 was described as Polycomb component required for transcription repression maintenance in Drosophila (Scheuermann et al., 2010), several studies have described the transcription activator potential of BAP1 in mammals (Ji et al., 2014;[START_REF] Pan | BAP1 regulates cell cycle progression through E2F1 target genes and mediates transcriptional silencing via H2A monoubiquitination in uveal melanoma cells[END_REF]Yu et al., 2010). One way to reconcile these apparent contradicting results is to consider that BAP1 is engaged in distinct complexes, which may play distinct if not opposite roles in regulating transcriptional processes. We have also shown that the artificial 

II. Substrates mining

Although deubiquitinases possess substrate specificity, these enzymes often have multiple targets. Thus, before its role as for H2A deubiquitination was unveiled, BAP1

was shown to target BRCA1 partner BARD1, an activity that destabilizes BRCA1--BARD1 heterodimer (Nishikawa et al., 2009). BAP1 was also shown to target its direct partner HCF--1 as well as the gluconeogenesis master regulator PGC1α, thereby preventing proteasomal degradation of these proteins [START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF][START_REF] Ruan | O--GlcNAc Transferase/Host Cell Factor C1 Complex Regulates Gluconeogenesis by Modulating PGC--1 alpha Stability[END_REF].

Other substrates such as γ--Tubulin or INO 80 were also recently identified (H. S. Lee et al., 2014;[START_REF] Zarrizi | Deubiquitination of gamma--Tubulin by BAP1 Prevents Chromosome Instability in Breast Cancer Cells[END_REF]. The regulation of γ--Tubulin ubiquitination was proposed to pay an important activity for mitotic spindle formation and proper chromosome segregation during mitosis, while BAP1 was shown to be important to mediate INO80 recruitment to replication forks. During my PhD, we tried to tackle this question through different means. First, by using a constitutive BAP1 knockout cell line, we addressed the question of the histone modifications affected by BAP1 loss by western blot analysis on histone extracts. Second, by comparing the ubiquitome of BAP1-deficient cells versus wild type or BAP1--rescued cells in order to confirm and/or identify new histone or non--histone substrates. As expected, H2AK119Ub was increase in the context of BAP1 deletion or knock down. In addition, H2A.Z was also identified as a BAP1 target in the prospect for new substrates, although in only one out of two replicates only. The target was confirmed by western blot analysis, showing that non-canonical H2A variants can also be targeted by BAP1. There is only little evidence reported on H2A.ZUb functions. H2A.Z ubiquitination sites were identified on lysines K121, K120 and K125 [START_REF] Draker | USP10 deubiquitylates the histone variant H2A.Z and both are required for androgen receptor--mediated gene activation[END_REF][START_REF] Sarcinella | Monoubiquitylation of H2A.Z distinguishes its association with euchromatin or facultative heterochromatin[END_REF], but only changes on K121 were identified in our mass spectrometry analysis. ChIP--on--ChIP experiments revealed that H2A.ZUb is preferentially enriched on transcriptionally silent facultative heterochromatin on the inactive X chromosome, but the role of this histone modification on the X chromosome inactivation process is still unclear [START_REF] Sarcinella | Monoubiquitylation of H2A.Z distinguishes its association with euchromatin or facultative heterochromatin[END_REF]. Moreover, H2A.Z was reported to be ubiquitinated by PRC1 subunit RING1B [START_REF] Sarcinella | Monoubiquitylation of H2A.Z distinguishes its association with euchromatin or facultative heterochromatin[END_REF] and deubiquitinated by the ubiquitin specific peptidase USP10, an activity necessary for androgen receptor--directed gene activation [START_REF] Draker | USP10 deubiquitylates the histone variant H2A.Z and both are required for androgen receptor--mediated gene activation[END_REF]. Altogether, these data suggest that H2A.ZUb is a repressive histone mark. Here, we identified BAP1 as a new deubiquitinase of the histone variant H2A.Z, but the impact of such an activity requires further investigation. In particular, we should explore how BAP1 loss can impact H2A.ZUb enrichment at the genome level and how this correlates with transcriptional changes. In parallel, considering the crucial role of BAP1 during embryonic development (our data and Dey et al., 2012), it could be interesting to deepen its function during embryonic stem cell differentiation and in particular explore how it could impact the process of X chromosome inactivation via H2A or H2A.Z deubiquitination.

In contrast, although identified in the mass spectrometry analysis, no detectable changes in H2BK120Ub could be observed by western blot on total histone extracts, in line with other works (Scheuermann et al., 2010). Yet, the changes in H2BK120Ub upon BAP1 deletion could be subtle; a ChIP--sequencing analysis of H2BK120Ub enrichment at the genome level could help resolve this issue and identify local changes in the mark distribution upon BAP1 KO. Surprisingly, we also identified lysine 108 of histone H2B as a new target of BAP1. Despite recurrent identification of this histone modification by several mass spectrometry analyses, very little is known about its function. A study in yeast showed that H2BK111 mutation (the equivalent of mammalian H2BK108) impairs telomeric silencing and Sir complex binding, but the role of post--translational modifications on this residue was not addressed [START_REF] Kyriss | Novel Functional Residues in the Core Domain of Histone H2B Regulate Yeast Gene Expression and Silencing and Affect the Response to DNA Damage[END_REF]. In another biochemical study, the authors performed a comparative study of ubiquitin positioning on histone H2B using in vitro reconstituted mononucleosomes [START_REF] Chatterjee | Disulfide--directed histone ubiquitylation reveals plasticity in hDot1L activation[END_REF].

They showed that ubiquitination on K108 leads to faster migration on native gel electrophoresis than any other tested position, suggesting that H2BK108Ub could influence mononucleosome structure and/or surface charge. Moreover, they showed that while H2BK120Ub could stimulate DOT1L activity towards H3K79, H2BK108Ub could not. Altogether, these data support the hypothesis that H2BK108 ubiquitination could influence transcriptional activities. To understand the role of BAP1 in regulating this modification and the subsequent transcriptional changes would be of high interest.

Finally, we identified the HNRNPM--IMP3 complex as a potential new non--histone target of BAP1, although it does not translate into obvious change of IMP3 protein accumulation as gauged by western blot. These two proteins were shown to associate with each other and control cell proliferation by regulating the expression of several Cyclins [START_REF] Vargas | Post--transcriptional regulation of cyclins D1, D3 and G1 and proliferation of human cancer cells depend on IMP--3 nuclear localization[END_REF]. Moreover, overexpression of IGF2 binding proteins, and especially of IMP3, has been detected in various human cancers and correlates with poor prognosis [START_REF] Kobel | IGF2BP3 (IMP3) expression is a marker of unfavorable prognosis in ovarian carcinoma of clear cell subtype[END_REF][START_REF] Lochhead | Insulin--like growth factor 2 messenger RNA binding protein 3 (IGF2BP3) is a marker of unfavourable prognosis in colorectal cancer[END_REF][START_REF] Schaeffer | Insulin--like growth factor 2 mRNA binding protein 3 (IGF2BP3) overexpression in pancreatic ductal adenocarcinoma correlates with poor survival[END_REF]. Of note, IMP3 loss in an embryonic rhabdomyosarcoma cell line leads to cell cycle arrest in G1, similarly to BAP1 downregulation in various cellular models. However, the role of HNRNPM--IMP3 ubiquitination has not been explored so far and the potential consequences of hyperubiquitination mediated by BAP1 loss are unknown. We could confirm that BAP1 knockout did not affect IMP3 expression or subcellular localization, but still need to validate the heterodimer as a true substrate before exploring further the role of BAP1 in modulating its functions. Although the cancer spectrum associated to IMP3 misregulation does not seem to overlap with BAP1's, the HNRNPM--IMP3

heterodimer is an interesting track to follow in order to explore the consequences of BAP1 loss during cancer progression.

BIBLIOGRAPHY

Figure 6 :

 6 BAP1 regulate transcription through several means Figure S1: Supplementary data relative to Figure 1 Figure S2: Supplementary data relative to Figure 2 Figure S3: Supplementary data relative to Figure 3 Figure S4: Supplementary data relative to Figure 4 Figure S5: Supplementary data relative to Figure 5 Figure S6: Supplementary data relative to Figure 6 Part II Figure A: Comparative ubiquitome analysis strategy Figure B: Mass spectrometry analysis of BAP1 substrates INTRODUCTION

Figure 1 :

 1 Figure 1: Chromatin structure A-Crystal structure of a nucleosome[START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. Histone globular domains interact with DNA, while histone tails protrude from the nucleosome. B-Schematic representation of the different chromatin compaction layers.

Figure 2 :

 2 Figure 2: Mechanisms of transcription regulation by H2B (de)ubiquitination A-H2BK120Ub in gene bodies promotes transcription by facilitating RNA Pol II elongation as well as H3K4 and H3K79 methylation. B-H2BK120Ub--mediated silencing at gene promoters is relieved by the SAGA--USP22 complex.

Figure 3 :

 3 Figure 3: Mechanisms of transcription regulation by H2A ubiquitination H2AK119Ub inhibits transcription by (i) preventing binding of the FACT complex, (ii) counteracting H3K4 methylation and (iii) promoting PRC2 binding and H3K27 methylation.

Figure 4 :

 4 Figure 4: The Homeotic genes locus defines segment identity (Sparmann et al., 2006) Hox gene expression in the Drosophila melanogaster embryo defines the positions of structures and appendages along the anterior-posterior axis of the adult body.

  identified in Drosophila as a complex containing stoichiometric amounts of the PcG proteins Polycomb (Pc), Polyhomeotic (Ph), Posterior sex combs (PsC) and Really interesting new gene (dRing) (Figure 5A, left). All these proteins are

Figure 5 :

 5 Figure 5: Composition and functions of Polycomb complexes (adapted from Simon and Kingston, 2013)A--Canonical PRC1 complexes in Drosophila (left) and human (right) with all reported homologs. White arrow depicts association of the facultative SCM subunit. B--Drosophila dRAF complex containing the histone demethylase dKDM2 subunit. C--Non--canonical human PRC1 complexes, including RYBP/YAF2--PRC1 variants and the BCOR--PRC1 complexes. Association of RYBP/YAF2 and CBX subunits are mutually exclusive. D--E2F6.com. E--PRC2 complexes in Drosophila (left) and human (right). Core subunits are in purple and arrows depict association with optional subunits. F-- PHO--RC from Drosophila in blue. PHO can also form an other complex with the chromatin remodelling factor dINO80. G--In humans, YY1 was reported to recuit PRC2 as well as the chromatin remodelling factor INO80.

Figure 6 :

 6 Figure 6: PR-DUB participates in transcriptional silencing via H2AK119 deubiquitination A--PR--DUB depletion could reduce the amount of free ubiquitin available, thereby leading to chromatin hypoubiquitination. B--PR--DUB depletion could lead to hyperubiquitination of some target genes, thereby leading to sequestration of silencing factors.

Figure 7 :

 7 Figure 7: Structure of ASXL proteins (inspired from Katoh, 2015)ASXL1, ASXL2 and ASXL3 share the common domain architecture consisting of the ASXN, ASXH, ASXM1 and ASXM2 domains and a plant homeodomain finger (PHD) finger. The region around the ASXN, ASXH and ASXM1 domains is involved in interactions with BAP1, EZH2 and NCOA1, whereas the region around the ASXM2 domain and PHD finger is involved in interactions with nuclear receptors and WTIP.

Figure 8 :

 8 Figure 8: Mechanisms of ubiquitination (modified from an original work by R. B Dodd)The ubiquitin--activating enzyme (E1) activates ubiquitin by an ATP--dependent reaction. The ubiquitin is then transferred to the active cysteine residue of a ubiquitin--conjugating enzyme (E2). Ubiquitin ligases (E3) bring E2 and substrates together and catalyse the transfer of ubiquitin to a lysine (or serine) residue on the substrate protein. Mono--or polyubiquitin chains can be formed.

Figure 9 :

 9 Figure 9: Ubiquitin chains and functions (inspired from Kommander and Rape, 2012) A--The different topologies of ubiquitination. B--The diverse outcomes of mono--or polyubiquitination.

  DUBs reverse ubiquitin signals by hydrolysing ubiquitin entities. They are subdivided in 5 families based on the architecture of their catalytic domain: ubiquitin C--terminal hydrolase (UCH), ubiquitin specific protease (USP), ovarian tumour protease (OTU),

Figure 10 :

 10 Figure 10: General roles of deubiquitinases (adapted from Kommander et al., 2009) a | Ubiquitin is encoded by four genes (UBC, UBB, UBA52 and UBA80) and is translated as one ubiquitin entity fused to two ribosomal proteins, 40S ribosomal protein L40 (L) and 60S ribosomal protein S27a (S), or multiple copies of ubiquitin extended by one or several amino acids (in yellow). Generation of free ubiquitin from these precursors is a prerequisite for substrate ubiquitination. b | Deubiquitination can rescue proteins from degradation. c | Alternatively, deubiquitination can remove a non--degradative ubiquitin signal. d | DUBs have a crucial role in maintaining ubiquitin homeostasis and preventing degradation of ubiquitin together with substrates of the proteasome and lysosomal pathways (recycling of ubiquitin). e | Disassembly of ubiquitin chains ensures that recycled ubiquitin re--enters the free ubiquitin pool. f | Some DUBs might function to edit ubiquitin chains and thereby help to exchange one type of ubiquitin signal for another.

Figure 11 :

 11 Figure 11: Structure of BAP1 protein A--Schematic comparing structures of human and Drosophila BAP1 as well as BAP1 homolog UCH37. BAP1 can be subd ivid ed in 3 regions : a N--terminal catalytic UCH doman, in intermediate Mid domain and a C--terminal domain (CTD) that includ es a conserved region of hohmology with the DUB UCH37. Partners that have been mapped on specific BAP1 regions are represented. B--Pred icted mod el of BAP1 UCH/CTD interface based on UCH37 crystal structure[START_REF] Mashtalir | Autodeubiquitination Protects the Tumor Suppressor BAP1 from Cytoplasmic Sequestration Mediated by the Atypical Ubiquitin Ligase UBE2O[END_REF]. Most BAP1 CTD as well as the Mid domain are not present in UCH37 and thus are not included in the model.

  cycle arrest in G1 together with downregulation of E2F targets. They further demonstrate that BAP1 gets recruited to E2F target promoters by ChIP experiments. Knockdown of HCF--1 impairs BAP1 tethering and affects H2A ubiquitination level on the targeted promoters, although modestly. Thus, in this model, HCF--1 recruits BAP1 to deubiquitinate H2A on E2F target promoters, thereby promoting expression of the target genes and allowing G1/S transition. b) BAP1 regulates DNA replication though INO80 targeting BAP1 was identified as partner of INO80 in a yeast two--hybrid screen (H. S. Lee et al., 2014). The interaction was further confirmed by co--IP experiments and mapped on BAP1 C--terminal domain. BAP1 was then shown to stabilize INO80 by deubiquitination, protecting the protein from proteasomal degradation. In S phase, BAP1 and INO80 form replication foci, suggesting a function during DNA replication. Indeed, loss of BAP1 in HeLa cells led to INO80 downregulation and decreased replication elongation, to the same extent than when mediated by INO80 silencing only. The authors then showed that loss of H2AUb in RING1B--depleted cells led to impaired recruitment of BAP1 and INO80 at replication forks, suggesting that BAP1 would recruit INO80 at replication

Figure 12 :

 12 Figure 12: PRC2 function is altered in various cancers (Luscan et al., 2015). PRC2 function is impaired in Pediatric gliomas, T--cell acute lymphoblastic leukaemia (T--ALL), myelodysplastic syndrome (MDS), myeloproliferative neoplasms (MPN) or malignant peripheral nerve sheath tumours (MPNST). In contrast, PRC2 function is hyper activated in Non--Hodgkin lymphomas, diffuse large B--cell lymphomas (DLBCL), follicular lymphomas (FL) and adenocarcinomas.

Figure 13 :

 13 Figure 13: Polycomb proteins may maintain a homeostasis in repressive both oncogenic and tumour suppressive pathways. Inspired from Mochizuki-Kashio et al. (2012)

Following

  this observation, I started a project focused on the Polycomblike proteins, which I pursued during my first year of PhD. Indeed, the mechanism of action of these PRC2 cofactors was mostly unknown. With the assumption that the different Polycomblike homologs have distinct properties and are not only redundant, we hypothesized that the prevalence of a PCL3--PRC2 complex in breast cancer could alter the global function of PRC2. PCL proteins contain two PHD (Plant Homeo Domain) and one Tudor domain located within the last N--terminal amino acids. Previous reports have shown that other proteins containing these domains could bind specific histone modifications, such as methylated lysines or arginines. It was therefore tempting to speculate that the Polycomblike proteins could drive PRC2 recruitment to the chromatin. The objectives of the project were 1) to decipher the mechanisms of PRC2 regulation by the Polycomblike proteins and 2) to determine the consequences of a screwed balance between PRC2 and its cofactor PHF19 on PRC2 functioning in vivo. A prerequisite for this study was to generate specific antibodies for each of the PCL isoforms and to have purified PCL proteins for in vitro assays. I successfully generated an antibody against the overexpressed form of PCL3, however I did not succeed to get them recognize the endogenous protein. Moreover, I could not find the appropriate conditions to purify the different PCL homologs. In view of these limiting factors, we decided to reorient my work toward a new project focused on the Polycomb PR--DUB complex.

  , lower left panel) nor any change in size or weight (Figure 1D, right panel). Altogether, our experiments show that BAP1 is required continuously throughout development. However, we could not identify any clear Polycomb phenotypes to date, in part because of the early lethality induced by Bap1 deletion.

Figure 1 :

 1 Figure 1: Bap1 is necessary for early and late embryonic development A-Beta--Galactosidase staining of BAP1--LacZ or wild type embryos harvested at E7.5 or E10.5. B-Upper panel: scheme of the experiment: Bap1 was conditionally inactivated in developing embryos by a single tamoxifen injection at E10.5 in pregnant females and embryos were harvested at E19.5. Middle panel: Picture of Bap1 +/--and Bap1 --/--embryos at E19.5. Lower panel: body weight of Bap1 +/--and Bap1 --/--embryos at E19.5. Statistical analysis: t--test, p=0,0002. C-Left panel: offspring resulting from Bap1 +/--and EZH2 +/--crossings and picture of wild type and double heterozygous adult mice. Right panel: size and body weight of adult mice resulting from Bap1 +/--and EZH2 +/--crossings. Red dots = male embryos, black dots = female embryos. No difference in body weight and length were observed in the different experimental groups. Statistical analysis: one--way Anova, p>0,05.

Figure 2 :

 2 Figure 2: ASXL1/2 stabilize BAP1 in vitro A-Mass spectrometry analysis of BAP1 interactome on MP41 cells stably infected with flag--tagged version of BAP1 or an empty vector as a control. The scheme summarizes the different purification steps preceding the mass spectrometry analysis. The table recapitulates the results obtained for a number of presumed BAP1 partners described in the literature. Figures represent the number of distinct peptides retrieve for each protein. B-Western blot analysis of the fractions of MP41 endogenous BAP1 and recombinant Flag--BAP1 eluted from gel filtration chromatography (Superose 6 PC 3.2/30 2,4ml). C-Left panels: multi--angle light scattering (MALS) profiles of recombinant BAP1, BAP1+ASXL1_Nt and BAP1+ASXL2_Nt. Right panels: Dot--blot analysis of the different fractions eluted from the MALS--coupled size exclusion chromatography.

Figure 3 :

 3 Figure 3: ASXL1 and ASXL2 engage BAP1 in distinct protein complexes A- Mass spectrometry analysis of HeLa cells overexpressing Flag--tagged versions of BAP1, ASXL1, ASXL2 and KDM1B. Graphs represent proteins relative to their absolute and relative delta compared to mass spectrometry analysis of empty

Figure 4 :

 4 Figure 4: ASXL1 but not ASXL2 is required for BAP1-mediated H2A deubiquitination A-Scheme of constitutive gene knockout strategy in HAP1 cells using the CRISPR/Cas9 technique. B-RT--qPCR addressing the knockouts efficiency and their impact on Polycomb group genes expression. Data were normalized to TBP expression and are represented as fold change to wild type. Error bars represent the standard deviation from 3 independent biological replicates (n=3). C--Western blot analysis of PR--DUB members and other Polycomb proteins in HAP1 nuclear extracts of wild type cells or upon loss of PR--DUB components. Two quantities were loaded for each condition, respecting a 1:2.5 ratio. D-Western blot analysis of histone acidic extraction in HAP1 wild type or knockout cells. Two quantities were loaded for each condition, respecting a 1:2.5 ratio. E-Upper panel: scheme summarizing the fractionation strategy for the isolation of chromatin--interacting proteins. Lower pannel: Western blots assessing the distribution of BAP1 and KDM1B in the different cellular compartments and chromatin fractions in HAP1 wild type and knockout cells. Two quantities were loaded for each condition, respecting a 1:3 ratio.

Figure 5 :

 5 Figure 5: BAP1 mediates transcriptional silencing independently of its catalytic activity A- Scheme of the Luciferase reporter assay allowing an inducible recruitment of Gal4--BAP1 to the luciferase promoter in the T--REx 293 Luc cell line upon addition of doxycycline. B-Western blot of cell clones expressing the different

Figure 6 :

 6 Figure 6: BAP1 regulate transcription through several means A- Western blot of cell clones expressing different truncated forms of BAP1 with or without addition of doxycycline (Dox). UCH: ubiquitin carboxyl--terminal hydrolase domain; Mid: middle domain; CTD: C--terminal domain. LaminB1 is used as an internal loading control. B-Luciferase assay showing the activity of Luciferase measured by Luminescence upon Doxycycline (Dox) induction of the different constructs. Data are represented as fold change to --Dox condition. Figures represent the mean of 3 independent biological replicates. Statistical analysis: t--test; p<0,05. C-Co--IP experiments between the different domains of BAP1 and BAP1 partners. Co--IPs were performed upon transient transfection of the different constructs in HEK--293T cells. D-Co--transfection experiment of ASXL1 and BAP1 full--length or truncated domains in HEK--293T cells. Plasmids were co--transfected on a 1:1 ratio and cells harvested 48h later. Western blots were performed on nuclear extracts to assess protein expression.
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 S22 Figure S2: Supplementary data relative to Figure 2 A-Western blot showing the overexpression of Flag--BAP1 in MP41 nuclear extracts. H2A was used as a loading control. B-Coomassie (left panels) and Western blot (right panels) analyses showing the ion exchange purification of recombinant BAP1, BAP1+ASXL1_Nt and BAP1+ASXL2_Nt (Mono Q PC 0.1ml). The input is issued from a first Flag IP on whole cell extracts of SF9 expressing the different combinations of recombinant proteins. The asterisk represents a non--specific protein co--IPed with Flag--BAP1. C-Coomassie--stained native gel migration of recombinant Flag--BAP1 previously purified by ion exchange chromatography (Figure S2B).

Figure S3 : 3 A-

 S33 Figure S3: Supplementary data relative to Figure 3 A-Western blot analysis of nuclear extracts from HeLa cells expressing Flag-tagged constructs or empty vector as control. Lamin B1 was used as a loading control. B-Left panel: scheme summarizing the different purification steps of MP41 wild type nuclear extracts. Right panel: Western blot analysis of BAP1 distribution in the different fractions obtained by ion exchange chromatography performed on MP41 nuclear extracts.

Figure S4 : 4 A-

 S44 Figure S4: Supplementary data relative to Figure 4 A-RNA interference against BAP1 in MP41 cells. MP41 were infected with lentivirus containing shRNAs and western blot analysis of nuclear extracts was performed 48h post--infection. scr= sh--scramble. B-Proliferation assay in wild type or BAP1--silenced MP41 cells. Figures represent the mean of 3 independent biological replicates. Error bars represent the standard deviation between the replicates. C- Left panel: scheme summarizing the different purification steps of

Figure S5 :

 S5 Figure S5: Supplementary data relative to Figure 5 Chromatin immuno--precipitation (ChIP) showing the recruitment of GAL4--BAP1_FL as well as changes in histone marks at control loci upon treatment with doxycycline. IRX4 is a well--defined Polycomb target as shown by the high enrichment in H3K27me3. SYN1 is used as a negative control of Polycomb targeting. Data are represented as normalized to input.

Figure S6 : 6 A-

 S66 Figure S6: Supplementary data relative to Figure 6 A-Scheme representing the different domains from BAP1 protein in Homo sapiens (h.s.) or in Drosophila melanogaster (d.m.); as well as their conservation with BAP1 human paralog UCH37. B-Western blot analysis of nuclear extracts upon shRNA--mediated silencing of BAP1 in the different clones expressing truncated forms of BAP1. scr=sh--scramble. C-Luciferase assay showing the activity of Luciferase measured by Luminescence upon Doxycycline (Dox) induction of the different constructs, after treatment with scramble or BAP1-targeting shRNAs. Data are represented as fold change to --Dox condition.

Figure A :

 A Figure A: Comparative ubiquitome analysis strategy Cells are first cultivated in presence of modified lysines. After 3 days, cells are harvested, mixed and digested. Ubiquitin peptides are purified by immunoprecipitation with a ubiquitin remnant--specific antibody, before analysis by Liquid Chromatography --Mass Spectrometry (LC--MS/MS).

  C18 column(75 μm i.d. x 50 cm, packed with C18 PepMap™, 3 μm, 100 Å; LC Packings) equilibrated in solvent A (2% MeCN, 0.1% HCOOH). Bound peptides were eluted using a 100 min (from 1 to 40% (v/v)) linear gradient of solvent B (100% MeCN, 0.085% HCOOH) at a 400 nl/min flow rate and an oven temperature of 40°C. We acquired Survey MS scans in the Orbitrap on the 400--1500 m/z range with the resolution set to a value of 120,000 and a 4 × 105 ion count target. Each scan was recalibrated in real time by co--injecting an internal standard from ambient air into the C--trap. Tandem MS was performed by isolation at 1.6 Th with the quadrupole, HCD fragmentation with normalized collision energy of 35, and rapid scan MS analysis in the ion trap. The MS2 ion count target was set to 104 and the max injection time was 100 ms. Only those precursors with charge state 2-7 were sampled for MS2. The dynamic exclusion duration was set to 60 s with a 10 ppm tolerance around the selected precursor and its isotopes. The instrument was run in top speed mode with 3 s cycles.Data were searched against the uniprot--Human database, using Sequest HT from Proteome Discoverer 1.4 (thermo Scientific). Enzyme specificity was set to trypsin and a maximum of four miss cleavages was allowed. Oxidized methionine, N--terminal acetylation, carbamidomethyl cysteine, GlyGly Lysine, label 13C615N2 Lysine and label 2H4 lysine were set as variable modifications. The mass tolerances in MS and MS/MS were set to 10 ppm and 0.5 Da, respectively. The Sequest HT target and decoy search results were validated at 1% FDR with Percolator.Contributions: Dingli Florent carried out the MS experimental work and Loew Damarys supervised MS and data analysis.

  recruitment of BAP1 to the promoter of a reporter gene induces a strong transcriptional repression, but the mechanisms of repression are still unclear. Indeed, catalytically inactive BAP1 as well as truncated domains all displayed same repressive activities as the full length protein, suggesting the co--existence of several independent repressive mechanisms, which could be explained by the different protein complexes associated to BAP1. Yet, in order to deepen the question, we are currently performing transcriptomic analyses in HAP1 cells wild type or deficient for BAP1, ASXL1, ASXL2 and EZH2. In parallel, we are generating genome wide mapping of H2AK119Ub, H3K27me3 and H3K4me3 in the same cell lines. Altogether, these data should allow us to better understand 1) how BAP1--mediated H2A deubiquitination affects the chromatin landscape and transcription regulation, 2) how the ASXL homologs participate in BAP1 activity towards transcription regulation and H2A deubiquitination and 3) how BAP1-associated complexes fit within the Polycomb machinery.
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	Class	Complex	Enzyme	Substrate	Function	Proposed mechanism
		CUL4--DDB--ROC1 CULLIN4	H3, H4	DNA repair	Facilitates histone release from nucleosome
		WAC--RAD6--RNF20/40	RNF20/40	H2BK120	Transcription activation; DNA repair	Transcription elongation, trans--histone crosstalk
		SWI/SNF	BAF250/ARID1 H2BK120	Unknown	
	E3 ligases	PRC1	RING1A/RING1B H2AK119	Transcription repression; DNA repair	Polycomb silencing; initiation of H2A/H2AX ubiquitination at sites of DNA damage
		N--CoR/HDAC1/3 2AHUB	H2AK119	Transcription repression	Blocks RNA PolII release
		(N/A)	BRCA1/BARD1	H2AK127/129 Transcription repression	Chromatin compaction at tandemly repeated satellite DNA
		(N/A)	RNF8/RNF168	H2A/H2AX K13, K15, K27	DNA repair	Polyubiquitination of histones mediates recruitment of DNA repair factors
						Coordinates H1 dissociation and
		p/CAF/MYSM1	MYSM1	H2A	Transcription activation	histone acetylation via its interaction
						with the pCAF acetyl transferase
		(N/A)	BRCC36	H2A	DNA repair	Antagonizes RNF8/168--mediatedd polyubiquitination of H2A
				H2A	DNA repair	
		(N/A)	USP3			
				H2BK120	unknown	
		(N/A)	USP16	H2A	DNA repair; transcription activation	Relieves H2AUb--mediated transcription inhibition after DNA breaks resection
		(N/A)	USP44	H2A	DNA repair	Counteracts RNF8/168--mediatedd polyubiquitination of H2A
	DUBs	(N/A)	USP21	H2AK119	Transcription activation	Relieves H2AUb--mediated repression of H3K4 methylation
						Polycomb silencing; required for the
		PR--DUB	BAP1	H2AK119	Transcription repression / activation; DNA repair	activation of target gene transcription upon recruitment by transcription
						factors
				H2AK119		Counteracts heterochromatin silencing;
		SAGA	USP22		Transcription activation	required for the activation of target
				H2BK120		gene transcription by MYC
		GMPS--USP7	USP7	H2BK120	Transcription repression	Enhances Polycomb--mediated silencing of Hox genes in Drosophila
		(N/A)	USP10	H2A, H2A.Z	Transcription activation	Required for androgen receptor--regulated gene transcription

Cell line /tissue ASXL1 ASXL2 HCF-1 KDM1B YY1 OGT FOXK1 FOXK2 UBE2O MDB5 MDB6

  

	Misaghi et al., 2009	293			MS / coIP						
	Machida et al., 2009	293T	MS	MS	MS / coIP	MS			MS	MS	MS
	Yu et al., 2010	HeLa, U2OS	MS	MS	MS / coIP	MS	MS / coIP	MS	MS	MS	MS
	Dey et al., 2012	Mouse spleen	MS	MS	MS / coIP	MS		MS / coIP	MS		
	Baymay										
	et al.,	HeLa	MS	MS	MS	MS		MS	MS	MS	MS	MS
	2014										
	Ji et al., 2014	U2OS		MS / coIP	MS / coIP					MS / coIP	

Table 2 : Summary table of BAP1 identified partners by mass spectrometry (MS) analysis and their validation by co-immunoprecipitation (coIP).
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Table 3 : Summary table of BAP1 roles on proliferation (adapted from Eletr and Wilkinson, 2011)
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II. Mutations in PR-DUB members are associated with various cancers 1-BAP1 is a tumour suppressor gene

As previously mentioned, BAP1 was identified in a two--hybrid screen aiming at identifying new partners of the tumour suppressor BRCA1 [START_REF] Jensen | BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1--mediated cell growth suppression[END_REF]. BAP1 interacts through its CTD with BRCA1 RING finger domain and enhances BRCA1-mediated cell growth suppression in vitro, as shown by colony formation assays using the MCF--7 breast cancer cell line.

BAP1 was soon characterised as a bona fide tumour suppressor (Ventii et al., 2008). By reintroducing a transgene in a BAP1--deficient tumorigenic cell line (NCI--H226), the authors showed that the expression of BAP1 could dramatically inhibit tumour formation in nude mice. However, mutant BAP1 displaying either cytoplasmic localisation or impaired enzymatic activity did not present tumour suppressive activity any more. Of note, the same effects were observed in a BRCA1--deficient cell line, suggesting that BAP1 protein may have several distinct functions.

2-BAP1 germline mutations predispose to a cancer syndrome

Subsequently, numerous publications described mutations of BAP1 in a wide variety of cancers. Germline mutations of BAP1 are proposed to predispose to a cancer syndrome including uveal melanoma (UM), cutaneous melanoma, renal cell carcinoma (RCC) and malignant mesothelioma (MM) (Carbone et al., 2012;[START_REF] Goldstein | Germline BAP1 mutations and tumor susceptibility[END_REF][START_REF] Pilarski | Expanding the clinical phenotype of hereditary BAP1 cancer predisposition syndrome, reporting three new cases[END_REF]Popova et al., 2013). Since somatic mutations of BAP1 are also recurrent in the same cancer types, researchers are trying to identify common pathways that would explain the cancer spectrum associated with BAP1 mutations. In most of them, BAP1 mutation is associated with a more aggressive phenotype and/or reduced survival. For instance, BAP1 is found mutated in around 80% of metastasizing UMs [START_REF] Harbour | Frequent mutation of BAP1 in metastasizing uveal melanomas[END_REF], whereas inactivation of BAP1 occurs in 15% of clear cell RCC cases where its loss is associated with high tumour grade (Pena--Llopis et al., 2012). However, surprisingly, although germline BAP1 mutations also predispose to MM [START_REF] Testa | Germline BAP1 mutations predispose to malignant mesothelioma[END_REF], expression of wild type BAP1 in MM tumours is linked to shorter patient survival [START_REF] Arzt | BAP1 protein is a progression factor in malignant pleural mesothelioma[END_REF][START_REF] Farzin | Loss of expression of BAP1 predicts longer survival in mesothelioma[END_REF]. 

RESULTS

PART II: Exploring BAP1 ubiquitome

(preliminary work)

Exploring BAP1 Ubiquitome Introduction and strategy

BAP1 loss was reported to be of low consequences in terms of transcriptome alteration (Dey et al., 2012;Yu et al., 2010). Therefore, the transcriptional regulator function of BAP1 might not be the main explanation for BAP1 high mutation rate in tumours. We hypothesized that BAP1 may regulate other proteins level or activity through its enzymatic activity. For instance, HCF--1, PGC1α, INO80 or γ--Tubulin were already shown to be targeted by BAP1 (H. S. Lee et al., 2014;[START_REF] Misaghi | Association of C--terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host cell factor 1[END_REF][START_REF] Ruan | O--GlcNAc Transferase/Host Cell Factor C1 Complex Regulates Gluconeogenesis by Modulating PGC--1 alpha Stability[END_REF][START_REF] Zarrizi | Deubiquitination of gamma--Tubulin by BAP1 Prevents Chromosome Instability in Breast Cancer Cells[END_REF]. In order to identify all potential substrates of BAP1, we decided to compare the ubiquitome (i.e. the proteome, but restricted to the ubiquitinated fraction) of BAP1 wild type and knockout HAP1 cell lines. In addition, we took advantage of the construct used for BAP1 knockout to restore BAP1 expression from BAP1 KO cells to endogenous levels (Figure 8A--B). We decided to include the BAP1--rescued cell line in our analysis as an additional control layer. We first ensured that loss or restoration of BAP1 expression in this cell line was not affecting cell proliferation (Figure 8C). Then, we used a method that couples differential labelling of the cell lines by SILAC, followed by ubiquitin specific immunoprecipitation (PTMScan® Ubiquitin Remnant Motif (K--ε--GG) Kit) and quantitative Liquid Chromatography --Mass Spectrometry analysis (Figure 7). In our system, BAP1 substrates should be enriched in the BAP1 KO condition compared to the wild type and rescued cell lines. Of note, this strategy does not allow us to distinguish between direct or indirect targets of BAP1. The results presented here are still preliminary and need to be replicated with larger amounts of material and optimized conditions before stronger conclusions can be drawn.