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RESUMÉ (FRANÇAIS / FRENCH)

Bien que les facteurs de transcription (TFs) aient été initialement décrits comme des activateurs de la transcription, certains d'entre eux ont la capacité de réprimer la transcription. C'est le cas du facteur de transcription pionnier SPI1/PU.1, acteur majeur de l'hématopoïèse, dont l'altération de l'activité est associée aux maladies hématopoïétiques. SPI1 se lie à la fois aux promoteurs et aux enhancers pour réguler l'expression des gènes. Alors que SPI1 active la transcription de gènes communs à plusieurs lignées hématopoïétiques en se liant principalement aux promoteurs, il active la transcription des gènes spécifiques de lignages hématopoïétiques en se liant plutôt aux enhancers en coopération avec des cofacteurs spécifiques de la lignée dans laquelle il est exprimé. Il est intéressant de noter que SPI1 interagit également avec des facteurs épigénétiques, mais la fonction de ces interactions est beaucoup moins bien comprise. Comme SPI1 ne contient pas de domaine répressif, l'interaction avec des facteurs épigénétiques jouant un rôle répressif peut être impliquée dans la fonction de répression transcriptionnelle de SPI1. Une meilleure compréhension de la manière dont SPI1 réprime l'expression des gènes est particulièrement pertinente pour les lignées dans lesquelles une expression anormalement élevée de SPI1 est oncogénique, comme la lignée érythroïde. L'expression de SPI1 doit être éteinte dans les étapes tardives de la différenciation érythroïde. Une expression élevée de SPI1 dans cette lignée conduit à l'inhibition de la différenciation et de l'apoptose avec une expansion conséquente des progéniteurs érythroïdes qui conduisent au développement de la leucémie.

L'objectif de ma thèse était de mieux caractériser les mécanismes moléculaires de la répression transcriptionnelle contrôlée par SPI1 dans le contexte de l'érythroleucémie.

Nous avons utilisé un modèle de souris transgénique SPI1 d'érythroleucémie en combinaison avec des approches de séquençage à haut débit pour définir les modalités d'action de SPI1.

En croisant les données ChIP-seq de SPI1 avec l'analyse RNA-seq, nous avons trouvé qu'un tiers des gènes étaient réprimés par SPI1 dont 60% sont associés à une fixation de SPI1 proche du gène. Nous montrons que SPI1 réprime les gènes en se liant à des enhancers actifs situés dans les régions intergéniques ou dans le corps du gène.

En recherchant les partenaires chromatiniens de SPI1, nous avons identifié l'histone désacétylase 1 (HDAC1) qui occupait les sites de liaison de SPI1 dans les régions régulatrices des gènes réprimés. Pour comprendre comment l'interaction entre SPI1 et HDAC1 agit au niveau de la chromatine pour réprimer la transcription des gènes, nous avons réalisé des analyses comparatives d'immunoprécipitation de la chromatine et de séquençage (ChIP-seq) des marques d'histones et des méthodes d'analyse de l'accessibilité à la chromatine par transposition (ATAC)-seq en fonction du niveau d'expression ou d'activité de SPI1 et de HDAC1.

Dans la première partie de mon travail, j'ai participé au développement d'une méthode pour normaliser le signal ChIP-seq et ATAC-seq entre deux conditions, que nous avons appelée ChIPIN. En utilisant cette méthode, nous montrons que la liaison de SPI1 aux enhancers actifs des gènes réprimés par SPI1 induit une réduction locale de l'acétylation de la lysine 27 de l'histone 3 (H3K27) sur ces enhancers . Cette désacétylation engendre également une réduction de l'acétylation du promoteur, de l'accessibilité de la chromatine et l'occupation de l'ARN-polymerase II. De manière intéressante, même si nous ne savons toujours pas comment SPI1 agit sur le principal FT érythroïde GATA1, les enhancers réprimés via HDAC1 et occupés par SPI1 sont des régions co-liées par GATA1. Nous avons également identifié un autre sousensemble de gènes qui sont réprimés par SPI1 indépendamment de HDAC1, qui ne sont pas des sites GATA1 et qui sont associés à une augmentation de l'activité des enhancers.

Outre HDAC1, le complexe répressif Polycomb 2 (PRC2) renforce la répression des gènes par la triméthylation de H3K27 au niveau des promoteurs des gènes lorsque SPI1 occupe les enhancers. De plus, nos données ont permis d'identifier une synergie entre les complexes PRC2 et HDAC1 dans la médiation de l'activité répressive transcriptionnelle de SPI1, entraînant finalement des conséquences négatives synergiques sur la survie des cellules leucémiques.

Nos données soulignent l'importance du contrôle mécanistique de la transcription répressive dans le développement leucémique et ses implications thérapeutiques potentielles. SPI1 binds to both promoters and enhancers to regulate gene expression. While SPI1 activates transcription of common genes from several hematopoietic lineages by binding alone to promoters, its role as a determining transcription factors is mediated by its binding at enhancers in cooperation with cofactors specific of the lineage in which it is expressed. Interestingly, SPI1 also interacts with epigenetic factors, however the function of these interactions is much less understood. Since SPI1 does not contain any repressive domain, the interaction with epigenetic factors playing a repressive role may be involved in transcriptional repressive function of SPI1. Better understanding of how SPI1 represses gene expression is particularly relevant for lineages in which SPI1 abnormal high expression is oncogenic such as the erythroid lineage. SPI1 expression must be extinguished in the late erythroid differentiation stages. High expression of SPI1 in the erythroid progenitors leads to inhibition of differentiation and apoptosis with a consequent expansion of erythroid progenitors that lead to leukemia development.

The aim of my thesis was to better characterize the molecular mechanisms of transcriptional repression mediated by SPI1 in the context of erythroleukemia.

We used a SPI1 transgenic mice model of erythroleukemia in combination with high throughput sequencing and computational approaches to define mechanistically the modalities of action of SPI1.

Crossing SPI1 ChIP-seq data with RNA-seq analyses, we found that one third of genes where downregulated by SPI1 of which 60% was bound by SPI1. We show that SPI1 represses genes by binding to active enhancers found in the intergenic or gene body regions.

Searching for chromatin partners of SPI1, we identified the histone deacetylase 1 (HDAC1) that occupied SPI1 binding sites in regulatory regions of SPI1-repressed genes. To understand how SPI1 and HDAC1 interaction acts at chromatin level to repress gene transcription, we performed comparative analyses of chromatin immunoprecipitation and sequencing (ChIP-seq) of histone marks and of transposable-accessible chromatin (ATAC)-seq according to SPI1 and HDAC1 level of expression or activity.

In the first part of my work, I participated to the development of a method for the normalization of the high-throughput ChIP-seq and ATAC-seq signals among two conditions, that we called CHIPIN. Using Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia this method, we show that SPI1 binding at active enhancers of SPI1-repressed genes induces a local reduction of acetylation of lysine 27 of the histone 3 (H3K27). This deacetylation reduces distal promoter acetylation, chromatin accessibility and RNA polymerase II occupancy. Interestingly, even though we still do not know how SPI1 acts on the major erythroid TF GATA1, deacetylated repressed enhancers bound by SPI1 are regions co-bound by GATA1. We also identified another subset of genes that are repressed by SPI1 independently of HDAC1, are not GATA1 sites and are associated with increased activity at enhancers.

Besides HDAC1, Polycomb Repressive Complex 2 (PRC2) reinforces gene repression by tri-methylating the H3K27 at promoters when SPI1 is located at enhancers. Moreover, our data enabled the identification of a synergy between PRC2 and HDAC1 complexes in mediating the transcriptional repressive activity of SPI1, ultimately resulting in synergistic adverse consequences on leukemic cell survival.

Our data highlight the importance of mechanistic control of repressive transcription in leukemic development and its potential therapeutic implications.

Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France PREFACE ammals are organisms composed of a multitude of distinct cell types that fulfil specific functions. This implies that the instructions from a single genome must be differently executed in order to achieve a cellular diversity. Precise and finely regulated interplays between multiple layers of information are responsible for different gene regulatory programs. In this story, chromatin is the principal actor and molecular carrier of hereditary information.

DNA is wrapped around histone proteins forming the nucleosome, the basic constituent unit of the chromatin. DNA packaging provides a base for regulation: condensed nucleosome regions represent a physical barrier to gene activation, and this must be overcome by the action of chromatin remodelers [1]. The N-terminal domains of histones, termed histone tails, undergo covalent post-translational modifications (PTMs) that not only influence chromatin compaction but can function as docking site for nuclear proteins. Overall, histone modifications form a real code that extends the genetic one providing an extra layer of regulatory information. Notably, some of these modifications can be retained during cell replication creating in this manner an epigenetic memory [2,3].

All the proteins of mammal cells (except for the ribosomal components) are encoded by genes which are transcribed in messenger RNAs (mRNA) by the RNA polymerase II (RNP2) machinery. Gene expression is finely regulated to assure a multitude of cellular functions such as differentiation, metabolism, response to external and internal stimuli, etc. In this scenario, DNA sequence plays a crucial role since regulatory regions, external or internal to the gene sequence, are employed by the cells to tune gene transcription. Such regulatory regions, i.e. promoters and enhancers, contain specific motifs that should be accessible for the binding of specialized proteins, termed transcription factors (TFs), that also contribute to gene expression regulation [4].

Therefore, the crosstalk between chromatin structure and code, TFs and gene transcription machinery represent a gear that is essential to maintain a functional cell activity. Impairment of this mechanisms may lead to generation of defective cells that, if not eliminated or "repaired", may induce tumor progression.

The laboratory in which I performed my Ph.D. project aims to understand the process of transcription deregulation underlying leukemia, using the transcription factor SPI1/PU.1 as example. The latter is a master regulator of the hematopoietic homeostasis and differentiation whose abnormal expression leads to the impairment of these processes and consequent leukemic development. The introduction of this manuscript is thought to cover a path that starts from the basis of the chromatin structure and its regulation, including nucleosome modifications and remodeling, to then move on the transcription processes with particular emphasis on the mechanisms involved in its regulation.

Furthermore, a chapter is dedicated to the transcription factor SPI1/PU.1 and its role in hematopoiesis.

Besides results obtained in this project, I will present two R-packages that have been used to analyzed and visualize NGS data obtained during the preparation of the main project involved in the study of the role of SPI1 in gene repression in erythroleukemia. The first package was developed, in collaboration with the Valentina Boeva's team, with the final goal to propose a new method for the ChIP/ATAC-seq intersample data normalization, while I developed the second one in order to facilitate the visualization and comparison of the sequencing signal between different samples/conditions.

INTRODUCTION 1. Chromatin structure and dynamics

Chromatin fundamental unit: the nucleosomes

Eukaryotic cells contain a large amount of DNA (~2 meters if stretched end-to-end, in human) that is compacted in the nucleus whose diameter measures only ~6µm. For this reason, the DNA double helix is wrapped around protein complexes to form a compacted structure defined as "beads on a string". Indeed, this protein complex is composed of 8 subunits termed "histones" that form a globular-like octameric structure on which 145-147 DNA base-pairs (bp) are wrapped in a left-handed superhelix giving rise to the nucleosome [5] (Figure 1). In each octamer there are two copies of histone H2A, H2B, H3, and H4. Inside each octameric histone core, histones H3 and H4 form a symmetric heterotetramer through hydrophobic packing of a four-helix-bundle structure between two H3 molecules. Two H2A-H2B dimers interact with the (H3-H4)2 tetramer through multiple interactions including a similar four-helix-bundle structure between H2B and H4, and additional interactions between the H2A docking domain and H3-H4 [5] (Figure 1A). Each location where the DNA-helix major groove faces the histone octamer designates a "superhelix location" (SHL), numbered from SHL 0 at the nucleosome dyad (nucleosome symmetry center) to SHL ±7 for the very last region of histone-bound DNA [5] (Figure 1B).

Noteworthy, several histone variants, which can be replace canonical histone isoforms, have been reported for H2A, H2B, and H3, while only one was found for H4. Histone variants influence the nucleosome structure and play essential roles in epigenetic genome regulation, such as nucleosome stability, DNA-repair, transcriptional regulation, etc. (reviewed elsewhere [6]).

The chromatin fiber is composed of a repetition of nucleosome units (explaining the definition "beads on a string") connected by naked DNA, the "linker DNA". This conformation is stabilized and coordinated by the fifth histone protein H1 (Figure 1C), or "linker histone", that, with the nucleosome, forms the "chromatosome" [7]. The latter has a globular domain, that is placed at the nucleosome dyad, and its carboxyterminal domain confers polarity to the chromosome and therefore influences its spatial localization [7] (Figure 1C). Despite these interactions render the nucleosome very stable, it is not a static "disc". Indeed, intrinsic conformation nucleosome dynamics exist and allow protein access to chromatin sites that otherwise would be hidden inside the nucleosome.

The first observed movements of the nucleosome involve the wrapping of the DNA which can be tightened around the nucleosome. Whereas the process of DNA loosening observed in the short-range (small distance from nucleosome) is defined as "breathing" (Figure 2A The nucleosomes can transit between different states of post-translational modifications (PTMs) of their histone amino-terminal (N-ter) tails (Figure 1A) and histone-variant composition, thus subtly altering their structure and consequently their interaction properties. These changes participate to the epigenetic regulation of gene expression.

Two main classes of proteins participate at the chromatin remodeling: (1) histone modifiers, which are enzymes that, catalyzing the histone N-ter tail PTMs, induce biochemical changes in the nucleosomes and/or regulate the interaction between nucleosomes and transcriptional regulators (cf. paragraph 1.2);

(2) ATP-dependent chromatin remodelers are proteins able to regulate the nucleosome turnover, nucleosome distancing and stability of the chromatin (cf. paragraph 1.3).

Histone post-translational modification

Histone tails undergo a multitude of different modifications such as acetylation, methylation, phosphorylation, ubiquitination, etc. For the purpose of this manuscript, the emphasis will be placed on the lysine acetylation and methylation since they have major impact on gene transcription regulation.

The histone tail PTMs are annotated indicating the histone to which the tail appertains, followed by the modified amino acid residue and the corresponding cardinal number in the peptide sequence of the histone, followed by the type and number of modifications deposited on the amino acid residue (see Box 1 for details).

Histone lysine acetylation

Lysines (K) undergo multiple types of modification that are mutually exclusive on the same residue.

One of the first identified PTMs on lysines was the acetylation. Enzymes called "Histone AcetylTransferases" (HATs) are responsible for the transfer of an acetyl group from the acetyl coenzyme A (CoA) to the ε-amino group of lysine residues in the N-ter tails of core histones (but also of non-histone proteins in certain cases). The "Histone DeACetylases" (HDACs) catalyzes the opposite reaction removing the acetylgroup from lysines (Figure 3). The equilibrium between the two activities is crucial for the establishment of the histone acetylation. Lysine acetylation is usually associated to active transcription since responsible for an increased chromatin accessibility. Indeed, acetylation neutralizes the positive charge of the lysine side chain interfering in the interaction between the positive histone proteins and the negative DNA backbone [9,10]. Furthermore, as mentioned before, lysine acetylation avoids the deposition of other repressive histone modifications on the same residue, such as methylation. Certain acetylations, such as H4K16ac, stimulate the formation of instable nucleosome forms promoting the incorporation of histone variants (e.g., H2A.Z) in the octamer by ATP-dependent chromatin-remodelers [11]. Finally, acetylation serves as docking site for acetylated-lysine binding proteins that contain specific domains such as bromodomain, PHD zinc-finger, and YEATS. Recruitment of these proteins promotes the gene transcription, as discussed further.

Histone H3 is acetylated at K4, 9, 14, 18, 23, 27, and 36 while H4 at K5, 8, 12, 16. Although located within histone fold domains, H3K56 and H4K91 can be acetylated as well. In particular H3K56ac have been shown to be involved in the process of nucleosome breathing [12]. Interestingly, certain acetylations, such as H3K56ac, H4K5ac, H4K12ac and H4K91ac, are present mainly in new synthetized nucleosomes and are thought to be required for the chromatin assembly [13].

Histone acetyltransferases (HATs)

In animals, the HATs are divided in three groups depending on their protein structure and homologies: GNAT, P300/CBP, and MYST.

The first class, the GNAT family, is composed of HAT1, GCN5, PCAF, and ATAC2 1 which all share an acetyl-CoA binding domain. HAT1 targets are H4K5/17, while GCN5 and PCAF acetylate H3K9/14/18, instead ATAC2 acetylates H4K5/12/16 [14]. Introduction The P300 and CBP acetyl transferases are considered to behave promiscuously acetylating all the four core histones as well as non-histone proteins [15], and serve as coactivators for several transcription factors [16]. Differently from the other classes, CBP/P300 lack for a direct acetyl-CoA binding motif.

As the GNAT family, the MYST class contain an acetyl-CoA binding motif and is represented by TIP60 (also known as KAT5), MOZ, MORF, HBO1, and MOF. The TIP60 is the catalytic subunit of a large complex with over 10 non-catalytic subunits. Its core complex is composed of TIP60 which interacts with EPC, that in turn interacts with ING3 and EAF6 (no direct interaction with TIP60) and catalyzes the acetylation of In all cases, the acetylation has a role in gene transcriptional activation and/or nucleosome assembly.

Histone acetylation erasers (HDACs and SIRTs)

The enzymes that catalyze the deacetylation of the histone tails (as well as non-histone proteins) are divided in different families depending on their protein structures (Figure 4). Two main types of proteins can be distinguished depending on their enzymatic activity. Indeed, whereas Histone DeACetylases (HDACs) require zinc ions to deacetylate lysines, sirtuins (SIRTs) are NAD + -dependent. Histone deacetylases are divided in four classes: the Class I includes HDAC1/2/3/8, the Class II contains two subcategories in which the group IIa includes HDAC4/5/7/9 and in IIb HDAC6/10, the Class III includes the sirtuins SIRT1/2/3/4/5/6/7, while the HDAC11 composes the Class IV (Figure 4).

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France The activity of HDACs alone is often low compared to their activity when included in multiprotein complexes that they can form in different cell types. Furthermore, the activity of these enzymes can be regulated by PTMs, principally phosphorylation, as discussed below.

The most studied complexes are those formed by HDAC1 and HDAC2 since they are the more ubiquitously expressed members among all the HDACs. These two proteins can interact to form homo-or hetero-dimers that serve as core around which different complexes could be assembled, and this dimerization is required for their activation [23]. The main complexes including HDAC1/2 are SIN3, NuRD, and CoREST which are recruited, often in a cell specific manner, to the chromatin by transcription factors [24] (Figure 5A). In these complexes the inclusion of HDAC2 is dependent on its phosphorylation level [25] (Figure 5). Indeed, it has been observed that, despite unmodified or mono-phosphorylated HDAC2 is the most abundant form in the cells, this HDAC2 form is barely not associated to chromatin compared to the hyper-phosphorylated form [25,26]. Introduction The SIN3 complex contains SIN3A/B, HDAC1 and/or HDAC2, SAP18, SAP30 and retinoblastoma (Rb)associated proteins RBAP46/48. The NuRD complex has a highly variable composition depending on the cell type and is the only complex holding simultaneously histone deacetylases (HDAC1/2) and chromatin remodelers (CHD4, or MI2, which is a helicase). Moreover, NuRD also contains subunits able to recognize methylated CpGs such as MBD2/3 and MTA1/2/3 [27] (Figure 5A). Interestingly, lysine demethylase LSD1 (or KDM1) has been identified as one component of the NuRD complex [28]. This enzyme is also included in the CoREST complex and contributes to the establishment of repressive chromatin by demethylating the H3K4 [29] (Figure 5A). Also SIRT1 benefits from the interaction with LSD1 to repress transcription [30].

Exclusively related to spermatocytes, HDAC1 alone can form a complex interacting with the testis specific proteins SHIP1, HSPA2 and KCTD19 [31] (Figure 5A).

Finally, also HDAC3 can form a repressive complex interacting with NCOR1 or SMRT [27] (Figure 5A). It has been observed that phosphorylation of Class I HDACs is not only required to assemble their complexes, but it regulates their activity as well. Indeed, HDAC1/2/3 are phosphorylated and activated by the kinase CK2 on one or more Serine residues (Figure 5B). This phosphorylation can be reverted by the phosphatase PP1/4. Different is the effect of phosphorylation on HDAC8 which is rather inactivated by phosphorylation on the Ser39 residue by PKA (Figure 5B) [21]. 

Notably

Histone lysine methylation

Whereas lysine acetylation in most of the cases has a gene activation role, the methylation of lysine residues of the histone tails can lead to different outcomes on gene regulation. In contrast to the lysine acetylation, the methylation does not change the nucleosome charge (Figure 6) but is still able to induce chromatin structural changes. Thus, the question is: how does methylation influence gene transcription and/or chromatin structure without altering the biochemical features of nucleosomes? The secret lies in the ability of methylated lysines to recruit other factors that, then, will be the effectors of gene regulation [33]. As already mentioned for lysine acetylation, modifications on the same lysine are mutually exclusive and therefore lysine methylation prevents its acetylation (that is, a "not activation" processes) [34].

Figure 6 | Lysine de-/methylation reaction Methylation reaction of lysine residues of proteins catalyzed by lysine methyltransferases (or lysine demethylases for de-methylation). SAM is used by methyltransferases as methyl group donor (indicated in red). The lysine N-terminal can undergo mono-(me1), di-(me2) or tri-methylation (me3), but in all the cases the positive charge is maintained as indicated in the red box. Two different reactions can be implicated in the lysine demethylation: in one FAD is used to hydrolyze me-K (LSDs), while in the second is required the αKG (JMJCs). Introduction

Histone lysine methyltransferases (KMTs)

Two families of enzymes have been identified as catalyzers of the lysine methylation reaction: the SET domain and the seven-β-strand (7βSMT) families. All the members of these families use the S-Adenosilmethionine (SAM) as methyl-group donor and bind up to 3 methyl groups to the target lysine side chain [34] (Figure 6). The SET family is composed of SUV protein group, EZH1/2 and MLL group, homologues of the Drosophila trithorax family, while the 7βSMTs include more than 200 members [35].

Here after, I will discuss some of the most important lysine methylations (not exhaustive) involved in gene regulation and present the enzymes that catalyze their deposition.

H3K4 methylation

The H3K4 mono-, di-, and tri-methylation are deposited in mammals by the MLL family and SET1A/B On the other hand, the role of H3K4me1 in transcription is still not completely clear. So far, two functions have been attributed to this histone mark. The first one is to demarcate active promoter boundaries by repelling the recruitment of H3K4me3-specific factors [41]. The second, instead, has been identified seeking for proteins enriched at H3K4me1 regions over H3K4me3 ones. This study identified an association with cohesins (involved in enhancer-promoter contact, as discussed further), enhancers-associated factors (e.g., Mediator complex subunits) and BAF (chromatin remodeler, homolog of SNF/SWI). In particular, activity and binding of the latter is correlated with the presence of H3K4me1 [41].

H3K9 methylation

The H3K9 methylation is found at heterochromatic domains such as subtelomeric regions, pericen- The mono-methylated version of H3K27 is associated with constitutive heterochromatin but its enrichment through the gene body is correlated with actively transcribed genes [57].

In mammals, two different types of distribution pattern have been reported for PRC2 or H3K27me3: some very large domains of more than 100kb, and some smaller domains covering a few kilobases (kb).

H3K27me3 enrichment is found in the region surrounding the transcription start site (TSS) of promoters, with a lower intensity at the start site position and inside the gene body Multiple mechanisms have been proposed to describe the PRC2 complex recruitment (Figure 7). PRC2 can interact with multiple cofactors that influence the recruitment of PRC2 at specific chromatin regions.

It has been proposed that PRC2 recruitment depends on a crosstalk with PRC1:H2AK119ub and the transcriptional rate of the target gene. Indeed, tri-methylated H3K27 can serve as a docking site for PRC1 component HP1β (also known as CBX). In the absence of enzymatically active PRC2, H3K27 cannot be trimethylated and PRC1 binding is lost. These observations gave rise to the "sequential" or "hierarchical model", which postulates that once PRC2 is recruited and tri-methylates H3K27, PRC1 is recruited by virtue of the affinity of HP1β for H3K27me3. However, not all recent findings fit the classical sequential model, suggesting alternative mechanisms for the establishment of PcG-mediated regulation of transcription. For instance, it has been shown that also PRC1 can be responsible for the recruitment of PRC2 The most recent model proposed for the PRC2 recruitment involves the competition between nascent RNA (but also lncRNAs and R-loops) and the promoter nucleosomes: when the transcriptional rate is high (actively transcribed genes) PRC2 binds promiscuously to the newly transcribed RNA, whereas when the gene is weakly transcribed PRC2 is not anymore depleted by the nascent RNA and exerts its enzymatic activity on the histones to repress the promoter of the target genes 

Histone lysine demethylases (KDMs)

Mammalian histone lysine demethylases (KDMs) are classified in two super-families, the lysine specific demethylases (LSDs, or KDM1 family) and the Jumonji-C domain containing proteins (JMJCs, or KDM2 family) [START_REF] Hyun | Writing, erasing and reading histone lysine methylations[END_REF]. The LSDs reduce FAD to oxidate the methylated lysine that is converted into an imine intermediated which is then hydrolyzed with formation of formaldehyde (FA, H2C=O) as by-product [START_REF] Shi | Histone demethylation mediated by the nuclear amine oxidase homolog lsd1[END_REF] (Figure 6, top lower part). Differently, JMJCs require Fe 2+ ions to oxidate α-KetoGlutarate (αKG) in succinate and form an hydroxymethyl ammonium intermediated which is then hydrolyzed with formation of formaldehyde (FA, H2C=O) as by-product [87] (Figure 6 These data evidence that KDMs are usually recruited by the interaction with co-factors/-complexes, methylated residues on the nucleosomes or CpG islands thereby defining the location of their activity.

ATP-dependent chromatin remodelers

The previous section described the histone tail modifications and their role in chromatin architecture regulation. The positioning and turnover of the nucleosomes, which include histones and respective PTMs, play a fundamental role in chromatin structure modulation and, consequentially, on gene expression regulation.

The processes that involve assembly, spacing, turnover (loading and ejection), moving, and editing (inclusion of histone variants) of the nucleosomes are mediated by histone chaperons, referred as "ATPdependent chromatin remodelers". These remodelers belong to four major families: (1) imitation switch (ISWI 3 ), (2) chromodomain helicase DNA-binding (CHD), (3) switch/sucrose non-fermentable (SWI/SNF 4 ) and, (4) INO80 [START_REF] Clapier | Mechanisms of action and regulation of atpdependent chromatin-remodelling complexes[END_REF]. Whereas all these remodelers share an ATPase domain and exert a DNA translocation activity by breaking histone-DNA contacts and sliding DNA along the histone surface, the different families are specialized in different functions involving nucleosome assembly, chromatin access and nucleosome editing (discussed further).

Université Paris-Saclay
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DNA translocation model

The remodelers show a higher affinity to nucleosomes than naked DNA and their ATPase domain is formed by two lobes with a RecA5 -like structure (lobe1 DExx, lobe2 HELICc: translocation domain, "Tr").

Moreover, the remodelers can interact with other proteins and cofactors that can regulate their ATPase domain and/or their recruitment and specificity [START_REF] Clapier | Mechanisms of action and regulation of atpdependent chromatin-remodelling complexes[END_REF].

To translocate the DNA along the nucleosome octamer, the remodelers keep contact, with their DNAbinding cleft, contained in the translocation domain Tr, to one strand of the DNA in order to move it. Indeed, the two Tr lobes bind the DNA at the SHL +2 of the nucleosome DNA [93,94] and, hydrolyzing at each cycle an ATP, they pull the DNA from the nucleosome entry site and push it out towards the exit site 1-2bp at a time [START_REF] Zofall | Chromatin remodeling by isw2 and swi/snf requires dna translocation inside the nucleosome[END_REF][START_REF] Deindl | ISWI remodelers slide nucleosomes with coordinated multi-base-pair entry steps and single-base-pair exit steps[END_REF]. Indeed, this activity of the two Tr lobes induces a super-twisting of the DNA that, to be resolved, induces the sliding-wave that moves the DNA along the whole histone octamer. This process is modulated through the ATPase domain by "gating" (access to the ATPase active site), ATP turnover (velocity of the remodeling) or "coupling" (efficiency of the process). 

Specialized functions of chromatin remodelers

Chromatin access

Changes in chromatin access can be accomplished by all the four remodeler families, but the strongest group able to perform this activity is the SWI/SNF family. These remodelers can interact one-to-one with the nucleosomes and be positively regulated by histone tail modifications (i.e., histone lysine acetylation) [START_REF] Skiniotis | Acetylated histone tail peptides induce structural rearrangements in the rsc chromatin remodeling complex[END_REF][START_REF] Dechassa | Architecture of the swi/snf-nucleosome complex[END_REF]. The switch between nucleosome repositioning and nucleosomes ejection depends on the efficiency of the DNA translocation process. A high translocation rate is associated with nucleosome ejection, while a low/moderate translocation efficiency is involved in the nucleosome sliding [START_REF] Clapier | Regulation of iswi involves inhibitory modules antagonized by nucleosomal epitopes[END_REF] (Figure 8B). Both these processes are corroborated by the ARP proteins that serve as cofactors for the SWI/SNF remodelers [97] (Figure 9). Two non-mutually exclusive models could explain the nucleosome ejection. The first one involves the disruption of the histone-DNA contact, for instance through the ARPs, facilitating the nucleosome removal [START_REF] Clapier | Mechanisms of action and regulation of atpdependent chromatin-remodelling complexes[END_REF]. In the second model nucleosomes adjacent to another nucleosome, targeted by the remodeler, will be ejected. Indeed, it has been proposed that during the remodeling of a nucleosome, when the linker DNA availability is exhausted, the adjacent nucleosome, instead to arrest the sliding process, is 9 | Domains, proteins, and modifications that regulate remodelers Remodeler regulation is an area of increasing complexity. To capture these principles conceptually, we depict the ATPase domain itself (blue) along with the proteins, domains, and modifications that are involved in remodeler regulation. Regulatory (Reg.) modifications and proteins that positively impact remodeling activities are in green, those negatively affecting remodeling activities are in red, and those contributing to targeting are in purple. Yellow is used for features with unclear or unknown effect. Objects implicated in both activation and targeting are depicted as objects with a green-purple gradient. CHD remodelers can be monomeric or multimeric, with italicized text only for the monomeric form. 

Regulation of the chromatin remodelers

DNA methylation

The methylation of cytosines in CpG dinucleotides of the DNA is associated to repressive chromatin states. Indeed, it has been observed that methylation of cytosines confers rigidity to the DNA inducing tighter wrapping of the nucleosome DNA and topological rotation of the nucleosomes that lead to chromatin condensation [START_REF] Lee | Effects of histone acetylation and cpg methylation on the structure of nucleosomes[END_REF][START_REF] Lee | Effects of dna methylation on the structure of nucleosomes[END_REF].

In mammals, the cytosine methylation is carried out by the DNA methyltransferases (DMNT1/3A/3B6 ), enzymes that transfer a methyl group from the SAM to the fifth carbon of a cytosine, while the de-methylation is mediated by the ten-eleven translocation (TETs) enzymes in a multistep reaction (Figure 10).

Figure 10 | Cycle of DNA methylation and demethylation

The DNMTs deposit (1) and maintain (DNMT1, (2)) methyl-groups on selected cytosines using the SAM as methyl group donor converting the cytosine to 5mC. This reaction can be reverted spontaneously (7). TET enzymes successively oxidize 5mC to 5hmC (3), 5hmC to 5fC (4), and 5fC to 5caC (5) using oxygen and α-KetoGlutarate (in the presence of Fe 2+ ions). 5fC (7) and 5caC (6) are recognized and excised by TDG initiating thereby the BER pathway that leads to their replacement by unmodified C by the BER machinery.
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DNA methyltransferases

DNA replication allows the generation of two molecules of DNA, each of which contains one strand of the mother DNA molecule. If the mother DNA strand is methylated on cytosines, the double-strand DNA produced upon replication will result hemimethylated, that is, one strand methylated and the complementary unmethylated. The DNMT1 enzyme, which has a strong affinity for hemimethylated DNA, restores the methylation on the hypomethylated strand [START_REF] Jeltsch | On the enzymatic properties of dnmt1: specificity, processivity, mechanism of linear diffusion and allosteric regulation of the enzyme[END_REF]. This mechanism underlies the DNA methylation patterns inheritance from mother cell to daughter ones.

Whereas the DMNT1 methylates hemimethylated DNA during replication, the DMNT3A/B are defined as de novo DNA methyltransferases that methylate fully unmethylated regions and depend on cofactors to be docked to, or evicted from, their targets. Indeed, the DNMT3A/B enzymes contain a highly conserved DNMT (methyltransferase, MTase) catalytic domain, and the ADD and PWWP domains that can interact with histone tail modifications to regulate the DNMT3A/B recruitment [115,116] (Figure 11).

The ADD domain binds to the unmethylated H3K4 and is repelled from DNA with the H3K4 increased methylations [117] (Figure 11A). The H3K4me3 mark is enriched at promoters. Therefore, whereas repulsion of ADD by the H3K4me3 mark allows auto-inhibition of the MTase activity (Figure 11A 

Removing DNA methylation

The DNA de-methylation is accomplished by a multistep process (Figure 10 

Gene transcription

The starting whistle of the transcription

The transcription is at the base of all the processes that lead to gene expression. During transcription, a DNA sequence is read by the RNA polymerase II (RNP2), which produces a complementary, antiparallel RNA strand called messenger RNA (pre-/mRNA). This process is composed of several steps including transcriptional machinery loading, initiation, priming and pausing, pausing release, and elongation, termination (Figure 12). Each of these steps is finely regulated in order to guarantee a correct expression of genes at the right moment and in the right amount.

Post-/co-transcriptional modifications of the pre-/mRNA participate to its production and stability, but these will not be discussed here.

In this paragraph, I will analyze the crucial regulatory steps required for the modulation of the transcription from a molecular point of view.

Initiation, RNA polymerase II priming and pausing

DNA sequence around promoters must be accessible to the transcriptional machinery. This requirement is satisfied by multiple mechanisms involving transcription factors (TFs), coactivators and chromatin remodeling machines that decondense chromatin (Figure 12A).

These mechanisms, that will be further described, stimulate the binding of the so-called general transcription factors (GTFs) and association of RNP2 to form the pre-initiation complex (PIC) at the gene promoter [126,127] (Figure 12B).

Albeit other factors can be considered belonging to the PIC and that PIC composition can slightly differ depending on the gene type (e.g. lncRNAs or snRNAs), the PIC is commonly defined to be composed of eight factors: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH, RNP2 and Mediator [START_REF] Schier | Structure and mechanism of the rna polymerase ii transcription machinery[END_REF]. The C-terminal domain (CTD) of the RNP2 subunit RPB1 contains numerous repeats of the consensus sequence Y1-S2-P3-T4-S5-P6-S7 (heptad). The RNP2 CTD is largely unphosphorylated during the initiation, favoring the stabilization of the interaction with the Mediator complex. Across the transcription cycle, the RNP2 CTD is phosphorylated in strategic amino acid residues stimulating stage-specific interactions that are necessary to go through the complete RNA transcription process. Although all residues within the RNP2 CTD heptad repeat can be modified, either by phosphorylation (Tyr, Thr, Ser) or isomerization (Pro), the ones that appear to be the most important and conserved for the transcriptional regulation are the Ser2, Ser5 and Ser7 [127, [START_REF] Bowman | RNA polymerase ii transcription elongation and pol ii ctd ser2 phosphorylation: a tail of two kinases[END_REF][START_REF] Chapman | Transcribing rna polymerase ii is phosphorylated at ctd residue serine-7[END_REF][START_REF] Yurko | The rna polymerase ii ctd "orphan" residues: emerging insights into the functions of tyr-1, thr-4, and ser-7[END_REF].

The association of the TFIIH complex with the growing transcriptional assembly allows the helicases to translocate the DNA toward the RNP2. The RNA synthesis begins, and an RNA:DNA hybrid is formed in order to stabilize the complex on the DNA. The interaction with the GTFs is still present and prevents the RNP2 from extending the transcription bubble. During productive transcription process, the interaction of RNP2 with Mediator is disrupted by the phosphorylation of the Ser5 and Ser7 (Ser5-P and Ser7-P, respectively) RNAP2 CTD residues by the kinase CDK7, and this induces the promoter escape [127] (Figure 12C). The role of Ser7-P is still enigmatic, but it is known that it is necessary for the stabilization of the transcription machinery on DNA and it is thought required to promote the other phosphorylations on the RNP2 CTD [START_REF] Chapman | Transcribing rna polymerase ii is phosphorylated at ctd residue serine-7[END_REF]. At this time, the nascent RNA is protected from degradation by capping of the 5'end catalyzed by capping enzymes recruited through the Ser5-P [127].

Nascent RNA is recognized by the factor SPT5 (component of the DSIF complex with SPT4) that, interacting with the RNP2, recruits the negative elongation factor (NELF) which induces the RNP2 pausing, preventing the reactivation of the RNP2 catalytic site in a region within the 25-50nt downstream from the TSS [132] (Figure 12D).

RNA polymerase II pausing release and elongation

The switch from poised to elongating RNP2 is triggered by the positive elongation factor P-TEFb, composed mainly of cycline T1 and CDK9. P-TEFb is able to phosphorylate both NELF and SPT5 inducing the pause release. Furthermore, RNAP2-CTD can be phosphorylated at the Ser2 (Ser2-P) by the P-TEFb complex that favors the RNP2 elongation (Figure 12E). The later modification is efficient only in the "primed" RNP2 which must be phosphorylated at the Ser7 of its CTD. Along the gene body, during the elongation, the Ser2-P is increased by CDK12 and CDK13 that associate directly with the RNP2 during all the elongation process [127,128] (Figure 12F).

Transcription factors

In the previous paragraph, I described the role of GTFs in orchestrating the PIC recruitment and the first steps of the gene transcription and elongation. Besides the GTFs, other proteins, that do not belong to the PIC, can play the role of transcription factors (TFs) and are in charge of the regulation of the transcription events via multiple mechanisms implicated in the modulation of the gene expression at different levels.

These proteins own a DNA binding domain that confers the ability to bind DNA at specific nucleotide sequences (binding motifs). The TFs bind in regulatory regions, such as promoters and enhancers (discussed more in detail in further paragraphs). In most of the cases, the peculiarity that confers to TFs the ability to modulate gene transcription is their capability to interact with other TFs and with cofactors (COFs). The latter are proteins lacking DNA-binding ability and recruited at chromatin to fulfil important regulatory functions such as histone tail modification, DNA methylation, chromatin remodeling, PIC assembly regulation, transcriptional machinery modification.

Modes of transcription factors occupancy

Regulatory regions contain clusters of TF binding sites and the expression of the genes will depend on the different combinations of TFs and COFs expressed in a specific cell type.

The specific regulatory network between TFs and their COFs determines the mechanism of gene regulation. Indeed, many TFs can interact with common coactivators (such as CBP/P300) or corepressors (such as HDACs) as well as components of the Mediator and PIC complexes [4] (Figure 13A). In other cases, the TFs cooperation occurs without protein-protein interaction between TFs and TFs/COFs. Indeed, TFs 

Motif grammar

Motif positioning and orientation is crucial to ensure the proper occupancy of regulatory regions by TFs in order to favor cooperative protein-protein interactions [START_REF] Kharchenko | Comprehensive analysis of the chromatin landscape in drosophila melanogaster[END_REF][START_REF] Ernst | Mapping and analysis of chromatin state dynamics in nine human cell types[END_REF]. The main conditions that have to be satisfied to produce a cooperative binding are: motif orientation, motif relative position and motif distance [138,139] (Figure 14).

The orientation of the motif in the DNA is indispensable to assure that the interaction interfaces of two TFs that bind close one to each other can make contact. Indeed, the DNA binding motif orientation determines the "sense of binding" of a TF that could or not interact with neighbor TFs/COFs depending on its spatial orientation (Figure 14A). The other important feature is the position of a TF binding motif in relation to another one. Indeed, different order of motif positions produces different TFs positioning and thereby favor or impede the interaction of a TF with its neighbors (Figure 14B). Ultimately, TFs, to cooperatively interact, require to be spatially close. Since the DNA is formed by a double helix of which each Introduction turn is composed of about 10bp, binding of TFs on opposite turns/faces of the DNA helix does not favor their interaction. For this reason, when the distance between two factors is a multiple of 10bp there is a greater possibility that the TFs could interact between each other (Figure 14C). (A) One of the TFs (shown in red) binds to a nonpalindromic motif (site 2; 5'-CACTTGA-3'). When the relative orientation of site 2 is reversed, that TF cannot be recruited to DNA in a manner that will present the appropriate protein interface to interact with the other TF (shown in blue). (B) Similarly, when the position of site 2 relative to site 1 is changed, direct protein-protein interactions between the two factors cannot occur.

(C) There are approximately 10bp per helical turn of DNA. If two TFs cooperatively bind to DNA through a direct protein-protein interaction, they typically need to be positioned on the same face of the DNA. This is facilitated by having a spacing of ~10bp (or multiples) between the two motifs. When site 1 and site 2 are separated by spacings such as ~5bp (or 15bp, 25bp, …) the TFs will be positioned on opposite faces of the DNA helix, thereby blocking their ability to bind directly to each other (right column). Spacing rules between motifs can also occur at larger distances, which reflects DNA wrapping around nucleosomes. In all three cases, the motif composition has not changed, yet the direct cooperative occupancy of the two TFs cannot occur. Adapted from F. Spitz & E.E.M. Furlong, Nat. Rev Genet. (2012) [4].

Pioneer transcription factors

A particular class of TFs, referred as "pioneer TFs", can bind DNA within closed or unmarked chromatin, triggering chromatin remodeling and increasing chromatin accessibility to other TFs [START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF]. Their peculiarity to bind inaccessible chromatin lies in the ability to recognize DNA motifs that are situated on nucleosomes through DNA binding domains (DBDs) that display a structure similar to that of linker histones [START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF][START_REF] Iwafuchi-Doi | Pioneer transcription factors in cell reprogramming[END_REF]. One of the first characterized pioneer TFs, object of my Ph.D. research, is the SPI1/PU.1 TF.

The structure of pioneer transcription factors

Pioneers can be classified in different groups depending on the type of binding that establish with the nucleosome DNA. The first group is represented by the nucleosome binders (strong binders, Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia affinity for nucleosome DNA binding is strongly reduced, but not inhibited, in the presence of the nucleosome octamer (weak binders, Figure 15B-C) [START_REF] Garcia | Structural features of transcription factors associating with nucleosome binding[END_REF]. Pioneers that show a strong affinity for nucleosome DNA present a short α-helix DBD that recognizes the DNA helix without exceeding the helix diameter length (Group I, Figure 15A). Similar features are shown for TALE-PBC class, but their binding is dependent on partners with which form dimers (Figure 15D). The second group of pioneers show a weaker binding for nucleosome (Group II), and it is divided in two subcategories. The TFs belonging to the Group IIA (Figure 15B) own a DBD composed of an extended α-helix that protrudes past the diameter of the DNA helix, while the Group IIB proteins use short helical twist or unstructured regions to bind the nucleosomes (Figure 15C) [START_REF] Garcia | Structural features of transcription factors associating with nucleosome binding[END_REF]. (Figure 16C). (Figure 16D).

Interestingly
Notably, there are emerging evidence that pioneers are not only chromatin activators but can also be used to establish silenced chromatin domains as observed for the pioneer FOXA which is able to recruit repressive COFs to induce local chromatin condensation [START_REF] Sekiya | Repression by groucho/tle/grg proteins: genomic site recruitment generates compacted chromatin in vitro and impairs activator binding in vivo[END_REF]. 

Regulatory regions

Promoters

Gene promoters are defined as a regulatory region overlapping the Transcription Starting Site (TSS).

Their main role is to serve as docking platform for the transcription initiation complex. The region in the immediate vicinity of the TSS is defined as "core promoter" and its role is to recruit the PIC. The core promoter is characterized by several interchangeable elements that define the type of promoter.

Transcription initiation is often localized in nucleosome-depleted regions (NDRs) including, or in vicinity of, the TSS [START_REF] Carninci | Genome-wide analysis of mammalian promoter architecture and evolution[END_REF]. In many cases, as it will be discussed further, several hundreds of base-pairs away from the TSS it is possible to find clusters of NDRs that serve as alternative promoters which may alter the final protein product [START_REF] Valen | Genome-wide detection and analysis of hippocampus core promoters using deepcage[END_REF].

Lenhard and colleagues [START_REF] Lenhard | Metazoan promoters: emerging characteristics and insights into transcriptional regulation[END_REF] proposed a classification of promoters in 4 groups depending on different features that will be discussed in the following paragraphs (Figure 17).

CG content distribution along mammalian promoters

A first feature used to distinguish promoters is the presence and distribution along the promoter of CG and CGIs content.

The first type of promoters ("Type I", Figure 17A) present a low-CG content and exhibits a precise starting site (single nucleotide position and for that defined as "sharp/focused" promoters), and in most of the In contrast, high-CG content has been associated to multiple TSS, "alternative promoters" ("broad" promoters), and a lack of TATA-box. These promoters regulate the expression of widely expressed or developmental genes [START_REF] Carninci | Genome-wide analysis of mammalian promoter architecture and evolution[END_REF]. Ubiquitously expressed genes usually show, if there is one, a unique short CpG that overlaps the TSS ("Type II", Figure 17B). Developmental genes are associated to "Type III" promoters characterized by the overlay with several large CpG islands that can extend even in the gene body region [157] (Figure 17C). Type III promoters are usually sharper than the type II ones [START_REF] Hoskins | Genome-wide analysis of promoter architecture in drosophila melanogaster[END_REF] and each class present distinct patterns of histone modification and nucleosome positioning (discussed further).

A last class of particular promoters is represented by those belonging to genes involved in the transcription and translation machinery. In this case, the initiator sequence is composed of a stretch of pyrimidines termed TCT-motif [START_REF] Parry | The tct motif, a key component of an rna polymerase ii transcription system for the translational machinery[END_REF]. These promoters are "sharp", own a TATA-box but overlap with CGIs

[160].

Chromatin signature of promoters

Most of the promoters present, downstream of their TSS, the H3K4me3 histone mark that it is not bound by the RNP2 when the genes are not active [START_REF] Ernst | Discovery and characterization of chromatin states for systematic annotation of the human genome[END_REF]. In the case of type II promoters (ubiquitously expressed genes) the H3K4me3 distribution coincides with the CGIs [START_REF] Deaton | CpG islands and the regulation of transcription[END_REF]. Interestingly, the type III promoters (developmental genes) are characterized by a wide distribution of CGIs that are occupied by PcG proteins (Figure 17C). The presence of this complex is thereby responsible for the cooccurrence of H3K27me3 and H3K4me3 at the same promoter that led to the definition of these regions has "bivalent promoters" [START_REF] Bernstein | A bivalent chromatin structure marks key developmental genes in embryonic stem cells[END_REF].

Perhaps unexpectedly, the type II promoters ("broad", housekeeping genes) present a more precise nucleosome positioning (Figure 17B-C) compared to the type I ones ("sharp", cell-specific genes) where the nucleosome containing the "precise TSS" is surrounded by a less ordered configuration of the nucleosomes [164] (Figure 17A). 

The role of enhancers in gene regulation

Gene expression is the result of an integrated regulation exerted by many cis-regulatory elements proximal to the TSS (e.g., promoters) and distal regulatory elements, often referred to "enhancers".

Enhancers are, with exceptions, relatively short (<2kb) platforms carrying TF binding motifs that recruit TFs to regulate transcription. Enhancers can be found up to 1Mb away from the core promoter [START_REF] Lettice | A long-range shh enhancer regulates expression in the developing limb and fin and is associated with preaxial polydactyly[END_REF].

This type of regulatory region can be bound by different TFs (and their COFs) in different conditions (e.g., development stage, external stimuli, lineage differentiation, etc.) and whose combinations will define the gene expression.

As mentioned above, TFs occupancy is influenced by the nucleosome positioning controlling the accessibility of the binding motif. This is extremely important for degenerated TF binding motifs, that are defined as sequences that do not match perfectly with the TF DNA binding motif and on which the TF binds with lower affinity [174-177]. Furthermore, pioneer TFs play an important role in the regulation of the enhancer activity, as described before, by regulating the binding of other non-pioneer TFs, recruiting epigenetic factors and priming enhancers to be differentially used during lineage differentiation.

Active promoters are spatially proximal to enhancers and these contacts depend on the 3D-nuclear organization of the chromatin (discussed more in detail in paragraph 2.4). This physical interaction confers the ability to enhancers to provide regulatory inputs to promoters, such as TFs and their cofactors that carry enzymatic activities responsible for post-translational modification of the transcriptional machinery components and histone tails.

A first mechanism of transcription regulation mediated by the enhancers involves the PIC assembly.

Indeed, many TFs and relative COFs can interact with one of the components of the transcriptional machinery (GTFs, RNP2, Mediator, etc.) and consequentially stabilize the PIC at promoters and stimulate the transcriptional initiation (Figure 18A). An example of this process is represented by the recruitment at en- Another example is represented by the transcription factor SPI1/PU.1, which was found to interact with TFIID in vitro through its transactivation domain. These findings suggest that SPI1/PU.1 can promote transcription by recruiting and/or stabilizing TFIID to favorize the PIC assembly at the promoter of its target genes [START_REF] Hagemeier | The activation domain of transcription factor pu.1 binds the retinoblastoma (rb) protein and the transcription factor tfiid in vitro: rb shows sequence similarity to tfiid and tfiib[END_REF].

As for promoters, P-TEFb complex (including CDK9) is also recruited at enhancers by BRD4 which binds to acetylated lysines of histone and non-histone proteins present at these loci [START_REF] Kanno | BRD4 assists elongation of both coding and enhancer rnas by interacting with acetylated histones[END_REF][START_REF] Jang | The bromodomain protein brd4 is a positive regulatory component of p-tefb and stimulates rna polymerase iidependent transcription[END_REF]. Thanks to the promoter-enhancers contacts, the CDK9 is found in the vicinity of the transcriptional machinery and can phosphorylate the Ser2 residue of the RNP2 CTD to stimulate the elongation [169,172] (Figure 18C).

The transcription rate is characterized by a short and intense ''burst" involving initiation events separated by periods of inactivity [START_REF] Chubb | Transcriptional pulsing of a developmental gene[END_REF]. Therefore, the transcription activity can be regulated by increasing the amplitude (number of transcribing RNP2 for each time fraction of transcriptional activity) or the frequency (reduction of the time elapsing between two active transcription periods) of these bursts (Figure 18D). Whereas the burst amplitude is an intrinsic feature of the promoters that depends on its property to be bound by the GTFs factors, the frequency of the burst can be modulated by the enhancers activity as observed for the β-globin promoter [182].

Despite enhancers have been described as distal activating regions, regions with similar characteristics are able to repress transcription and are called "silencers". In this framework, the gene transcription is accomplished mainly by three not necessarily independent mechanisms: (1) binding at the silencers of TFs near the binding site of activating TFs preventing their binding and gene activation; (2) recruitment at silencers of transcriptional repressive cofactors that can act on the promoter regulated by the silencer;

(3) binding of factors that disrupt the contact between an enhancer proximal to the silencer and its target promoter [START_REF] Segert | Transcriptional silencers: driving gene expression with the brakes on[END_REF]. The TFs interference mechanisms explain how a regulatory region could be exploited as enhancer at a certain developmental stage, while as silencer in another: it depends on which TFs are available in the cells at a given time point and/or on an eventual competition between different TFs for the same regulatory region [START_REF] Segert | Transcriptional silencers: driving gene expression with the brakes on[END_REF].

Therefore, enhancers and silencers should not be considered as completely functionally distinct units. The core-promoter sequence determines burst size, that is, the number of transcribing RNP2 molecules per burst (left), whereas enhancers increase bursting frequency (right). '+' denotes target activation and '---' denotes target inhibition.

Behind the scenes of the enhancers: the eRNAs

Despite the RNP2 is usually found at gene promoters, components of the transcriptional machinery have been detected at a large number of extragenic regions, many of which overlaping with enhancers, suggesting that also these regions could be transcribed [START_REF] Li | Functional roles of enhancer rnas for oestrogendependent transcriptional activation[END_REF]).

The eRNAs have been proposed to activate gene transcription by multiple mechanisms. A first mode of action would be the regulation of chromatin accessibility at target promoters with a consequent increase in the RNP2 loading [START_REF] Mousavi | ERNAs promote transcription by establishing chromatin accessibility at defined genomic loci[END_REF]. Multiple studies point to another important feature of eRNAs that involves them in the process of enhancer-promoter loop formation and/or stability [START_REF] Li | Functional roles of enhancer rnas for oestrogendependent transcriptional activation[END_REF][START_REF]The long-range interaction landscape of gene promoters[END_REF], supported by evidence of their interaction with cohesins [194] and Mediator complex [START_REF] Lai | Activating rnas associate with mediator to enhance chromatin architecture and transcription[END_REF], even though these are not direct proof of causality.

Moreover, some eRNAs can interact with CTCF and stimulate its repositioning on the chromatin [START_REF] Saldaña-Meyer | CTCF regulates the human p53 gene through direct interaction with its natural antisense transcript, wrap53[END_REF][START_REF] Saldaña-Meyer | RNA interactions are essential for ctcfmediated genome organization[END_REF] inducing, in certain cases, a 3D-architecture chromatin re-organization.

Interestingly, eRNA could interact with epigenetic factors that can be recruited and/or stabilized at the chromatin [START_REF] Rahnamoun | RNAs interact with brd4 to promote enhanced chromatin engagement and transcription activation[END_REF][START_REF] Saldaña-Meyer | CTCF regulates the human p53 gene through direct interaction with its natural antisense transcript, wrap53[END_REF][START_REF] Saldaña-Meyer | RNA interactions are essential for ctcfmediated genome organization[END_REF][START_REF] Bose | RNA binding to cbp stimulates histone acetylation and transcription[END_REF] . An example is represented by the factor CBP which contains a regulatory motif that allows the establishment of specific contacts with eRNAs stimulating the CBP histone acetyltransferase activity [START_REF] Bose | RNA binding to cbp stimulates histone acetylation and transcription[END_REF] and consequent BRD4 increased occupancy 

Enhancers located in protein coding genes

In most of the cases, studies focus their attention on the investigation of the activity of enhancers located in intergenic regions, outside from a target gene. However, different studies demonstrated that protein coding regions can represent regulatory regions assimilable to enhancers in terms of chromatin signatures and transactivation activity [START_REF] Ritter | Transcriptional enhancers in protein-coding exons of vertebrate developmental genes[END_REF][START_REF] Birnbaum | Coding exons function as tissue-specific enhancers of nearby genes[END_REF]. Indeed, it has been shown in mammals that about 7% of enhancers-specific regions fall within coding exons after excluding the first exon [START_REF] Birnbaum | Coding exons function as tissue-specific enhancers of nearby genes[END_REF].

Cinghu and colleagues [START_REF] Cinghu | Intragenic enhancers attenuate host gene expression[END_REF] observed that, in embryonic stem cells (ESCs), many genes with a wide range of expression exhibited an intragenic RNP2 site (IRS). The authors defined that this peak was to attribute to events of transcription initiation rather than RNP2 pausing. These IRSs were associated to enhancers-chromatin signatures and were transcriptionally active presenting bidirectional transcripts generated from the IRS, termed by the authors as "intragenic eRNA" (ieRNA). Furthermore, their findings demonstrated that expression of these ieRNA was responsible for the attenuation of the expression of the host gene that was dependent on the presence of RNP2 rather than the ieRNAs itself. Lastly, genes

showing an intragenic transcriptionally active enhancers were associated to cell-type specific genes.

Altogether, this evidence led the authors to the proposition of a model in which elongating RNP2 from the IRS in antisense can collide with the sense RNP2 that transcribes the mRNA of the host gene (headon interference). In this way, the RNP2 transcribing the host gene mRNA slows-down or prematurely terminates its elongation. On the other hand, even sense transcription associated to the ieRNA is able to interfere with the mRNA-associated RNP2 by rear-end collision of two elongating processes resulting in a backtracking (or dislodgment) of the trailing RNP2 (Figure 19).

Figure 19 | Model of intragenic enhancer gene expression attenuation of its host gene RNP2 transcribing intragenic enhancers (shown as red and orange oval faces) interferes with and attenuates the host gene transcription (RNP2 shown as green oval faces) during productive elongation, with the extent of interference ranging from occasional to frequent depending on many factors, including initiation frequencies at the promoter and the enhancer, elongation rates, and processivity. Transcription interference may involve one or more events, including RNP2 stalling/collision, modifications to the chromatin architecture, and antisense-mediated regulation, all eventually leading to premature termination of host gene transcription and non-productive transcripts. The net effect of intragenic enhancer-mediated regulation of host gene expression may range from repression to fine-tuning or activation depending on the difference between gains from enhancer-mediated host gene activation and losses due to enhancer-mediated interference and attenuation of host gene transcription.

Enhancers and promoters keep in touch: chromatin topology

The previous paragraphs described that the promoter-enhancer contacts underlie the transcription regulation mechanisms. To allow these interactions, the chromatin is organized in precise 3D-structures that allow the communication between the different regulatory regions. Indeed, chromatin is folded in high-order structures that constrains these contacts within self-interacting topological-associated domains (TADs) separated by clusters of binding motifs of insulator proteins, such as CTCF, and the promoters of actively transcribed genes that contribute to the portioning of the genome into discrete functional blocks [205] (Figure 21A). Interestingly, it has been observed that the TADs and their boundaries are largely invariant across cell types, while the nature of A/B compartments (described below) can be drastically different from cell to cell [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF].

Some enhancers can interact with any promoter in their vicinity, even though they exhibit a preference for TATA-box promoters [START_REF] Juven-Gershon | Caudal, a key developmental regulator, is a dpe-specific transcriptional factor[END_REF]. It has been shown that, despite the fact that an enhancer can interact with many promoters of the same TAD, in many cases a mechanism of promoter competition is established whereby shared enhancers are sequestered by the closer or stronger promoter as described for the proto-oncogene c-Myc [208].

Mechanisms underlying promoter-enhancers connection

Three models have been proposed to explain the modalities of the enhancer-promoter communication (Figure 20). The first one, the "tracking model", proposed that RNP2 located at an enhancer can slide towards the proximal promoter carrying around the enhancer that in this way is then found in proximity of the promoter region [209] (Figure 20A). A second mechanism proposed was the "linking/chaining model" whereby protein oligomers serve as bridge between enhancers and promoters. An example of this process is represented by the protein LDB1 that, by homodimerization, mediates the interaction between enhancers and promoters (crucial mechanisms during erythroid differentiation) [210] (Figure 20B).

These two mechanisms underlying enhancer-promoter contact involve the reliance on an ATP-driven motor than can move along DNA (e.g., cohesins and/or condesin complexes and RNP2). Furthermore, cohesins can interact with CTCF whose action is dependent on the orientation of its binding sites (loops formation is facilitated by convergent binding sites [START_REF] Rao | A 3d map of the human genome at kilobase resolution reveals principles of chromatin looping[END_REF]) exhibiting an active and a positive behavior in regulating enhancer and promoter interaction [START_REF] Wendt | Cohesin mediates transcriptional insulation by ccctc-binding factor[END_REF]. Albeit CTCF and cohesins are expressed in all tissues, cell-type specific enhancer-promoter interactions have been described to occur also independently from these complexes. In this case, the looping can be mediated by tissue specific TFs, such as GATA1 in erythroid cells whereby GATA1 interacts with LDB1 to bring the β-globin locus closer to its enhancer 

Chromatin compartments and phase-separation

As mentioned above, many promoter-enhancer communications are independent from cohesins.

Additional forces that structure the chromatin organization in high-order compartments are the homotypic attractions existing between regions with compatible chromatin status defined by histone modifications, protein composition, and transcriptional activity [START_REF] Rao | A 3d map of the human genome at kilobase resolution reveals principles of chromatin looping[END_REF][START_REF] Andrey | Characterization of hundreds of regulatory landscapes in developing limbs reveals two regimes of chromatin folding[END_REF]. These homotypic attractions have been therefore proposed to serve as "molecular bridges" that rise at regions of multiple chromatin interactions and composed of chromatin-associated complexes at these loci [216] (Figure 21A, upper-panel).

The multiple chromatin connections at these regions define intrinsically disordered regions 7 (IDRs) of associating proteins engaged in many weak interactions that drive the assembly of composition-specific phase-separated condensates. This phase separation allows the recruitment of other regulatory loci to selected condensates depending on the composition of their IDR-associated complexes (Figure 21A, lower-panel). This prosses, driven by the homotypic attraction of IDR complexes, is termed "Liquid-Liquid Phase Separation" (LLPS), and consists in the formation of colloids/emulsions of large droplets within the nucleoplasm. Specifically, enhancers would function as binding surfaces for the concentration and assembly of transcriptional condensates that activate transcription when in proximity of promoters [START_REF] Hnisz | A phase separation model for transcriptional control[END_REF].

Indeed, factors that can be associated to enhancers and that have been found to mediate the phase (Figure 21B). These compartments follow the law of the homotypic attraction by which each type of compartment preferentially interacts with other compartments of the same chromatin nature. Therefore, these interactions contribute to the spatial organization of the chromatin by its functional state. Indeed, besides the functional organization, these compartments are characterized by a specific nuclear localization whereby A compartments are positioned proximal to transcriptional nuclear bodies termed "nuclear speckles" 8 (NSs) or "interchromatin granule clusters" (IGCs), while B compartments overlap with PcG-repressed domains, nucleolar-associated domains (NADs) and nuclear envelop-attached lamina-associated domains (LADs) [211,224] (Figure 21B). These are not immutable states of the chromatin, indeed it has been shown that progressively, if required by the cell transcriptional program, a type of compartment can be progressively converted into the other, including the loss of envelope attachment, to change the regulation of the transcription of that sector [225] (Figure 21C). 7 Intrinsically disordered regions (IDRs) are polypeptide segments that do not contain sufficient hydrophobic amino acids to mediate cooperative folding. Instead, they typically contain a higher proportion of polar or charged amino acids. Thus, IDRs lack a unique and/or ordered 3D-structure, either entirely or in parts in their native state. They generally sample a variety of conformations that are in dynamic equilibrium under physiological conditions. (Definition from M.M. Babu, Biochem Soc Trans (2016) [435]) 8 Nuclear speckles are enriched in various small nuclear ribonucleoproteins (snRNPs, proteins of the spliceosome), splicing factors and other factors involved in mRNA 3' end processing and m 6 A modification (reviewed elsewhere [START_REF] Galganski | Nuclear speckles: molecular organization, biological function and role in disease[END_REF]).
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Are enhancers and promoters really distinct regulatory units?

Previous paragraphs addressed the topic of eRNAs generated from a transcriptional activity at the enhancer loci. Interestingly, this feature is also found at promoters. Indeed, the vast majority of One important difference that distinguishes enhancers from promoters is the CpG content that, as abovementioned, is more associated to promoter activity than to enhancers [START_REF] Nguyen | High-throughput functional comparison of promoter and enhancer activities[END_REF]. It has been proposed

that the difference of activity is not linked to the CpG itself but rather to the fact that many TFs bind to CpG-rich sequences [START_REF] Nguyen | High-throughput functional comparison of promoter and enhancer activities[END_REF]. In contrast, to guarantee and adequate chromatin accessibility, at the enhancers are required pioneer TFs, that usually bind to low-CpG binding motifs [START_REF] Iwafuchi-Doi | Pioneer transcription factors in cell reprogramming[END_REF]. A typical example of this case is the SPI1/PU.1 TF that I studied during my project.

Precise definition of enhancers and promoters is challenging due to the multitude of different parameters and features that must be taken into account. Since these two regulatory regions share certain of these features, often the discrimination can be performed on the features level (e.g., histone marks) rather than presence/absence.

A comparison of promoter and enhancers chromatin features is depicted in Table 1 and Figure 23.

Table 1 | Comparison of main features of enhancers and promoters

Feature Enhancers Promoters

CpG density

Low density High density at core promoters compared to antisense promoters that display a CpG-depleted region

Chromatin accessibility

Modest accessibility, mainly around the TF binding sites NDR at the TSS of core and alternative promoters

Transcription level Balanced bi-directional transcription of eRNAs

High transcriptional rate in the sense transcription (mRNA produced from the core promoters) compared to a low transcription of uaRNAs from the antisense promoter

Histone marks

• H3K27ac

• H3K4me1

• H3K4me3

• H3K27me3 the right). Note that there is no substantial difference between intergenic and mRNA TSS-overlapping chromatin states if the transcription level (and thereby, promoter activity) is taken into account. Therefore, chromatinbased classification of enhancers and promoters is likely to reflect promoter rather than enhancer activity. CpG, cytosine---phosphate---guanine; eRNA, enhancer RNA; H3K4me1, mono-methylation of histone H3 lysine 4 residues; H3K27ac, acetylation of histone H3 lysine 27 residues; PROMPT, promoter-upstream transcript; uaRNA, upstream antisense RNA.

Marker of activity

Adapted from R. Andersson & A. Sandelin, Nat. Rev. Genet. (2020) [START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF] 

Long non-coding RNAs in gene expression regulation

Nowadays, a particular class of RNAs, that does not encode for proteins, emerges as important player of gene regulation. They are called "non-coding RNAs" (ncRNAs). To this class of RNAs belong a wide variety of subgroups different from structure, length, and function. For the purpose of this manuscript, I will describe only one type of these ncRNAs: the long non-coding RNAs (lncRNAs).

The biogenesis of lncRNAs is not so different from those of mRNAs. Indeed, lncRNAs are defined as non-coding transcripts composed of more than 200nt, which are produced by the RNP2 and are capped, polyadenylated and, in most of the cases, undergo splicing events 

Gene cis-activation mediated by lncRNA

One of the most studied mechanism in which lncRNAs can participate to activate gene expression is the recruitment of proteins involved in the establishment of chromatin loops (e.g., CTCF and Mediator complex) between their own locus, generally an enhancer, and a proximal promoter [START_REF] Lai | Activating rnas associate with mediator to enhance chromatin architecture and transcription[END_REF] (Figure 24A).

Interference or facilitation of the binding of proteins involved in loop formation can be responsible for 

Gene cis-repression mediated by lncRNA

The role of the lncRNA Xist was extensively investigated. This lncRNA is responsible for the X chromosome inactivation in placental mammals to achieve dosage compensation. Xist recruits the repressive complex PRC2 resulting in the deposition of the H3K27me3 histone mark all over the X chromosome inactivating the expression of all genes (reviewed elsewhere [START_REF] Sahakyan | The role of xist in x-chromosome dosage compensation[END_REF]). This is an example showing that lncRNAs can recruit epigenetic factors at their locus inducing the spreading of a repressive histone mark across the promoters of target genes that can be found either in its neighborhood 

R-loops

Proprieties of RNA-DNA hybrids

The transcriptional process induces the formation of three-stranded structures composed of RNA:DNA hybrids called "R-loops" (Figure 26). The DNA strands separation that occurs behind the RNP2 (negative supercoiling in the transcription bubbles) creates favorable conditions for the nascent RNA to anneal with the complementary DNA-template (Figure 26A-B). The presence of CGIs is crucial for the formation of this process since the loops-formation is more efficient in the presence of a positive GC skew The R-loops are implicated in the regulation of multiple cellular processes such as genome stability, DNA replication, telomers stabilization and repair, transcription regulation and termination (reviewed elsewhere [START_REF] Niehrs | Regulatory r-loops as facilitators of gene expression and genome stability[END_REF][START_REF] Santos-Pereira | R loops: new modulators of genome dynamics and function[END_REF]). In line with the purpose of this manuscript, the following paragraph will focus on the presentation of the R-loops-mediated mechanism that are implicated in transcription regulation and termination.

(

R-loops regulate gene transcription

R-loops modulate chromatin compaction leading to either repression or activation of transcription as illustrated below by several examples.

In antisense, in a head-to-head manner, the lncRNA ANRASSF1 is transcribed from RASSF1 gene.

ANRASSF1 transcript forms an R-loop with the RASSF1 host gene DNA strand. This hybrid recruits the repressive complex PRC2 that deposits the H3K27me3 histone mark at the promoter of RASSF1 silencing its expression [257] (Figure 27A). Similar scenario was observed at the VIM locus but, in this case, the R- Genes displaying formation of more stable R-loops at their promoter have been proposed to evict the binding of the PRC1/2 repressive complexes in favor of the recruitment of the histone acetyltransferase complex TIP60 (or KAT5)-P400 with consequent stimulation of gene transcription by acetylation of the histone tails [262] (Figure 27E). This is not a general rule, since other studies showed that PcG complexes can be recruited at a subset of genes by R-loops to maintain their repression 

loop

SPI1/PU.1, a pioneer transcription factor

Blood cells formation: the hematopoiesis

Hematopoiesis is the physiological process by which blood cells (erythrocytes, platelets, granulocytes, However, this model turned out to be not completely accurate since the hematopoietic cells do not belong to clearly defined states in which they could be classified. Indeed, with the arrival of the Next-Generation Sequencing (NGS) techniques, it was possible to determine that actually hematopoietic cells form a continuum of differentiation [START_REF] Laurenti | From haematopoietic stem cells to complex differentiation landscapes[END_REF]. With the era of the single-cell (sc) sequencing, it became more and more clear that hematopoietic cells own cell-specific features that include histone modifications In the next paragraphs I will detail our knowledge about one of these TFs: SPI1/PU.1. This TF is among the master regulators of hematopoiesis, and it is the object of this study.

SPI1/PU.1 protein structure

The SPI1 transcription factor belongs to the ETS transcription factor family that contains a large number of proteins involved in various physiological and oncogenic processes The Spi1 gene has been identified as the integration site of SFFV in Friend erythroleukemia (Figure 30A) [START_REF] Moreau-Gachelin | Spi-1 is a putative oncogene in virally induced murine erythroleukemia[END_REF]. It is identical to the Pu.1 gene cloned from a murine macrophage cDNA library and encoding a protein capable of binding to purine-rich sequences [START_REF] Klemsz | The macrophage and b cell-specific transcription factor pu.1 is related to the ets oncogene[END_REF]. The murine Spi1 gene, located on chromosome 2, owns 5 exons (Figure 30A) encoding a protein of 272 amino acids and with a molecular weight of ~32kDa (Figure 30B-C).

The SPI1 protein has three functional domains (Figure 30B): an N-ter transactivation domain (1-118aa), a central PEST region (119-165aa), and a C-ter DNA binding domain (166-272aa). These three domains allow the SPI1 protein to bind monomerically to DNA (Figure 30C The three domains of the SPI1 protein are involved in protein-protein interactions that impact the transcriptional activity of SPI1. These interactions will be described later. 

SPI1 post-translational modification

SPI1 is potentially phosphorylated on five serine residues (Ser41, Ser45, Ser132, Ser133 and, Ser148) 

present

Role of SPI1 in normal hematopoiesis

To study the role of SPI1 during hematopoiesis, two types of approaches have been employed: (1) the observation of the expression level of SPI1 in the different lineages using the SPI1-GFP (Green Fluorescence Protein) mouse model and ( 2) the extinction of SPI1 in different lineages using inducible knockouts (KOs).

SPI1-GFP mouse models were generated by introducing the gene coding for GFP into the Spi1 locus In conclusion, together these data have assessed the expression of SPI1 during hematopoiesis and shown that it is required for (1) hematopoietic stem cell maintenance and commitment to progenitors,

(2) commitment of B lymphoid progenitors but not their maturation, (3) early stages of T-cell lineage differentiation, (4) myelomonocytic differentiation, (5) restriction of granulopoiesis, (6) differentiation of monocytes in osteoclasts, and (7) turnover of immature fetal liver erythroid progenitors.

Deregulation of SPI1 and associated diseases

Oncosuppressive SPI1

The Acute Myeloid Leukemias (AMLs) are clonal diseases characterized by accumulation of somatic mutations that impair renewal, proliferation, and differentiation of myeloid progenitors. This leukemic transformation is considered to take place in a multi-step process that involves the loss of function (LOF) of hematopoietic TFs and proteins involved in signaling and metabolic pathways ( 

Oncogenic SPI1

Despite the role of SPI1 as oncosuppressor in myeloid lineage, it has been reported to be an oncogene in the lineages where its expression must be reduced/silenced for efficient differentiation: B, T, and erythroid lineages. of myeloid and erythroid features (>30% leukemic blasts and ≥50% erythroid progenitors), defined as myelodysplastic syndrome (MDS), while AEL showing predominant erythroid features (≥80% erythroid progenitors) are defined as purely erythroid leukemia (PEL). Another hallmark, common to both AEL and PEL, is the alteration of the tumor suppressor TRP53 in 30% and 70% of the patients, respectively (Figure 33). Notably, despite alterations of proteins involved in the signaling and transcription regulation, many epigenetic factor alterations have been found to characterize AML patients (Figure 33) [START_REF] Fagnan | Molecular landscapes and models of acute erythroleukemia[END_REF].

Recently, Mercher's team, from my laboratory, showed that in a cohort of 20 human Acute ErythroLeukemia (AEL) patients about the 10% displayed a SPI1 expression fourfold the average of expression in all patients [326].

Murine erythroleukemia

Numerous studies, including those of Guillouf's team, have shown that abnormal high expression of Spi1 contributes to murine erythroleukemia causing a differentiation arrest at the stage of CFU-E/Pro-E erythroid progenitors [278,327] (Figure 34A).

The murine erythroleukemia was firstly observed in mice infected by Friend virus which leads to the development of acute fatal erythroleukemia in 8 to 10 weeks in these mice. Friend virus is a complex of two viral particles: Spleen Focus Forming Virus (SFFV), the pathogenic particle of the virus, and Friend Murine Leukemia Virus (F-MuLV), the particle that enables SFFV replication [START_REF] Linemeyer | Envelope gene sequences which encode the gp52 protein of spleen focus-forming virus are required for the induction of erythroid cell proliferation[END_REF]. The erythroleukemia developed by infected mice evolves in two successive stages [START_REF] Ben-David | Friend virus-induced erythroleukemia and the multistage nature of cancer[END_REF]. The early stage is characterized by polycythemia and hepatosplenomegaly, due to the uncontrolled proliferation of pro-erythroblastic cells in the blood, spleen, and then liver of infected mice. These cells proliferate independently of their growth factor, erythropoietin (Epo), and differentiate into red blood cells. Epo-independence is due to constitutive activation of the Epo receptor by the glycoprotein GP55 encoded by the SFFV viral genome. The late To better understand the role of SPI1 in erythroid malignant transformation, a Spi1 transgenic (TgSpi1) murine model was developed [333] (Figure 34B).

In this model, expression of the Spi1 transgene (TgSpi1) is under the control of the SFFV LTR sequences that contain transcription-activating elements functional in hematopoietic cells.

These mice develop erythroleukemia at the age of ~3 months with an incidence of about 50%. The disease evolves in two stages: a first stage called "pre-leukemic", and a second stage called "leukemic". The disease is characterized by anemia and hepatosplenomegaly, resulting from the acute proliferation of blast cells that invade the blood, spleen, and liver of the mice. These cells have been characterized to be from erythroid origin and, are blocked in their differentiation leading to a condition of anemia. Blast cells were characterized to be CFU-E on the basis of phenotypic erythroid markers (KIT, Ter119/Glycophorin A-associated protein, CD71/Transferrin receptor) [315] (Figure 34A). CFU-E cells derived from the spleen of sick mice proliferate in vitro as long as Epo is added to the culture medium. Since they are not tumorigenic when transplanted into nude mice, they are defined as preleukemic cells. To characterize whether SPI1 is the factor responsible for erythroid differentiation blockage and to dissect mechanisms of SPI1 in erythroleukemia, my group generated a cellular system allowing to reach graded expression of Spi1 in preleukemic cells. This system is based on conditional production of 1 or 2 Spi1-interfering RNAs stably integrated into TgSpi1 preleukemic cells [327] (Figure 34C). Spi1 knock-down was sufficient to reinstate the erythroid differentiation program. This differentiation process was associated with an exit from the cell cycle. SPI1 displays an antiapoptotic role that is independent of its function in blocking erythroid differentiation. This model demonstrated the involvement of SPI1 in blocking the erythroid progenitor differentiation and to grant cell survival. Then, my group showed that the anti-apoptotic function of SPI1 is due to its ability to direct modify the expression of genes involved in apoptosis regulation [START_REF] Ridinger-Saison | Epigenetic silencing of bim transcription by spi-1/pu.1 promotes apoptosis resistance in leukaemia[END_REF].

Repeated transfusions of mice with normal red blood cells cause a transient remission of the disease.

Indeed, the transfused red blood cells cure the anemia and, thus, provide a signal to arrest Epo production, inducing a proliferation inhibition. The hepatosplenomegaly regresses, demonstrating the depend- 37A). Expression of erythroid markers (KIT, Ter119, CD71) and SPI1 during normal erythropoiesis are indicated by shadowed bars, where dark and light colors indicate high and low/absent expression, respectively. MPP, MultiPotential Progenitor; MEP, Myeloid-Erythroid Progenitors, BFU-E, Burst-Forming Unit-Erythroid cells; CFU-E, Colony-Forming Unit-Erythroid cells; Pro-E, Pro-erythroblast; Baso-E, basophilic erythroblast; Poly-E, polychromatic erythroblast; Ortho-E, orthochromatic erythroblast. (B) Schema of the TgSpi1 murine model and stages of erythroleukemia development. Within 3 months from birth, TgSpi1 mice display hepatosplenomegaly and anemia due to an accumulation of CFU-E erythroid progenitors. These progenitors cannot undergo terminal differentiation and are protected from death by SPI1induced apoptotic blockage. They are defined as ''preleukemic cells'' because their proliferation is still controlled by the erythroid growth factor, erythropoietin (Epo), and they are not tumorigenic when engrafted in the nude mice. During the preleukemic phase, SPI1 induces an acceleration of the DNA replication fork that might induce genomic instability with consequent accumulation of spontaneous mutations (e.g., Trp53 and Kit) which confer to the cells the independence from Epo-signaling. These cells are defined ''leukemic cells''.

(C) Spleens from sick TgSpi1 mice, in the preleukemic cells, have been collected and cultured in the presence of Epo (CFU-E preleukemic cells). These cells have been transduced with 1 or 2 different doxycycline (dox)inducible shRNAs against Spi1 (shSpi1). Dox-treatment induces Spi1 knock-down, as shown in the western blot of whole-cell lysates, and differentiation and apoptosis ability are restored. Eppendorfs show cell pellets of SPI1 expressing (dox-) and SPI1 knock-down (dox+) cells: red cells indicate hemoglobin expression typical of cells in the terminal phases of erythropoiesis. Interestingly, SPI1 is able to homodimerize in vitro [START_REF] Esaki | Multiple dna-binding modes for the ets family transcription factor pu.1[END_REF]. The authors proposed that when SPI1 cellular concentration is high, the binding of a molecule to the DNA would be then followed by the biding of a second molecule at the same site (2 SPI1 : 1 DNA ratio). Since SPI1 activates its own expression by binding at both its enhancer and promoter, this homodimerization mechanism has been proposed to be required for the attenuation of the transactivation of SPI1 itself. This would represent an autoinhibitory mechanism aiming to compensate for the lack of an autoinhibitory domain which is instead present in almost all the other ETS-family TFs [344].

Mechanisms of transcription regulation by SPI1

SPI1 activity at promoter vs enhancer

SPI1 epigenetic interactions

Histone acetylation: CBP/P300 vs HDACs

One of the first SPI1 epigenetic interactions described was that with the histone acetylase CBP/P300 [START_REF] Yamamoto | Physical and functional interactions between the transcription factor pu.1 and the coactivator cbp[END_REF]. SPI1 was shown to interact physically with endogenous CBP epigenetic factor through its transactivation domain (74-122 aa) and this interaction had a synergistic effect in the Luciferase transactivation in a dose-dependent manner [START_REF] Yamamoto | Physical and functional interactions between the transcription factor pu.1 and the coactivator cbp[END_REF]. This interaction was then demonstrated also from a functional point of view as already aforementioned. Indeed, SPI1 is able to recruit at its binding sites CBP/P300 to activate gene expression stimulating the deposition of H3K27ac histone mark Thus, these studies were the first to shed light on the dual nature of SPI1 as repressor and activator of the transcription which depends on its interaction with co-activators/repressors. 

DNA methylation: DNMTs vs TETs

Interplays between SPI1 and other transcription factors

SPI1 is not only able to interact with epigenetic factors but it can contact many transcription factors and cofactors giving rise to complex transcription regulation dynamics. These interactions are involved in both repression and activation of transcription mediated by SPI1.

Activation of transcription

The function of SPI1 as transcriptional regulator has mainly been described in the context of transcrip- but interacts via its basic domain with the ETS domain of the SPI1 protein [START_REF] Behre | C-jun is a jnk-independent coactivator of the pu.1 transcription factor[END_REF]. In this case, the transcriptional activity of SPI1 is modulated by a cofactor that binds to SPI1 itself bound to DNA. The authors showed that SPI1 recruits RUNX1 to SPI1-low affinity sites, which lack a canonical RUNX1 consensus sequence. Thus, SPI1 recruits RUNX1 to new sites collaborating with it to activate expression of SPI1 target genes and simultaneously represses transcription of RUNX1 target genes by "stealing" RUNX1 from its binding sites [137] (Figure 36A).

Gene repression

When

Another mechanism was observed for the AP1 component JUNB in neutrophils during inflammation.

In these cells, SPI1 impedes JUNB binding at enhancers of immune genes by reducing chromatin accessibility in a mechanism dependent on HDAC1 activity [362] (Figure 36B). (C) SPI1 binds on GATA1 bound to DNA and recruits the SUV39H epigenetic factor through the interaction with RB. Then, SUV39H deposits the H3K9me3 repressive mark recruiting HP1 stimulating a positive feedback loop of histone methylation. Spreading of H3K9me3 leads to repression of GATA1 target genes. Furthermore, SPI1 binding to GATA1, inhibits the interaction between GATA1 and CBP. In this way CBP is not able to acetylate GATA1 and thereby stimulating the transcriptional activation.

In leukemic cells, two examples of SPI1 activity as a repressor have been reported. The first takes place in RUNX1-ETO fusion-induced leukemia (Kasumi1 cell line) where RUNX1 deficiency induces a switch of SPI1 interactors from coactivators to corepressors [START_REF] Gu | Runx1 regulation of pu.1 corepressor/coactivator exchange identifies specific molecular targets for leukemia differentiation therapy[END_REF]. In this framework, at RUNX1 and SPI1 binding sites, when RUNX1 is co-expressed, SPI1 interacts with coactivators (such as helicases), while in a condition of RUNX1 deficiency SPI1 interacts rather with transcriptional corepressors (such as LSD1, CHD4,

CoREST) [363].

Another case is observed in the erythroleukemia that is the topic of my project. This mechanism has been described in Friend erythroleukemic cells (MEL) and may be involved in the erythroid differentiation by inhibiting the transcriptional activity of GATA1, the major erythroid TF. 

Stopka and colleagues [376]

showed that SPI1 is able to bind to GATA1 which is bound to DNA at the promoters of its target genes. In this case, SPI1 is not bound at the DNA but rather recruits a repressive complex consisting of the retinoblastoma (RB) protein and the histone methyltransferase SUV39H. This complex results in tri-methylation of histone 3 lysine 9 (H3K9me3) and recruitment of HP1α in promoter regions, forming a repressive chromatin structure at GATA1 target genes [START_REF] Stopka | PU.1 inhibits the erythroid program by binding to gata-1 on dna and creating a repressive chromatin structure[END_REF]. The formation of this complex occurs via SPI1, which binds to GATA1 through its ETS domain and to RB through its transactivation domain (Figure 36C). Whether the SPI1 repressive action on GATA1 occurs exclusively by direct binding on GATA1 itself is still an open question. Indeed, Wontakal and colleagues [START_REF]A core erythroid transcriptional network is repressed by a master regulator of myelo-lymphoid differentiation[END_REF] showed that, in embryonic stem-cells (ES)-derived erythroid progenitors, SPI1 represses genes belonging to the "core erythroid gene network". These genes are defined as genes co-regulated and bound by GATA1, KLF1 and TAL1 erythroid-specific TFs and whose expression is required for an efficient erythropoiesis. In this framework, SPI1 repression is not mediated by its binding on GATA1 protein but rather on the promoter of GATA1 activated genes. However, the molecular mechanism underlying this phenomenon is still unclear.

Another mechanism proposed to explain this repression of GATA1 targets mediated by SPI1, is the modulation of GATA1 activity by post-translational modifications. Indeed, binding of CBP to GATA1 in normal cells results in GATA1 acetylation. Mutation of the acetylation sites of GATA1 alters its ability to induce erythroid differentiation [START_REF] Hung | CREB-binding protein acetylates hematopoietic transcription factor gata-1 at functionally important sites[END_REF]. Furthermore, GATA1 acetylation is responsible for its stabilization at the chromatin and favors the interaction with some cofactors, triggering an increased transcriptional Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France activity of GATA1 [START_REF] Boyes | Regulation of activity of the transcription factor gata-1 by acetylation[END_REF][START_REF] Lamonica | Acetylation of gata-1 is required for chromatin occupancy[END_REF]. Example of cofactors whose interaction with GATA1 is affected by acetylation are the bromodomain and extraterminal motif proteins (BETs) [START_REF] Lamonica | Bromodomain protein brd3 associates with acetylated gata1 to promote its chromatin occupancy at erythroid target genes[END_REF][START_REF] Stonestrom | Functions of bet proteins in erythroid gene expression[END_REF]. In MEL cells, SPI1 binds to the acetyltransferase domain of CBP and prevents acetylation of GATA1 and other proteins, such as histones. Therefore, SPI1 inhibits the acetylation-dependent transcriptional activity of GATA1, as observed for the globin gene required for erythroid differentiation [START_REF] Hong | Inhibition of cbp-mediated protein acetylation by the ets family oncoprotein pu.1[END_REF]. Thus, in the context of Friend erythroleukemia cells, SPI1 blocks the transcriptional activity of GATA1, either by inhibiting its acetylation or by creating a repressive chromatin structure at GATA1 target genes (Figure 36C). Interestingly, in the TgSpi1 model in which only Spi1 is overexpressed, in contrast to MEL cells in which the Friend virus affects several other pathways linked to Epo signaling, GATA1 has never been found to physically interact with SPI1.

SPI1 and splicing

Transcription and splicing are highly coordinated processes that occur at associated sites in the nucleus. Regulation of splicing results from the relative activities of multiple proteins that constitute the spliceosome (reviewed elsewhere binds to the promoter and induces its transactivation, it promotes the use of the 5'-proximal splice site of the minigene. In contrast, the absence of promoter transactivation by SPI1 promotes the use of the distal 5'-site. Therefore, transcription activation affects the choice of splice sites, and thus SPI1 could coordinate transcription and splicing of its target genes.

Aim of the project

In the first part of the introduction, I described how the DNA is wrapped on histones octamers to form nucleosomes that allows the compaction of the chromatin inside the nucleus of the cells. Followed the description of the histone and DNA modifications involved in transcription regulation and the relative modifiers and chromatin remodelers. The second section delineated the main steps of mRNA transcription and multiple different mechanisms of gene expression regulation including transcription factors, regulatory regions (promoters, enhancers, insulators), non-coding elements in the genome (eRNA, lncRNA, R-loops), and the role in high-order 3D chromatin organization in gene transcription modulation (TAD, nuclear bodies and compartments). In the last chapter I analyzed the role of the SPI1/PU.1 pioneer transcription factor in hematopoiesis. This master regulator of hematopoietic differentiation is the object of my work. I illustrated a complex and intricated picture in which SPI1 can act as either an activator or repressor of transcription. Its deregulation leads to different types of leukemia depending on the target lineages. Finally, I described the consequences of its interactions with epigenetic and transcription factors on gene transcription regulation.

SPI1 historically was described mediating gene activation, but a growing number of recent studies shed light on its involvement in gene repression as well. Thus, like the mythological Roman god Janus, SPI1 encompasses the essence of two opposite aspects in one entity. In the few past years, many approaches have been designed to normalize ChIP-seq signal among conditions. One of them is the "spike-in" method, which involves the addition to two (or more) samples, that have to be compared, of a known amount of chromatin from a different and evolutionally distant specie (e.g., D. melanogaster or C. elegans for human/mouse samples). Then, a double simultaneous chromatin immunoprecipitation is performed using antibodies against the desired target and a target specific to the exogenous specie (e.g., specie-specific histone variant, such as the H2Av of Drosophila). The principle of this normalization is that the immunoprecipitation of the exogenous target is expected to be identical among the different samples. To normalize, the ChIP-seq signal of the interested sample will be multiplied by a factor obtained from the ratio between the number of reads mapped to the exogenous specie in one sample to those mapped in another.

However, in practice, this method owns several drawbacks. One is that the total number of exogenous DNA reads should not be less than 3%, and not more than 5%, of the total sequencing run of a sample [START_REF] Egan | An alternative approach to chip-seq normalization enables detection of genome-wide changes in histone h3 lysine 27 trimethylation upon ezh2 inhibition[END_REF]. This range is necessary to best evaluate the normalization factor. Indeed, a percentage lower that 3% would be statistically unrepresentative of the real amount of exogenous DNA while a quantity greater than 5% leads to the impossibility to distinguish between PCR duplicates from the library preparation/sequencing and real duplicated reads. To achieve this goal, many preliminary experiments are required to optimize the amount of exogenous chromatin to add and the quantity of antibody against the exogenous target to use. Noteworthy, since the efficiency and amount of DNA retrieved is different among different antibodies/targets, this optimization would be required for each new experimental design (changing of antibody and/or target, cell type, number of initial cells, cross-linking condition, immunoprecipitation protocol, etc.). Unfortunately, this strategy increases the costs and the time required to perform the experiment. Therefore, currently, the spike-in approach is not widely employed, and many computational methods have been developed to bypass these hurdles.

Most of the tools available for the normalization of ChIP-seq signals between samples/conditions are mainly based on the assumption that the two conditions conserve a constant signal-to-noise ratio.

Empirically, distinct treatments, for instance, could lead to a different intensity of the background noise signal. The biological reasons why this could happen are:
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• chromatin shearing

Treatments that alter the chromatin accessibility (e.g., inhibitors of chromatin modifiers) lead to enrichment, or loss, of specific DNA regions since more compacted chromatin is more resistant to sonication. This phenomenon depends also on the type of sonicator used. Indeed, certain models of sonicator are more reproducible than others (in terms of fragment size distribution for distinct sonication cycles for the same conditions) and this could imply a different efficiency in the DNA amplification (see next point). Moreover, even with the most reproducible instrument, treated and untreated cells, for instance, might respond differently to the sonication by virtue of the status of their chromatin and/or of their physiology (e.g., morphological changes).

Finally, the type and duration of cross-linking performed (e.g., only DNA-protein by formaldehyde, or protein-protein by DSG/EGS/... followed by DNA-protein) influence the shearing efficiency. Shearing efficiency impacts the PCR amplification of the immunoprecipitated fragments. Indeed, smaller fragments have a higher PCR amplification rate (required for the library preparation) than larger ones. For this reason, if the fragment size distribution between two samples is too different, the sequencing will not faithfully represent all the fragments immunoprecipitated. In this way, also the estimation of the background noise would be distorted leading to a wrong normalization.

• antibody and immunoprecipitation efficiency

To immunoprecipitate a chromatin associated protein the antibody (Ab) needs to recognize an accessible epitope. When different conditions are applied to a sample, the accessibility to the epitope may be altered, e.g. different chromatin accessibility, epitope masking/release by changes in the expression of cofactors of the target protein that are found in its vicinity, different cross-linking efficiency and therefore different accessibility to the epitope, etc.. Furthermore, if an epitope is much less available in a condition compared to another, e.g. reduced histone mark due to inhibition of its writer, knock-down/out of a protein, different epitope accessibility, etc., using the same amount of Ab for both cases would lead to an unbalance of free-Ab available (less target means less Ab bound to it). An increased amount of unbound Ab has a higher probability to bind to non-specific sites [START_REF] Marx | What to do about those immunoprecipitation blues[END_REF], augmenting in this way the background noise and therefore impairing the inter-sample normalization. Notably, in the case of the spike-in method, while the efficiency of immunoprecipitation of the spiked chromatin would be equivalent among conditions, the efficiency of the antibodies to bind the studied target will differ for the aforementioned reasons. Hence, this would result in a normalization performed on the spike-in that does not reflect the real efficiency among the two different conditions.

Finally, immunoprecipitated samples can differ between each other due to random issues such as sample loss, DNA precipitation efficiency, beads loss during washings, etc. In order to render samples comparable, many computational normalization methods have been developed. The comparison between samples is performed, in most of the cases, by two methods:

• peaks local comparison

Many of the tools available for the comparison of two samples (e.g., MACS2, DiffBind, etc.) have as starting point the called peaks. Indeed, the normalization is performed only at regions called as peaks comparing two conditions peak-by-peak. However, defining a peak can be challenging depending on the nature of the signal. For instance, the H3K27me3 and H3K9me3 are two broad histone marks that often spread over wide regions (several kilobases) with an intensity that is just slightly over the background noise and for this reason difficult to identify computationally. Consequently, in these cases, it is better to compare global signal. This strategy does not allow the qualitative comparison of the samples, by density profiles (as we did in our SPI1 study, see "Article №2"), since the tools do not provide a normalized signal (.bigWig/.bw or .bedGraph/.bdg files) as output.

• global signal comparison

The second type of comparison involves the normalization of the signal all over the genome. Indeed, in most of the analyses the normalization is performed using the sequencing depth. In this case, a scaling factor is computed (e.g., by bamCompare from deepTools). The latter corresponds to the overall signal ratio between two samples (sequencing depth). This factor can be then used to globally increase/decrease the signal of one of the two samples (multiplication/division of each score by the scaling factor). As I will describe more in detail later, this method consists of a linear transformation that changes evenly the signal at all locations without considering local bias (such as those described before).

The objective of our package, CHIPIN (ChIP-seq Inter-sample Normalization based on signal invariance, https://github.com/BoevaLab/CHIPIN), is to fill the gaps that are present in the currently available normalization tools by: a) taking into account additional biological information about the experiment (e.g., gene expression data)

The principle of our method relies on the assumption that "on average, genes whose expression is unchanged in different conditions should not show differential chromatin patterns". This statement is supported by multiple findings showing that level of gene expression is correlated with the level of occupancy of histone marks (Figure 38A-B), RNA polymerase II (Figure 38C), certain TFs (Supplementary Figure S1 from "Article №1"), and with chromatin accessibility (Figure 38D).
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The inputs files used by CHIPIN are ChIP-seq signal (.bigWig/.bw files) 11 and gene expression data (either raw counts or FPKM/TPM) belonging to the same conditions/cells/samples. In this way, it is possible to calculate the "constant genes" (those that do not change their expression among the different conditions) and collect the values of ChIP-seq density to normalize over their locus for each condition. Then, keeping as reference one of the two conditions, a normalization transformation function is calculated, by a non-linear method (quantile normalization, see next point; Figure 40), from the constant genes. Then, the whole density signal of the non-reference sample is transformed using the transformation function calculated in the previous step. As afore mentioned, CHIPIN uses a non-linear method, called "quantile normalization" (Figure 40), to normalize ChIP-seq densities belonging to different conditions.

A linear normalization is used to normalize global changes [START_REF] Hicks | Quantro: a data-driven approach to guide the choice of an appropriate normalization method[END_REF]. It means that the signal is multiplied, divided, or algebraically summed to a constant. This method keeps the correlation between variables unchanged, i.e. ′ = + 10 (Figure 39A). Whereas, when the changes analyzed are referred to a subset of the global signal, non-linear transformation, such as the quantile normalization, is preferred. In this case, the link between two variables is not maintained and therefore the law underlying their correlation is not kept (Figure 39B). An example of non-linear transformation, often applied to large biological datasets, is the conversion of data from "linear" to "log" ( ′ = log ( + 1)) to convert non-normally distributed values to a canonical gaussian-like distribution. In the context of ChIP-seq normalization, a non-linear transformation, such as the quantile normalization (Figure 40), is more accurate to describe variations of the chromatin context, antibody specificity and many other abovementioned technical issues, which are not necessarily constant at all genomic positions and genes. For this reason, estimation of a multivariate non-linear transformation would better represent the inter-sample variations required for inter-sample ChIP-seq normalization. On the other hand, linear transformation (such as sequencing depth scaling factor computation) would be sufficient to make comparable replicates of the same sample since they are supposed to show the same density signal, and any difference is to attribute only to variations in the sequencing (e.g., number of reads, PCR duplicates, library preparation, etc.).
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c) providing an output file for the normalized signal

Many of the already available tools perform the normalization between samples at the moment of the definition of the differential peaks, without providing a file with the normalized signal as output, but only the list of differential peaks. Our package provides a normalized .bigWig/.bw file that can be used for further analyses and/or visualization with software such as Integrative Genome Viewer (IGV).

Noteworthy, until know I described mainly examples of ChIP-seq data, but CHIPIN can be suitable also for ATAC-seq or DNase I hypersensitivity data normalization.

Background

In the last decade, chromatin immunoprecipitation followed by sequencing (ChIP-seq) became an important technology to study genome-wide protein-DNA interactions. In particular, application of the ChIP-seq technique allowed studying mechanisms of gene transcription including getting insights into the role of transcription factors and posttranslational modifications of histone proteins. For instance, it was demonstrated that histone modifications (acetylation, methylation, phosphorylation, ubiquitination and SUMOylation) were often involved in transcriptional regulation. Acetylation of lysine (e.g., the lysine 27 of the histone H3, H3K27ac) was linked to gene expression activation while methylation of lysine (e.g., H3K27me3 and H3K9me3) was often associated with transcriptional repression [START_REF] Kouzarides | Chromatin Modifications and Their Function[END_REF] In most studies, the ChIP-seq signal normalization is performed using the total number of sequenced fragments per sample. The data is scaled by a constant factor, for instance using the function "bamCompare" provided by the "deeptools" package ( In sum, existing methods usually evaluate the normalization parameters based on common ChIP-seq peaks, or by using only the control, and do not accept additional information, e.g., gene expression, to establish a baseline. In this paper, we fill this gap by creating a user-friendly R package for ChIP-seq data inter-sample normalization. This method is based on the biological assumption that genes with constant expression across samples have, on average, similar protein binding intensities. Indeed, the correlation between gene expression and the deposition of chromatin marks or transcription factor binding has been documented by a number of studies (Barski et 

Implementation

We propose a normalization method called ChIPIN for ChIP-seq Inter-sample Normalization of fragment density signals across multiple conditions. Our method is based on the following assumption: on average, no difference in true ChIP-seq signal should be observed in the regulatory regions of genes whose expression is constant across samples/conditions. Our algorithm comprises three main steps (Fig- 

Determining genes with constant expression between conditions/samples

The CHIPIN method is based on the assumption that, on average, no difference in true ChIP-seq signal should be observed in the regulatory regions of genes whose expression stays constant across samples/conditions. These genes are determined by the package using gene expression data (RNA-seq or micro-array). For this purpose, we compute the mean and the standard deviation of the Count Per Million (CPM) values for each gene from RNA-seq experiments or unlogged microarray values. To extract an equal percentage of "constant genes" in each range of expression values, we divide all genes into 100 equal-size groups according to the mean values of gene expression. We define the least variable, "constant" genes as genes that show the smallest standard deviation values across samples/conditions (default: 10%) in each expression group (Figure 1B, "constant genes" are depicted in red). The output of this step is a standard .bed file with gene coordinates.

In addition to the CPM format, the user can provide expression data in the form of Fragments Per Kilobase per Million mapped reads (FPKM) or Transcripts Per Kilobase Million reads (TPM), where read counts are normalized for the gene length; in this case, CHIPIN will transform the FPKM or TPM counts into values proportional to CPM using available transcript annotations (exon lengths).
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Building matrix containing ChIP-seq intensity values

Using .bigWig density files provided by the user and the .bed file containing coordinates of "constant genes", CHIPIN computes for each sample/condition the density of signal across "constant genes" and their flanking regions (+/-n Kb, n=4 by default) (Figure 1C). For this step, we use the function "computeMatrix" provided by the "deepTools" package (Ramírez et al., 2016, 2). The computeMatrix function offers the possibility to rescale all genes to the same length (default: 40kb). The rescaled gene body regions and their additional flanking regions upstream and downstream of the gene body are then segmented into bins (default bin size: 10bp). Finally, the average signal per bin for each gene is calculated. The output of this step is one matrix per sample/condition with element corresponding to the cumulated density signal per bin and per gene (Figure 1C).

Of note, CHIPIN does not explicitly take into account Input or IgG control tracks. Instead, we recommend the users to work with densities tracks already normalized for the background signal using one of the available tools. In this study, we used the .bigWig output of the HMCan software (Ashoor et al., 2013). Indeed, peak calling with HMCan allows for the correction of the ChIP-seq signal for copy number and GC-content biases; it reduces the background noise by subtracting the control signal with a constant reflecting the noise ratio of the ChIP sample.

Performing the normalization

For each sample/condition, the matrices obtained by "deeptools" at the previous step are used to infer normalization parameters. The user can choose between two normalization strategies: quantile and linear normalization, described below. CHIPIN also provides indicators illustrating the success of normalization process: (i) statistics showing the relative difference between average signal curves before and after the normalization procedure; and (ii) visualization of the signal around transcription start sites (TSSs) of "constant genes" before and after the normalization. We further describe two possible normalization strategies the user can choose from.

Linear regression with non-zero intercept

The goal of this step is to make density values in all samples/conditions comparable. Here, we choose one of the conditions as a reference (default: sample with the median signal intensity across all conditions). We separately calculate regression coefficients for each sample using the reference density profile and then normalize density profiles using these coefficients. In more detail, for each sample and the reference we first calculate the average signal per bin from the density matrices computed in 2.2 (Figure 1C). This transformation is applied on the ChIP-seq signal intensity values available in the original .bigWig files.

Then, we perform linear regression with non-zero intercept on these average intensity values:

Quantile Normalization

To perform quantile normalization, ChIP-seq signal intensity matrix calculated in section 2.2. is first averaged for genes with similar binding intensity (Suppl. Figure S2, default number of gene groups D = 20). The quantile normalization is then performed on averaged intensities of these D gene groups (Figure 1D) and the discovered normalization function is applied to the original ChIP-seq signal intensity values from .bigWig file. The mathematical transformation to obtain the normalized values from the non-normalized values for each group is learned using functions "smooth.spline" and "predict" from the R package "stats".

Profiling ChIP-seq intensity around TSS as a function of gene expression level

The CHIPIN package offers the possibility to profile the average ChIP-seq signal around gene TSSs according to gene expression values. Gene expression data, FPKM values or microarray values of all genes, are separated into three groups using k-means clustering: high-, medium-and low-expressed genes. Then the ChIP-seq signal around TSSs of these three groups of genes is visualized using a density profile (see Results 3.3. for an example of application).

Results

We validated CHIPIN in comparison with three other normalization techniques: (i) normalization to the same number of reads, (ii) the LILY method based on the idea of matching the signal in the strongest 

Results for human adrenocortical carcinoma samples

First, we applied two CHIPIN normalization methods (linear regression and quantile normalization)

and the three other techniques to H3K27ac profiles obtained for five human adrenocortical carcinoma samples. To assess the effect of the normalization procedure, we calculated and compared the average ChIP-seq density values around TSSs of "constant genes" before and after the normalization. In contrast to the three other methods, both linear and quantile normalization by CHIPIN allowed to remove significant differences between the H3K27ac average density values for this group of low-variability genes (Figure 2).

We quantified the differences between the density curves of the five samples before and after each normalization procedure (Table 1). For that, we divided the region of 8kb around the TSSs of "constant genes" into 3 zones, Zone 1 (-4Kb, -1Kb), Zone 2 (-1Kb, +1Kb), and Zone 3 (+1Kb, +4Kb) (Figure 1E). The discrepancy between each sample/condition was evaluated by the average difference in percentage of area under the density curves (Table 1). In the central region (Zone 2) corresponding to promoter regions and involved in the regulation of gene expression, CHIPIN achieved much better performance than the other approaches. Indeed, initial difference of 34.75% before the normalization was shrunk by CHIPIN to only 1.8% (quantile normalization), while the best public method, LILY, resulted in 18% of difference between the normalized profiles.
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Results for murine shSpi1-A2B cell line

To further validate the performance of CHIPIN, we analyzed the second data set, the shSpi1-A2B cell line profiled for H3K27ac in two conditions: (i) Spi1-overexpressed: Spi1++, and (ii) Spi1-repressed: Spi1-.

For each condition, we had two available technical replicates: replicate 1 and 2. To show the importance of correction for the batch effect, we further used replicate 1 for the Spi1++ condition and replicate 2 for the Spi1-condition for the validation of the CHIPIN method. At the same time, normalization to the same number of reads within Replicate 1 provided us with the ground truth (Figure 3A).

We applied CHIPIN (linear and quantile normalization) and the three other normalization techniques to H3K27ac densities calculated for Spi1++ and Spi1-conditions (Figure 3B, Table 2). CHIPIN resulted in almost perfect match of the two average density curves for "constant genes" using both quantile normalization and linear regression (0.06% and 0.1% of difference after the normalization vs 38% of difference before the normalization for the central Zone 2). Application of all other methods also allowed shrinking the difference in ChIP-seq signals between the two conditions (from 38% to 7.6%, 11.9% and 17.2% for the normalization using same number of reads, ChIPSeqSpikeInFree and LILY, respectively), without however reaching the performance of CHIPIN (Figure 3B, Table 2). 2) in the three zones surrounding TSSs of "constant genes" (Figure 1E). 3B) in the three zones surrounding TSSs of "constant genes" (Figure 1E).
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CHIPIN preserves biological differences in ChIP-seq density signals between conditions

As the CHIPIN normalization procedure uses exclusively genomic regions surrounding "constant genes", we assessed the method efficiency for maintaining biological differences in ChIP-seq signal for genes that are differentially expressed across the conditions. We extracted genes differentially expressed between the Spi1++ and the Spi1-conditions in the shSpi1-A2B mouse cell line (FC > 1.5, FDR-adjusted t-test p-value < 0.05) and then analyzed density profiles of the activator histone mark H3K27ac in the vicinity of TSS of genes up-and down-regulated in the Spi1++ condition after applying the normalization procedures (Figure 4).

Given the strong linear correlation between gene transcriptional levels and the H3K27ac promoter signal (Pearson R = 0.83, Suppl. Figure S3), we could estimate the expected shift between H3K27ac densities around gene TSSs in the Spi1++ and Spi1-conditions for up-and down-regulated genes: predicted average shifts for down-and up-regulated genes were -22.7 and 19.2, respectively, which corresponded to the ratio of 1.18 between the absolute shift values (Figure 4C). Indeed, the within replicate normalization for the same number of reads resulted in comparable shift ratio of the signals (Figures 4C andS2), corroborating our modelling strategy.

When normalizing across conditions, out of the four tested methods, CHIPIN (using both linear and quantile normalization) provided the results closest to the expected (Figure 4B,C). Application of LILY and the normalization to the same number of reads resulted in differences between H3K27ac density curves in the Spi1++ and Spi1-conditions being much stronger for genes down-regulated by Spi1 than for the up-regulated genes (Figure 4A). Inversely, the normalization by ChIPSeqSpikeInFree resulted in a much higher differences in the H3K27ac densities for the up-regulated than for the down-regulated genes.

Thus, we concluded that CHIPIN outperformed on this biological example the three other methods.
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Qualification of the specificity of the antibody used

The quality of a ChIP-seq experiment relies a lot on the efficiency and the specificity of the antibody used. Indeed, using unspecific antibodies may lead to erroneous biological conclusions. Thus, profiling the average ChIP-seq signal around gene TSSs according to gene expression values is a good way to verify that known biological patterns are respected [START_REF] Nie | The Patterns of Histone Modifications in the Vicinity of Transcription Factor Binding Sites in Human Lymphoblastoid Cell Lines[END_REF]. One can use a priory known information about the effects of binding of the protein of interest on gene expression: highly expressed genes tend to have stronger signal of "active" histone marks (e.g., H3K27ac and H3K4me3) and transcription factor binding around in their promoters, while silent genes or genes with low expression tend to have stronger signal of "repressor" histone marks (e.g., H3K27me3 and H3K9me3) in the vicinity of their TSS [START_REF] Young | ChIP-seq analysis reveals distinct H3K27me3 profiles that correlate with transcriptional activity[END_REF].

Here, we provide an example how the plot_expression function of the CHIPIN package allowed detection on unspecific binding of an antibody (Figure 5).
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France against H3K27me3 in the shSpi1-A2B cells (unpublished). For ab4729, as expected, highly expressed genes show a higher level of H3K27ac than genes of medium or low expression; while for ACM39155, highly expressed genes show an increase of intensities for H3K27me3 downstream TSS (red). This suggests a potential non-specific binding of this antibody targeting H3K27 methylation to acetylated lysines, also documented by [START_REF] Rothbart | An interactive database for the assessment of histone antibody specificity[END_REF].

We applied CHIPIN on two ChIP-seq experiments: H3K27ac in adrenocortical carcinoma samples (antibody ab4729, Abcam) and H3K27me3 in the shSpi1-A2B cells (antibody ACM39155, Active Motif). The histone modification ChIP-seq data were coupled with RNA-seq experiments measuring gene expression in the corresponding samples. CHIPIN generated profiles of average density distributions around TSSs for three groups of genes: low, medium and highly expressed genes (Figure 5).

As expected, for the adrenocortical carcinoma samples, the density around the gene TSS of the profiled H3K27ac mark positively correlated with gene expression confirming the specificity and high quality of the antibody used (Figure 5A). Surprisingly however, in the shSpi1-A2B cells the highly expressed genes (Figure 5B, red) showed a very high average density signal of H3K27me3 in gene immediate downstream region (up to 1 kb downstream TSS). This increase was also seen at some extent for the medium-and low-expressed genes and was likely to be linked to a non-specific binding of the antibody ACM39155 targeting H3K27 methylation we used for this experiment. Indeed, a recent study of antibody specificities showed that, in addition to the targeted repressive mark H3K27me3, the Active Motif antibody 39155 could also bind to several activator marks such as acetylated lysines [START_REF] Rothbart | An interactive database for the assessment of histone antibody specificity[END_REF]. This example demonstrated the utility of CHIPIN in assessing antibody specificities and in evaluating quality of a ChIPseq data set. Of note, our method should not be used when the targeted protein is overexpressed or silenced in one of the samples/conditions. Instead, spike-in protocols should be employed, followed by a normalization with an appropriate method accounting for spike-in information, e.g., HMCan-diff (Ashoor et al., 2017), to determine differentially enriched regions.

Here, we used two datasets to compare CHIPIN with other available normalization methods. For the second dataset, profiling H3K27ac in the shSpi1-A2B cell line in two conditions, two replicates were available for each condition. For the validation of our method, we chose replicate 1 for the first condition and replicate 2 for the second condition to have a stronger batch effect. In this comparison, CHIPIN outperformed the other methods (Figures 3 and4, Tables 1 and2). However, we also assessed the performance of CHIPIN in the setting where we were normalizing ChIP-seq density profiles obtained within the same replicate/batch (Figure 3A, 4A, Suppl. Figure S4 and Suppl. Table S1). Importantly, in this case as well, CHIPIN outperformed the other normalization methods. It could be however seen that the normalization to the same number of reads also provided almost perfect results (Suppl. Table S1, Suppl. Figure S4). This analysis demonstrated the importance of inter-sample normalization when comparing different replicates, while the normalization to the same number of reads could be applied on experiments performed within the same batch. S1. Percentage difference between H3K27ac density curves (Figure 3A) in the three zones surrounding TSSs of "constant genes" (Figure 1E). 
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PREFACE

Although transcription factors (TFs) were originally described as activators of transcription, recent observations have shown that some of them have the ability to repress transcription. This is the case of the pioneer TF SPI1/PU.1, a major player of hematopoiesis, whose activity alteration is associated with hematopoietic diseases. Crossing SPI1 ChIP-seq data with RNA-seq analysis in conditions of SPI1 overexpression and SPI1 low expression after short time (max 64h of Dox), showed that one third of genes were downregulated by SPI1 of which more than one-half was bound by SPI1. Furthermore, we identified that some SPI1repressed and bound genes are involved in the erythroid differentiation processes.

To answer the question of how SPI1, physiologically not expressed in the late erythroid differentiation stages, is able to induce erythroleukemic transformation through gene repression, we sought for an association between SPI1 binding localization in different regions of the gene and the outcome on gene expression. We observed an association between SPI1-dependent repression and its binding in intergenic and gene body regions. Since these regions can represent regulatory regions, we used ChIP-seq data of H3K27ac and H3K4me1 histone marks to define the chromatin status of these SPI1-bound regions. Indeed, we identified that SPI1 binds mainly on inter-and intra-genic regulatory regions characterized by the presence of H3K27ac and H3K4me1 that we defined as "active enhancers". Since SPI1 is known to bind at enhancers in collaboration with other cofactors, we identified putative SPI1 chromatin partners responsible of its repressive activity. Among these partners we retrieved the histone deacetylase 1 (HDAC1), an enzyme able to deacetylate lysins on histone (i.e., H3K27ac) and non-histone proteins.

We observed that SPI1 binding at active enhancers of SPI1-repressed genes induces a local reduction of H3K27ac mark and to the assigned Transcription Starting Site (TSS) of the genes.

To understand whether SPI1 cooperates with HDAC1 to the reduction of H3K27ac at SPI1 bound and repressed genes, we analyzed the expression of genes upon pharmacological HDAC1 inhibition by RNAseq. We observed that most of the SPI1-repressed genes was repressed by HDAC1 as-well, and expression/activity of both proteins is required for an efficient repression of the SPI1-repressed target genes.
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Analyses on the H3K27ac profile upon HDAC1 inhibition revealed that HDAC1 is able to reduce this histone mark at enhancers and TSS of SPI1-repressed genes, but also that at least two mechanisms of gene repression mediated by SPI1 exist: one HDAC1 dependent and one HDAC1 independent. Moreover, HDAC1 CUT&Tag experiments showed that HDAC1 occupies the same regions occupied by SPI1 at the enhancers of SPI1-repressed genes.

Since H3K27ac is commonly associated with a less compacted chromatin status, we analyzed the chromatin accessibility by ATAC-seq identifying a slight closing down of the chromatin at the SPI1 binding site at the enhancers and at the TSS of SPI1-repressed genes. This chromatin compaction is associated with a reduction of RNP2 loading at the TSS of SPI1 bound and repressed genes. We further identified the GATA1 motif (TF involved in the erythroid differentiation) in the vicinity of the SPI1 binding site at the de-acetylated enhancers even though its occupancy at the chromatin is not dependent on SPI1 expression.

My group has previously shown that SPI1 was able to repress the pro-apoptotic gene Bcl2l11 by inducing the deposition of H3K27me3 mark at the Bcl2l11 promoter, a repressive histone mark deposited by the PRC2 complex. We therefore investigated whether this could represent a general mechanism. The data of H3K27me3 ChIP-seq highlighted that the TSS of SPI1-repressed genes that are de-acetylated by SPI1/HDAC1 complex showed a stronger deposition of this histone mark compared to genes repressed by SPI1 without being bound by SPI1. This brought us to hypothesize that SPI1 stimulates PRC2 enzymatic activity. Thus, to test this hypothesis we performed in vitro PRC2 activity assays and demonstrate that SPI1 is able to increase the PRC2 activity on histone 3. Altogether, we show that PRC2 reinforces the inhibition of gene expression by HDAC1.

Ultimately, we identified a synergistic effect of HDAC1 and PRC2 on cell viability, cell mortality and RNA expression upon combinatorial pharmacological inhibition of the two epigenetic factors.

Overall, in this work, we characterized a new mechanism involving the synergistic combination of two epigenetic repressors, PRC2 and HDAC1 complexes, involved in the mediation of the SPI1 gene repression that plays a major role in leukemic transformation. Our results allowed to propose a model of SPI1 gene repression (Figure 6E from "Article №2").

INTRODUCTION

Transcriptional regulation is a complex process that involves an array of protein activities in a specific chromatin context. Transcription factors (TFs) are major contributors to this process that act with partners, coactivators or epigenetic factors, some of which, known as pioneer TFs, are able to render chromatin structures permissive to coactivators and epigenetic factors. The epigenetic landscape plays a major role in haematopoietic homeostasis and the differentiation programme; therefore, it has been possible to construct a complete model of haematopoiesis from chromatin dynamics (1,2). Mutations of genes encoding epigenetic modifiers (TET2, IDH1/2, DNMT3A, and ASXL1) are common in acute myeloid leukaemia (AML) patients, further indicating that this type of component plays a major role in driving AML development.

The TF SPI1/PU.1 belongs to the E26 transformation-specific (ETS) family and is a major contributor to haematopoietic control, playing an active role in myeloid and B lymphoid lineage specification and differentiation (3-5). SPI1 was originally described as a transcriptional activator and is considered a pioneer transcription factor, since it has the ability to bind to or near closed nucleosome conformations and enable cofactors to bind the chromatin (6-9). For example, in macrophages, SPI1 activates the transcription of its target genes by binding to closed chromatin, where it evicts nucleosomes through recruitment of epigenetic modifiers, such as CBP/p300 or SWI/SNF complexes (6,7,10,11). This action gives instructions to create a new enhancer with monomethylation of lysine 4 of histone 3 (H3K4me1) and to recruit additional transcription factors at enhancer sites (6,7). The function of SPI1 in the control of transcriptional activation through epigenetic regulation has also been described in B lymphoid and osteoclast differentiation (12,13). Thus, in addition to playing well-known roles in controlling gene expression in coordination with lineage-determining cofactors, the effect of SPI1 on transcriptional activity is mediated in cooperation with epigenetic regulators. The role of SPI1 in repressing transcription has been recently reported in normal haematopoiesis, in controlling an appropriate neutrophil immune response (14), in early T cells (15,16) and in osteoclasts (12). Achieving a better understanding of how SPI1 represses gene expression is particularly relevant for such lineages as erythroid or T and B lymphoid cells, in which abnormally high SPI1 expression is oncogenic and whose transcriptional repression activity causes differentiation blockage (17)(18)(19)(20). SPI1 expression is fine-tuned during erythroid differentiation (21,22). A low level of SPI1 expression is required to maintain the pool of immature erythroid progenitors during foetal erythropoiesis and stress erythropoiesis in adults (21). Complete inhibition of the expression of SPI1 is required to enable terminal erythroid differentiation after the colony-forming-unit erythroid stage (CFU-E) (23,24). Maintaining elevated expression of SPI1 in murine erythroid progenitors leads to blockage of differentiation and favours survival, initiating the erythroleukaemic process (17,23,24). Such high expression of transcriptional regu- Results IIa -Article №2 lators, including SKI, ETO2 and ERG, was recently described in more than 25% of human acute erythroleukaemia (AEL) with a prominent "erythrocyte" signature (25), thereby blocking erythroid differentiation. This finding emphasizes the need to understand their mode of action. We previously described in erythroleukaemia that SPI1 activates transcription through clustered DNA occupancy at the promoter.

Regarding the mechanisms of repression, we showed that polycomb repressive complex 2 (PRC2), an epigenetic modifier complex that controls the repressive trimethylation of H3K27 (H3K27me3) (26,27), is involved in the transcriptional repression of the proapoptotic encoding gene Bcl2l11 by SPI1 in erythroleukaemia (23). In this study, we further investigated the mechanism underlying gene repression by SPI1; specifically, we employed genome-wide analysis that combines characterization of transcriptional changes and the identification of SPI1 partners at the chromatin with epigenetic modifications of histones and chromatin accessibility. We show that SPI1 cooperates with histone deacetylase 1 (HDAC1) to deacetylate the active enhancers it occupies, thereby reducing TSS acetylation, chromatin accessibility and RNA pol II occupancy and reducing transcription. Moreover, our results reveal a synergistic effect of HDAC1 and PRC2 in mediating SPI1-induced transcriptional repression and a synergistic effect of inhibiting the two epigenetic modifiers in killing leukaemic cells. Taken together, our findings provide insight into the interplay between the SPI1 TF and two epigenetic regulators participating in the SPI1-induced transformation activity mediated by gene repression.

MATERIALS AND METHODS

Cell culture and chemicals

Leukaemic cells overexpressing SPI1 were derived from bone marrow of Spi1 transgenic mice (TgSpi1) with erythroleukemia (17) and cultured in alpha Eagle's minimal essential medium (Gibco) supplemented with 5% Fetal Bovine Serum gold (FBS-gold, PAA, A15-151), L-Glutamine (2mM, Gibco), penicillin/streptomycin (100µg/mL, Gibco) and 1U/mL of erythropoietin (EPO). The erythroleukaemic cells were engineered to express anti-Spi1 shRNAs in the presence of doxycycline (dox, 100ng/mL) as previously described (24). For HDAC inhibition, cells were incubated with indicated doses of Entinostat (MS-275, Santa Cruz), or TMP195 (M6176, AbMole). PRC2 inhibition was performed using the EZH1/2 inhibitor UNC1999 (M3107, AbMole). DMSO was used as control.

Human embryonic kidney (HEK293T) cells were grown in Dulbecco modified Eagle medium (Gibco) supplemented with 10% FBS (Gibco), L-Glutamine (2mM, Gibco), penicillin/streptomycin (100µg/mL, Gibco).

HDAC1/3 and PRC2 inhibitors synergy assay

Synergy experiments were performed by treating leukaemic cells with 0, 50, 150 or 300nM of Entinostat combined with 0, 5, 7.5, 10, 12.5, 15µM of UNC1999 for 48 hours. Number of viable cells was determined with DAPI labeling (0.5µM) in 96-well plates by BD High Throughput Sampler (HTS) option from the BD LSRFortessa flow cytometer. FACS data were analysed using FlowJo v10.6.2 software (Tree Star). Synergy evaluation was performed using the zero-interaction potency (ZIP) model ( 28) with R v3.6.3 through the Bioconductor package synergyfinder v2.0.5 (29).
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Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia Synergy effect is expressed as a synergy score, or delta score (δ), that corresponds to no interaction (δ=0), synergy (δ>0) or antagonism (δ<0) between the combined drugs.

Generation of Avi-tagged HDAC1

Hdac1 was amplified with flanking AscI (5'-CCCTCACTCGGCGCGatggcgcagacgcagggcaccc-3') and NsiI (5'-AA- 

Lentiviral transduction

For lentiviral particles production, HEK293T were co-transfected with the Avi-GFP or HDAC1-Avi-GFP vectors carrying BirA biotin ligase with the lentiviral pMD2.G -VSVG and pCMV-Gag-Pol using jetPRIME reagent (Polyplus transfection). Lentiviral particles were harvested 48h post-transfection and ultracentrifuged for 90min at 80 000g. Leukaemic cells were transduced with lentiviral particles for 24h before sorting on BD FACSAria III cell sorter. GFP positivity was checked before each experiment.

Immunoprecipitation, pull-down, protein extraction and immunoblotting

Avi-tagged protein technology is based on the biotinylation of Avi-Tag by the BirA biotin ligase and on the specific binding of streptavidin to biotin for pull-down. 

Chromatin Immunoprecipitation (ChIP) assay

ChIP assays were performed using the ChIP assay kit (Millipore) following the manufacturer's protocol as previously described (32). ChIP samples were sonicated for 17min using the Covaris S220 sonicator (peak power 220, duty factor 20 and cycle Burst 200) was used for sonication. For more details on antibodies and protein A/G coupled beads choice, see Supplementary data. ChIP were either sequenced or quantified by real-time quantitative PCR (RT-qPCR). ChIP experiments were repeated at least three times when analysed by quantitative PCR.

Quantitative PCR was performed on the 7500 RT-qPCR System (Applied Biosystems) using home-designed oligonucleotides (primers listed in Supplementary data) and SYBR-green buffer (Applied Biosystems). Immunoprecipitated DNA is compared to input sample by the comparative Ct method. Immunoprecipitated DNA enrichment is expressed as % of input.

CUT&Tag assay, library preparation and sequencing

The HDAC1 CUT&Tag assay and library was performed using CUT&Tag-IT Assay Kit (Active Motif) following the manufacturer's protocol on 0.5×10 6 leukaemic cells. The libraries were sequenced on NovaSeq 6000 system to obtain 10×10 6 paired-end reads (50bp) following Illumina's instructions. 

In vitro PRC2 methyltransferase assay

Reverse phase ultra-fast liquid chromatographic (RP-UFLC)-based separation and quantification of the fluorescein-labeled peptide H3K27me1

A 11-amino-acid peptide derived from the histone H3.1 protein centered around the lysine 27 residue was synthetized, conjugated to fluorescein amidite (FAM) on its N-terminus and modified by amidation (NH2) on its C-terminus (Proteogenix). A K27 mono-methylated form of this peptide (H3K27me1) was also synthesized and used as a stand- (MBS1265403, MyBioSource) or BSA (Sigma Aldrich). The reaction was stopped with perchloric acid (HClO4) (15% v/v in H2O). Samples were separated by RP-UFLC (Shimadzu) using Kromasil 100-5-C18 column, 5µm particle size at 40°C. The mobile phase used for the separation consisted of a mix of solvent A containing water with 0.1% perchloric acid (HClO4) and solvent B containing acetonitrile with 0.12% trifluoacetic acid (TFA). Separation was performed by an isocratic flow as followed: 80% solvent A + 20% solvent B, rate of 1mL/min, run time of 30min. H3K27 peptide and its methylated product were monitored by fluorescence emission (λ = 530nm) after excitation at λ = 485nm and quantified by integration of the peak absorbance area.

RNA extraction and quantification by real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from cells using RNeasy Plus Mini Kit (Qiagen) and 1µg was reverse-transcribed using Superscript IV Reverse Transcriptase (Invitrogen). RT-qPCR was performed using TaqMan Gene Expression Assays (Applied Biosystems) on the 7500 RT-qPCR System (Applied Biosystems) with the probes listed in Supplementary data. Fold changes in mRNA expression levels were calculated relative to untreated control condition and normalized to Polr2a mRNA level using the 2 -∆∆Ct formula.

RNA library preparation and sequencing

RNA quality was evaluated using an Agilent Fragment Analyser apparatus as described in the manufacturer's procedure (Agilent Technologies, Basel, Switzerland). RNA-seq libraries were generated from 300ng of total RNA Illumina TruSeq RNA Sample Preparation Kit v2 (Part Number RS-122-2001). Libraries were sequenced on Illumina HiSeq 2500 or 4000 as 100bp paired-end reads following Illumina's instructions. Sequencing was performed to obtain at least 5.5×10 7 reads for each sample. Sequence reads were mapped onto mm10/GRCm38 assembly of mouse genome using STAR v2.5.3a (33).

ChIP library preparation and sequencing

ChIP samples were purified using Agencourt AMPure XP beads (Beckman Coulter). ChIP-seq libraries were prepared from 5ng of double-stranded purified DNA using the MicroPlex Library Preparation kit v2 (C05010014, Diagenode s.a.).

The libraries were sequenced on an Illumina Hiseq2500 or Hiseq4000 sequencer as 100bp (for SPI1, RNA-pol II and H3K27ac upon Entinostat treatment) or 50bp (for H3K27me3, H3K4me3, H3K4me1, and H3K27ac upon dox treatment) Paired-End reads following Illumina's instructions. Image analysis and base calling were performed using RTA v2.7.7 and bcl2fastq v2.17.1.14. Adapter dimer reads were removed using DimerRemover (https://sourceforge.net/projects/dimerremover/). Reads were aligned to the mouse reference genome (GRCm38/mm10) using Burrows-Wheeler Aligner (BWA) (bwa-mem algorithm) (version: 0.7.17-r1188) (34). Peak calling was performed using HMCan (35). More details are described in Supplemental data. Two independent experiments of H3K27ac and H3K27me3 were performed.
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ATAC assay, library preparation and sequencing

Cells were washed with cold PBS, and tagmented as previously described (36) using the Nextera Library Prep Kit (Illumina). Tagmented DNA was then purified using the MinElute PCR purification kit (Qiagen), amplified with 10 cycles of PCR, and purified using Agencourt AMPure SPRI beads (Beckman Coulter). Resulting material was quantified using the KAPA Library Quantification Kit for Illumina platforms (KAPA Biosystems), and sequenced with PE42 sequencing on the NextSeq 500 sequencer (Illumina). Two independent experiments were performed.

Bioinformatic data analysis

Details for bioinformatic analyses are described in Supplemental data.

RESULTS

SPI1 represses gene transcription through binding to active enhancers

To characterize the process of gene repression mediated by SPI1, we investigated genes transcriptionally repressed by SPI1 by performing RNA-seq on leukaemic cells derived from sick TgSpi1 mice and secondarily engineered the cells to produce inducible shRNA against Spi1 after dox treatment (24). Fortyeight hours of dox treatment reduced the SPI1 protein expression level by up to 90% (Figure 1A), and SPI1 was no longer detected on the chromatin (Figure 1B). We identified 1579 differentially expressed genes (DEGs) between dox-untreated (SPI1 + ) and dox-treated cells (SPI1 -) for 48 h; 972 genes were activated and 607 were repressed in the presence of SPI1 (Supplementary Figure S1A and Supplementary Table S1).

Using SPI1 ChIP-seq results obtained from these erythroleukaemic cells (32), we assigned to genes peaks within 50 kb upstream of the transcriptional start site (TSS) and 3kb downstream of the transcription end site (TES) (Supplementary Table S2). The fraction of genes bound by SPI1 was higher among SPI1repressed (57%) and SPI1-activated (66%) genes than among NoResp genes (25%) (Figure 1C). DAVID gene ontology enrichment analyses for repressed genes with SPI1 bound to chromatin demonstrated transcriptional misregulation in erythroid differentiation processes, but this phenomenon was not observed for genes not bound by SPI1 (Figure 1D and1E).

Taken together, these results indicate that similar to gene activation, direct SPI1 binding is associated with repression of gene expression.

To characterize how SPI1 bound to chromatin reduces gene expression, we first investigated whether the repression capacity of SPI1 was associated with the nature of the interacting subgenomic region.

Peak annotation was performed using ChIPseeker across the six following genomic subregions of gencode-annotated genes: intergenic regions (-50 kb; -2 kb), the distal promoter (-2 kb; -1 kb), the immediate upstream promoter (-1 kb; TSS), the immediate downstream promoter (TSS; +1 kb), the gene body (+1 kb; TES), and the downstream region (TES; TES+3 kb) (Figure 1F). By computing the odds ratios and significance using Fisher's test, we evaluated the association between two events, that is, the transcriptional Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia status (repressed or NoResp) and the SPI1-occupied genomic subregion. SPI1-repressed genes exhibited a strong and significant enrichment for SPI1 peaks located in intergenic regions (x1.5), in the distal promoter (x1.8) and inside the gene body (x2.5), with no enrichment being observed close to TSS (from -1 kb to +1 kb). Considering the number of SPI1 peaks in each subregion of repressed genes, we also found that the large majority of peaks were located in intergenic regions and gene body regions (Supplementary

Figure S1B

). A total of 226 out of the 325 SPI1-bound genes contained a peak in the gene body, of which 72% (163/226) displayed no other peak elsewhere and 13% (30/226) showed another peak in the intergenic region (Figure 1G). Sixty-nine genes displayed a SPI1 peak in the intergenic region, of which 45% (35/69) displayed no other peak elsewhere and 43% (30/69) showed another peak in the gene body.

These findings indicate that in the majority of repressed genes, SPI1 binds only to one location. Furthermore, in the repressed genes, the peaks located in intergenic regions were distributed near the promoter, while the peaks located inside the gene body were more homogenously distributed across this region (Supplementary Figure S1C). Due to the low number of genes repressed and bound by SPI1 in the distal promoter region (14/325) (Supplementary Figure S1B), we excluded this category for further study.

These results suggest that the gene body and intergenic regions are two regions that play key roles in the transcriptional repressing effect exerted by SPI1.

Next, we explored whether the gene body and intergenic regions bound by SPI1 in repressed genes are potential distal cis-regulatory elements (DREs) using the presence of two chromatin marks, histone 3 lysine 27 acetylation (H3K27ac) and lysine 4 monomethylation (H3K4me1), identified by ChIP-seq in leukaemic cells. Using ChromHMM, we established the three following chromatin statuses: regions presenting only H3K4me1 marks are defined as "inactive enhancers", regions presenting both H3K4me1 and H3K27ac are "active enhancers", and regions with neither of the two are called "non-enhancers". A total of 91.3% and 90% of the SPI1 peaks located in intergenic or gene body regions of repressed genes, respectively, were enhancers, of which 64% were active enhancers (Figure 1H).

Taken together, these results show that SPI1 represses gene expression primarily by binding to active distal regulatory regions that are active enhancers in the intergenic or gene body regions of repressed genes.

Université We observed that enhancers whose H3K27ac signal level was reinduced by SPI1 depletion were also repressed by HDAC1 inhibition, supporting that HDAC1 plays a role in the deacetylation of the SPI1bound enhancers of those genes (Figure 3C). In contrast, the highest acetylation in the presence of SPI1 for the H3K27ac NotDown enhancers argues against HDAC1 deacetylation activity at those SPI1 binding sites of this subset of repressed genes. The same results were obtained for replicate experiments of H3K27ac ChIP-seq on cells treated or not treated with dox and treated or not treated with the HDAC1i entinostat (Supplementary Figure S5E and F, respectively). Importantly, HDAC1 occupied active enhancers of repressed genes that were deacetylated in the presence of SPI1, as shown by CUT&Tag experiments performed using an HDAC1 antibody (Figure 3E).

Notably, the HDAC1 profile in TgSpi1 erythroleukaemic cells proportionally colocalized with the SIN3A profile but not with the histone acetylase P300 (previously published datasets, ( 45)) profile in erythroleukaemic cells (Supplementary Figure S5G), consistent with their opposite roles in transcription.

Taken together, these results indicate that in a subset of genes, SPI1 cooperates with HDAC1 to deacetylate active enhancers located at intergenic and gene body regions, thereby reducing TSS acetylation and inhibiting gene transcription. (A andB) Density plot profiles of H3K27ac signals in SPI1 + (untreated, red) or SPI1 -(54 h dox treated, blue) cells for SPI1-repressed genes centred on SPI1 peak summits at active or inactive enhancers (A) or in two separated subgroups of genes according to H3K27ac differential signal (dox untreated versus dox treated) at enhancers bound by SPI1. H3K27ac Down stands for enhancers with FCH3K27ac ≥ 1.5 and H3K27ac NotDown stands for enhancers with FCH3K27ac < 1 (B). Profiles of H3K27ac signal at SPI1-bound enhancers and at the TSS of the same genes are shown as illustrated. n= number of SPI1 peaks or of TSSs. (C) Density plot profiles of H3K27ac normalized signal in untreated (DMSO, red) or entinostat-treated (for 6 h at 3 µM, green) cells for SPI1-repressed genes whose enhancers are bound by SPI1. Profiles are centred on SPI1 peak summits at enhancers or at the TSS of the genes for the same groups of genes as in (B). (D) The H3K27ac, H3K4me1 and SPI1 binding patterns are shown at the Arhgap23, St3gal6 and Sox6 loci for SPI1 + or SPI1 -and untreated (DMSO) or entinostat-treated cells. Sites of SPI1 binding at enhancers and around TSSs of the same genes are highlighted in yellow. Representative results from one experiment. (E) SIN3A (ChIP) in MEL cells (42), the HDAC1 signal profile (CUT&Tag) and the SPI1 binding pattern in TgSpi1 erythroleukaemic cells are shown at the Arhgap23, St3gal6 and Sox6 loci. Sites of SPI1 binding at enhancers and TSSs are highlighted in yellow.

SPI1 represses gene transcription through reduction of chromatin opening at enhancer and TSS and reduces RNApolII occupancy

Lysine acetylation is believed to control chromatin accessibility by changing histone charge and, consequently, loosening the binding of histones with DNA and reducing the contact between histones in adjacent nucleosomes (46). Lysine acetylation is also a binding target for proteins bearing bromodomains, which are mainly proteins stimulating transcriptional machinery (47)(48)(49). To evaluate whether the presence of SPI1 at enhancers impacts chromatin accessibility and/or the transcriptional machinery at promoters, we performed a comparative analysis of transposable-accessible chromatin (ATAC)-seq and RNA pol II ChIP-seq between leukaemic cells and cells in which SPI1 was knocked down by dox treatment. The quality and sensitivity of ATAC-seq and RNA pol II ChIP-seq were evaluated by the correlation of the signal at the TSS with the level of gene expression in leukaemic cells (50,51). As expected, ATAC signal intensity was lower for genes with low expression than for genes with high expression but was barely able to differentiate genes with intermediate expression from genes with high expression levels (Supplementary Figure S6A). RNA pol II was positively proportional to mRNA quantity. Notably, even though SPI1 strongly reduced H3K27ac intensity (H3K27ac Down ), SPI1 binding at enhancers only slightly diminished local chromatin accessibility, exhibiting a narrowing of chromatin accessibility in the presence of SPI1 (Figure 4A and Supplementary Figure S6B). A stronger reduction in chromatin accessibility by SPI1 was observed at the TSS of those genes. Figure 4B presents the differences in ATAC density signals between SPI1 -and SPI1 + cells at each SPI1 peak and confirms that chromatin accessibility was reduced by SPI1 at a majority of SPI1 binding sites and associated TSSs (Figure 4B). This reduction is illustrated by the signal track at the St3gal6 and Sox6 loci (Figure 4C). Interestingly, SPI1 repressed RNA pol II occupancy in leukaemic cells (Figure 4D). The images were different for the H3K27ac NotDown group of repressed genes in which enhancers were not deacetylated by SPI1. Indeed, enhancer regions were opened up by SPI1, the TSS region was significantly closed down by SPI1, and the level of RNA pol II at the TSS was not modified (Figure 4A, 4B and4D). The features of chromatin accessibility described in this group of genes were surprising, as they resembled those of the activated genes (Figure 4E Taken together, our findings revealed at least two mechanisms by which SPI1 inhibits transcription.

The first mechanism involves deacetylation of active enhancers with a reduction of chromatin accessibility locally at SPI1 binding sites and at TSS, probably mediated by HDAC1, in association with a reduction of RNA pol II occupancy. The second mechanism is associated with increased acetylation and chromatin accessibility in the presence of SPI1 at enhancers and independent of HDAC1.

SPI1 represses enhancers that are enriched for GATA1

The fact that the reduction of SPI1 at the chromatin was not associated with a strong inactivation of chromatin is consistent with a process in which SPI1 binds to active enhancers where several other TFs are present.

We attempted to identify TFs located at enhancers where SPI1 repressed the H3K27ac signal (H3K27ac Down ) in SPI1-repressed genes and performed motif enrichment analysis. The TAL1:GATA1 and GATA1 motifs were the most significant motifs in repressed enhancers compared to enhancers of repressed genes whose H3K27ac was not restrained by SPI1 (H3K27ac NotDown ) and compared to activated genes (Figure 4F). Using previously published GATA1 ChIP-seq data (52) in murine erythroleukaemia (MEL) cells, we found that 68% of enhancers that were deacetylated by SPI1 (H3K27ac Down ) were sites also bound by GATA1 in proximity to SPI1, while this percentage was only 24% for H3K27ac NotDown enhancers, revealing a specific enrichment for GATA1 binding sites in SPI1-deacetylated enhancers.

To determine whether SPI1 was recruited by GATA1 at its binding sites, as previously proposed (53,54), or whether both factors were directly bound to chromatin, we attempted to identify SPI1 or GATA1 motifs around SPI1 binding sites in each gene using FIMO of the MEME suite. We found that 93.5% of enhancers cobound by SPI1 and GATA1 exhibited coexistence of SPI1 and GATA1 motifs in the proximal vicinity, with 80% being localized at sequences ±150 bp from SPI1 peak summits (Supplementary Figure S7A). Thus, these results are consistent with direct binding of SPI1 to chromatin, rather than binding through recruitment by GATA1.

Since deacetylation was associated with reduced chromatin accessibility in the presence of SPI1 at enhancers, we compared ATAC-seq at regions co-bound by GATA1 and SPI1 and showed that SPI1 led to chromatin inactivation at these sites (Figure 4G). However, except for Nprl3, GATA1 ChIP-qPCR experiments showed that the enrichment of GATA1 binding was similar in leukaemic cells and cells depleted of SPI1 (Supplementary Figure S7B). This result suggests that the presence of SPI1 at enhancers did not impair GATA1 occupancy at most of its targets.

Taken together, these results indicate that SPI1 reduces the transcription of a subset of genes by contributing to deacetylation with HDAC1 and reducing chromatin accessibility at active enhancers, some of which are potential targets for GATA1 in erythroid cells. The fact that the genes whose enhancers were not deacetylated were not enriched for GATA1 binding with SPI1 provides additional evidence for distinct modes of gene repression by SPI1. 

PRC2 synergizes with HDAC1 to mediate SPI1 repressive activity that enables leukaemic cell survival

We have previously demonstrated that polycomb repressive complex 2 (PRC2), known to control the methylation of H3K27 ( 55), interacts physically and functionally with SPI1 and participates in the repression of Bcl2l11 gene expression in leukaemic cells from TgSpi1 mice (23). To define whether the role of PRC2 is restricted to Bcl2l11 or is more widely involved in the repressive transcriptional function of SPI1 in leukaemic cells, we analysed the presence of the H3K27me3 mark as a function of the SPI1 expression level. The inverse correlation of H3K27me3 intensity at the TSS with the gene expression level validated the quality of H3K27me3 ChIP-seq (Supplementary Figure S8A). When SPI1 was present at enhancers, regardless of its transcriptional activity, density profiles of H3K27me3 signal around the TSS or SPI1 showed that the level of SPI1 occupancy was inversely correlated with the level of H3K27me3 (Supplementary Fig- ure S8B). In contrast, for SPI1-repressed genes, the level of H3K27me3 intensity around the TSS of genes with SPI1 bound at deacetylated enhancers (H3K27ac Down ) followed the presence of SPI1, concordant with the fact that the RNA level was reduced by SPI1 (Figure 5A). More surprisingly, when SPI1 was bound at deacetylated enhancers (H3K27ac Down repressed genes), it impacted the H3K27me3 intensity around the TSS more than when it was not present (SPI1 not bound repressed genes) (Figure 5A, compare left and right panels). The difference between SPI1 bound and not bound genes was verified when the comparison was performed gene by gene between cells expressing SPI1 and cells for which SPI1 was knocked down (Figure 5B). This result may be observed due to the release of H3K27 substrate and/or to the activity of SPI1, since SPI1 interacts physically with PRC2 in leukaemic cells (23). To define whether SPI1 might directly act on PRC2 activity, we performed an in vitro PRC2 activity assay by measuring the incorporation of a methyl group from the S-adenosyl methionine (SAM) donor on three increasing quantities of recombinant histone H3.1 mixed with increasing molar ratios of SPI1:PRC2 (Figure 5C and Supplementary Figure S8C). We found that SPI1 with PRC2 stimulates trimethylation of H3 compared to PRC2 alone or PRC2 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia mixed with BSA (negative control). Moreover, H3K27 monomethylation (H3K27me1), evaluated by HPLC, indicated a reduction in the monomethylation of the H3K27 peptide with the increased amount of SPI1 (Figure 5D), further supporting that SPI1 favours PRC2 activity.

In conclusion, these results suggest that SPI1 stimulates the trimethylation of H3K27 to the promoters of repressed genes when it is linked to active enhancers whose acetylation is reduced. Evidence indicates that SPI1 may play an active role in this process by stimulating PRC2 activity. Next, we investigated whether HDAC1 and PRC2 cooperate in mediating transcriptional repression by SPI1. To this end, leukaemic cells were cultured in the presence of a pharmacological inhibitor of EZH1/2, UNC1999, and the HDAC1/3 inhibitor entinostat. As expected, HDAC1/3 inhibition by entinostat increased H3K27 acetylation, and EZH1/2 inhibition by UNC1999 abolished the trimethylation of H3K27 (Figure 6A). Notably, the combination of the two inhibitors synergistically exacerbated acetylation of H3K27. Next, we analysed the transcriptional consequences of the pharmacological inhibition of PRC2 and/or HDAC1 on SPI1 target genes involved in erythroid differentiation or in survival, whose SPI1 induces deacetylation of their enhancers (Bcl2l11, Alas2, St3gal6, and Ptp4a3) (Figure 6B). Except for the Alas2 gene, treatment with UNC1999 or entinostat showed no effect on gene transcription. The combined treatment induced a strong increase in the transcription of genes repressed by SPI1 (Figure 6B), indicating that optimal repression indeed requires both HDAC1 and PRC2.

Since a large portion of SPI1-repressed genes encode proteins involved in erythroid differentiation through chromatin binding (Figure 1D), we investigated whether the two inhibitors could synergize to restore erythroid differentiation. Experiments using different concentrations of UNC1999 and entinostat did not enable the erythroid differentiation blockade to be released (data not shown). Next, we evaluated the synergistic effect of the two inhibitors on cell proliferation and survival. Cells were cultured in the presence of increasing doses of entinostat combined with increasing doses of UNC1999, and the percentage of dead and alive cells was quantified by flow cytometry using DAPI staining. Calculation of a synergy score per combination of doses demonstrated the synergistic effect of the combination of the two inhibitors on stopping proliferation and killing leukaemic cells (Figure 6C). The cytotoxic and cytostatic effects of the combination of the two drugs were illustrated by the increase in the percentage of dead cells and the inhibition of cell proliferation over time (Figure 6D). Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France (A) Leukaemic cells were treated with entinostat (150 nM) and/or UNC1999 (10 µM) or both for 72 h. Whole-cell extracts were analysed by immunoblotting with antibodies against H3K27ac, H3K27me3 and H4 (loading control). (B) Quantitative RT-PCR analysis of repressed gene expression in leukaemic cells treated with DMSO (control), entinostat 150 nM, UNC1999 10 µM or the combination of both inhibitors for 72 h. Data represent the mean FC ± SEM relative to untreated cells normalized to PolR2a mRNA of 3 independent experiments. (C) Cells were treated for 48 h with different concentrations of entinostat with or without UNC1999. The synergy score calculated by the ZIP method on the number of live cells or percentage of dead cells is represented by a 3D surface heatmap. Green, significant synergy; red, significant antagonism; white, additivity. (D) Cells were treated with DMSO (control), entinostat 150 nM, UNC1999 12.5 µM or the combination of both inhibitors for the indicated hours. Mean ± SEM of the number of live cells and percentage of dead cells measured by trypan blue exclusion assay (n=3 independent experiments). (E) Schematic of the working hypothesis representing a mechanism of gene repression by SPI1 based on our results and previously published data. TFs (GATA1 in certain genes) and coactivators required for gene activation are bound to enhancers. SPI1 binds to active enhancers and, through HDAC1, triggers deacetylation of enhancers and distal regions around the TSS. Consequently, chromatin is slightly condensed at enhancers and closed down around the TSS, the total RNA pol II quantity is reduced at the TSS, and the RNA transcription rate is decreased. Reduction of RNA molecules is associated with the venue of PRC2 to chromatin and H3K27 methylation deposits potentially emphasized by SPI1. The PRC2 complex reinforces HDAC1 transcriptional inhibition.

DISCUSSION

SPI1 is a major haematopoietic TF with pioneering function whose positive activity in transcription has been widely described in normal haematopoiesis. Recently, accumulating evidence has also indicated a major activity of SPI1 in repressive transcriptional function in normal processes of differentiation.

Distinct mechanisms according to haematopoietic lineages with direct or indirect binding to regulatory regions of repressed genes have been reported (12,(14)(15)(16). In this study, we characterized a new mechanism involving the synergistic combination of the two epigenetic repressors PRC2 and HDAC1 complexes used by SPI1 to repress gene expression, which plays a major role in leukaemic transformation. This function is dependent on SPI1 binding to regulatory intergenic or intragenic regions and involves deacetylation at both bound enhancers and distant TSSs by HDAC1. PRC2 reinforces the inhibition of gene expression, and its activity at promoters is actively favoured by SPI1 when bound at distant regulatory regions.

SPI1 is a determining lineage factor whose expression level controls the engagement of progenitors towards lineage specification. In myeloid and B-lymphoid cells, SPI1 activates lineage-specific genes due to lineage-specific coactivators at enhancers (6,7,56). Instead, activation of common housekeeping genes is associated with an enrichment of SPI1 occupancy at promoters without requiring lineage-specific coactivators but with a higher affinity of binding to chromatin compared to enhancers (6,7,56). Our previous findings in erythroleukaemic progenitors, in which SPI1 activates genes by multiple promoter occupancies independent of lineage determining cofactors, are consistent with the way in which SPI1 activates common genes between lineages. In this study, we found that gene repression by SPI1 is mainly associated with an enrichment of SPI1 at active enhancers instead of promoters. The results obtained in this work provide additional evidence that SPI1 inhibits gene expression levels through direct binding to DNA, including repression of genes controlling the erythroid differentiation process (57).
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Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia RIME experiments allowed identification of proteins at chromatin with SPI1. Consistent with previous findings (40,41), we found SWI/SNF complexes and splicing factors to be chromatin interactors of SPI1.

Interactions of SPI1 with HDAC1 in HeLa cells or with SIN3A and HDAC2 in myeloid progenitors and AML1-ETO AML have been previously described (58,59). Recently, SPI1 has been described to restrain neutrophil activation by antagonizing the AP-1 transcription factor JUNB through its interaction with HDAC1 (14). In this study, we show that this interaction mediates SPI1 repressive activity and participates in the transformation activity of SPI1 in erythroleukaemia, emphasizing the major function of the SPI1 and HDAC1 interaction in different lineages.

In contrast to Kihara-Negishi et al. (59), who showed that HDAC1 and SPI1 downregulated the activities of various promoters in luciferase reporter experiments without SPI1 binding to DNA in HeLa cells, we clearly demonstrated that SPI1 represses genes through its binding to DNA in erythroid cells. This discrepancy may be explained by the use of an exogenous luciferase reporter that does not acquire chromatin structure in HeLa cells and/or by SPI1 binding at distal regions to promoters in the plasmids.

Our work distinguishes at least two modes of transcriptional repression intrinsic in SPI1 occupancy to active intergenic or gene body enhancers (Figure 6E).

For one subgroup of genes, we described a decrease in acetylated H3K27 by SPI1 taking place locally at SPI1-bound enhancers and at distal TSS not bound by SPI1 in association with weak but significant decreased chromatin accessibility. We showed that i) HDAC1 was detected with SPI1 at enhancers, ii)

HDAC1 inhibits acetylation of SPI1-bound enhancers and TSS, iii) HDAC1 represses the expression of SPI1repressed genes and iv) HDAC1 inhibition decreases SPI1 activity in repressing transcription. Together, these data provide evidence that HDAC1 mediates SPI1 repressive transcriptional activity by creating a deacetylated and, at least in a part of genes, a nonpermissive chromatin structure. More research is necessary to define whether, as with immune-related genes in neutrophils ( 14), SPI1 recruits or stabilizes HDAC1 or improves its activity in erythroleukaemic cells. Since SPI1 also interacts with the histone acetylation (HAT) CBP/P300, questions have been raised regarding the role played by SPI1 in the equilibrium between HATs and HDACs.

Deacetylated enhancers of this subgroup of genes are specifically enriched with GATA1 binding at the TAL1:GATA1 composite motif. However, the reduction in chromatin accessibility at these sites did not restrain GATA1 accessibility, at least at all its binding sites, excluding the possibility that SPI1 acts mainly by decreasing TF accessibility through reshaping chromatin structure at enhancers. Previous reports proposed that SPI1, by binding to GATA1, impedes GATA1 acetylation (53) or histone acetylation at promoters of GATA1 targets (51), which is required for GATA1 binding to chromatin (60,61). Our results, which indicate a strong association between GATA1 binding and regions whose acetylation is controlled by SPI1, are consistent with these propositions. We show that the functional interaction between SPI1

Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 157 Results IIa -Article №2 and GATA1 would happen through direct access to both TFs to chromatin and not through SPI1 recruitment by GATA1. Additionally, HDAC1, through the SPI1 interaction, may also participate in GATA1 deacetylation and thus reduce its transcriptional activity, as was shown for HDAC5 (62). However, the question of how deacetylation of GATA1 would impact transcription remains unanswered, since we did not find eviction of GATA1 from chromatin as a major consequence of the presence of SPI1, despite the demonstration that acetylation of GATA1 controls chromatin occupancy and transcription activity. Interestingly, nucleosome shifting at GATA1-bound enhancers specifically facilitates the binding of TAL1 but not GATA1 and is linked to the subsequent transcriptional regulation of target genes (63). One hypothesis arising from this observation may be that deacetylation of chromatin or GATA1 by SPI1/HDAC1 impedes chromatin accessibility or interactions of GATA1 partners required for positive activation of GATA1 targets, such as TAL1 (64). HDAC activity in losing accessibility of enhancers pre-bound by SPI1 has been reported in the myelogenous leukemia line K562, but in contrast to the erythroid leukemic cells, SPI1 was not instructive in the HDACi transcriptional changes of these genes (65).

In addition to controlling chromatin accessibility, histone acetylation also affects the binding of bromodomain and extraterminal motif proteins (BETs), such as BRD2, BRD3 and BRD4 (bromodomain-containing protein), at chromatin (66,67), which stimulate transcription by promoting RNA pol II elongation and stability (68,69). Our results demonstrate that at the TSS, RNA pol II is associated with deacetylation of enhancers by the SPI1/HDAC1 axis in this fraction of repressed genes and is compatible with a decrease in BRD chromatin occupancy consequent to deacetylation.

Our findings also identified a second interesting group of repressed genes whose distal regulatory regions are bound by SPI1 and, in contrast to the first group, exhibits more acetylation and increased chromatin accessibility with SPI1. These epigenetic modifications are opposite to deacetylating HDAC1 activity and suggest that SPI1 represses those genes independently of HDAC1. Notably, searches for TF motif enrichment indicate that SPI1 binding occurs mainly at class I ETS-specific binding sites and not in association with GATA1 binding. Further studies are needed to understand what mechanisms are responsible for the reduction in transcription of these genes.

It should be noted that for upregulated genes, SPI1 binding at enhancers was strongly associated with chromatin opening up of these regions, which is in keeping with its role as a pioneer TF in the positive regulation of genes. This gene upregulation takes place without impacting chromatin accessibility at the TSS while strongly increasing RNA pol II loading. The absence of a correlation between chromatin accessibility at the TSS and transcriptional activation was also observed for inflammatory SPI1activated genes in neutrophils, in which TSS ATAC signal intensity was inversely correlated with transcription (14), or in macrophages in which nucleosomes were not evicted at promoters in contrast to enhancers (70).
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Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia

In addition to HDAC1, our work reveals a role of PRC2 as a complementary process to mediate the activity of SPI1 in repressing transcription. Recent data indicate that the polycomb complex, which controls the methylation of H3K27, maintains the repressed state of a gene (26,27) but is not the initiator of repression (55). Indeed, the most recent model of recruitment of polycomb proposes that a decrease in newly synthesized RNA during gene repression allows the transfer of PRC2 from RNA to chromatin with consequent amplification of methylation at histone H3K27 (71)(72)(73). In this situation, PRC2 acts in the context of a weakly transcribed gene to maintain repression by favouring trimethylation through the TSS position (74). Consistent with this model, we found that H3K27me3 increased at promoters of SPI1repressed genes bound or not bound by SPI1. Moreover, we determined that the fraction of genes that were repressed through the SPI1/HDAC1 axis displayed an even higher level of H3K27me3 marks at the TSS than the SPI1-repressed genes that were not occupied by SPI1. SPI1 and PRC2 interact physically (23,75), and SPI1 is able to favour PRC2 activity, at least in vitro. We proposed that PRC2 activity may be triggered as a result of the decreased RNA expression level due to HDAC1 and that the presence of SPI1 at chromatin may favour PRC2 activity, further maintaining low expression of RNA (model described in

Figure 6D

). Consequently, PRC2 reinforces the repression of the transcriptional level of genes. Interestingly, this action is not only additive to the repressive activity of HDAC1, but HDAC1 and PRC2 activities synergistically enhance gene repression. However, erythroid differentiation blockade was not reversed using a combination of PRC2 and HDAC inhibitors, probably because the inhibitors have a strong effect on cell survival. This activity supports to the role of PRC2, that we previously described (23), in mediating the antiapoptotic function of SPI1 by repressing the Bcl2l11 gene encoding the BIM proapoptotic protein in erythroleukaemic cells.

Alterations in PRC2 complex components appear to be relatively rare events in AML (76,77), and when identified, they are associated with loss of function. However, PRC2 activity has also been shown to be required for AML1-ETO9a or MLL-AF9 leukaemic cell growth, revealing a dual role for PRC2 in AML and its interest as a therapeutic target for certain types of leukaemia (78)(79)(80), including erythroleukaemia, as suggested by our work. In this context, it may be interesting to determine whether PRC2 also represents a target for erythroleukaemia that displays aberrant expression of other key transcriptional regulators, including SKI, ERG, and ETO2, as recently identified (25).

Similar to PRC2, SPI1 plays a dual role in AML. Indeed, a functional decrease in activity participates in leukaemic development, and minimal residual activity of SPI1 is required for cell survival and to maintain stemness of leukaemic cells (81,82). Based on this feature, Antony-Debré et al. provided proof of concept that SPI1 inhibition has potential as a therapeutic strategy for the treatment of AML by inducing leukaemic cell death (83). Consequently, understanding the molecular pathways by which SPI1 controls its function, including transcriptional repression, may improve the range of possible therapeutic combinations to inhibit SPI1 activity. Our demonstration that crosstalk between HDAC1 and PRC2 constitutes a Deciphering the mechanisms of SPI1/PU. 

Probes for mRNA expression (RT-qPCR)

Gene

Probe reference (Applied Biosystems)

Alas2 Mm00802083_m1 Bcl2l11 Mm00437796_m1 Hdac1 Mm02391771_g1 Nprl3 Mm01193449_m1 Polr2a Mm00839493_m1 Ptp4a3 Mm00477233_m1 Spi1 Mm00488142_m1
Primers for ChIP quantification (qPCR)

Regions are indicated as distance from the TSS (Transcription Starting Site) of the corresponding gene. 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Rapid Immunoprecipitation Mass spectrometry of Endogenous proteins (RIME) assay

SPI1 ChIP was performed on fixed cells with 1% methanol-free formaldehyde for 8min and quenched with 0.125M glycine. 150µg of chromatin was precleared and proteins of interest were immunoprecipitated using 15µg of antibody against SPI1 and protein G magnetic beads. Protein complexes were washed, then trypsin was used to remove the immunoprecipitate from beads and digest the protein sample. Protein digests were separated from the beads and purified using a C18 spin column (Harvard Apparatus). The peptides were vacuum dried using a speedvac.

Digested peptides were analyzed by LC-MS/MS on a Thermo Scientific Q Exactive Orbitrap Mass spectrometer in conjunction with a Proxeon Easy-nLC II HPLC (Thermo Scientific) and Proxeon nanospray source. The digested peptides were loaded on a 100µm x 25mm Magic C18 100Å 5U reverse phase trap where they were desalted online before being separated using a 75µm x 150mm Magic C18 200Å 3U reverse phase column. Peptides were eluted using a 90-minute gradient with a flow rate of 300nL/min. An MS survey scan was obtained for the m/z range 300-1600, MS/MS spectra were acquired using a top 15 method, where the top 15 ions in the MS spectra were subjected to HCD (High Energy Collisional Dissociation). An isolation mass window of 1.6m/z was for the precursor ion selection, and normalized collision energy of 27% was used for fragmentation. A five second duration was used for the dynamic exclusion.

Database Searching. Tandem mass spectra were extracted by Scaffold version 4.8.7. Charge state deconvolution and deisotoping were not performed. All MS/MS samples were analyzed using X! Tandem (The GPM, thegpm.org; version X! Tandem Alanine (2017.2.1.4)). X! Tandem was set up to search the UP_mouse_CrapE2F1_rev database (106444 entries), the cRAP database of common laboratory contaminants (www.thegpm.org/crap; 114 entries) plus an equal number of reverse protein sequences assuming the digestion enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 20 PPM and a parent ion tolerance of 20 PPM. Glu->pyro-Glu of the N-terminus, ammonia-loss of the N-terminus, gln->pyro-Glu of the N-terminus, deamidated of asparagine and glutamine, oxidation of methionine and tryptophan and dioxidation of methionine and tryptophan were specified in X! Tandem as variable modifications.

Criteria for Protein Identification. Scaffold (version Scaffold_4.8.7, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 99.0% probability by the Scaffold Local FDR algorithm. Peptide identifications were also required to exceed specific database search engine thresholds. X! Tandem identifications required at least. Protein identifications were accepted if they could be established at greater than 6.0% probability to achieve an FDR less than 5.0% and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (3). Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters.

List Filtering. Final list generation was done by taking all proteins with a spectral count of five and above from each replicate reaction and excluding the ones found in IgG control replicates. Proteins unique to both experimental replicates were kept.

RNA-seq analyses

Gene expression was quantified using HTSeq-count v0.6.1p1 with gene annotations from Gencode vM25 (4). Statistical analysis was performed using R (3.3.2). Read counts have been normalized across samples with the median-of-ratios method proposed by Anders et al. to make these counts comparable between Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 167 Results IIa -Article №2 samples (4). Differential gene expression analysis was performed using the method proposed by Love et al. (5) and implemented in the Bioconductor package DESeq2 version 1.16.1. P-values were adjusted for multiple testing using the Benjamini and Hochberg method. Genes have been divided into three categories depending on their fold-change (FC) expression between dox-treated and untreated cells and p-value adjusted (padj). Repressed (FC ≤ 0.67, padj <0.05), activated (FC ≥ 1.5, padj < 0.05), NoResp (0.9 ≤ FC ≤ 1.1, padj ≥ 0.05), whereas all the other genes have been defined as NULL. Analyses on the differentially expression results were performed in R 3.6.3. Venn diagrams have been generated by VennDiagram v1.6.20 package, while volcano plots by volcano function from Rseb v0.2.0 (https://github.com/sebastian-gregoricchio/Rseb) package.

Functional enrichment

Analyses for biological process enrichments was performed using DAVID v6.8. (6).

ChIP-seq analysis

Reads were aligned to the mouse reference genome (GRCm38/mm10) using Burrows-Wheeler Aligner (BWA) (bwa-mem algorithm) (version: 0.7.17-r1188) (7). Quality control of mapped reads was performed and a threshold of 20 was applied to the MAPQ field of the *.bam. Duplicates were also removed. Peak calling was performed using HMCan (version: pyminer-hmcan-c35f41e056bc) that corrects for the GCcontent, genomic copy-number bias, and background signal (8). HMCan generates files corresponding to: (1) ChIP-seq density signal (.wig) and ( 2) regions determined as peaks, each associated with a score and an FDR (.bed). Parameters used were: minLength=150, medLength=350, maxLength=600, smallBinLength=50bp, largeBinLength=100000, pvalueThreshold=0.05, blackListFile ENCFF547MET.bed (from mm10 from ENCODE). The mergeDistance applied was 200 for the narrow histone marks H3K27ac and H3K4me1, whereas 3000 was used for the broad histone mark H3K27me3. We sum up the ChIP-seq intensity signal from the two H3K27me3 ChIP-seq replicates to increase the signal-to-noise ratio. When two conditions were compared, the signal across the two conditions have been normalized by the R package CHIPIN v1.0 (https://github.com/BoevaLab/CHIPIN). This package relies on the assumption that on average, no difference in the ChIP-seq signal of histone marks associated to transcription is observed in the regulatory regions of genes whose expression levels are constant across conditions. To infer normalization parameters, NoResp genes defined in the RNA-seq analysis were used. CHIPIN (https://github.com/BoevaLab/CHIPIN) generates normalized ChIP-seq signal (*.bw). The FASTQ files of GATA1 (ERR007441-44) were aligned with BWA onto mm10 mouse genome assembly. The binding sites of GATA1 in MEL cells untreated and DMSO-treated (differentiated cells) were called using HMCan with a mergeDistance equal to 0. In order to keep only true GATA1 binding sites, a threshold of 5 was applied on the peaks. The overlap (of at least 1 bp) between SPI1 peaks and GATA1 peaks was performed in R using the findOverlaps function of the rtracklayer package.

Annotation of SPI1 binding sites

Our previous ChIP-seq data (GSE33611) were used (n=17781) (9). The liftOver tool was employed to transpose peaks positions from mm9 to mm10 mouse genome assembly (GRCm38/mm10, n=17778). Peaks were then annotated using the function annotatePeaks from the R package ChIPSeeker (10) using Gencode vM25 annotation. SPI1-peaks have been annotated using their summit position (9). All peaks between -50kb upstream the TSS and +3kb downstream the TES were annotated with the following criteria: (i) intergenic region: from -50kb to -2kb upstream the TSS; (ii) promoter region: from -2kb upstream TSS to +1kb downstream the TSS (this region was divided into three sub-regions of 1kb each: distal promoter, Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France immediately upstream TSS, immediately downstream TSS); (iii) gene body region: from +1kb downstream TSS to TES; (iv) downStream TES: from TES to +3kb downstream TES. When multiple annotations were possible for a peak, only one was chosen by ChIPSeeker according to the following hierarchy: Promoter > Gene body > Downstream TES > Intergenic. In case of multiple isoforms with distinguished TSSs for the same annotation, the isoform with the TSS at the lowest distance from the SPI1 peak summit position was chosen.

ChromHMM to identify the distal cis-regulatory regions

To define whether SPI1 peaks outside of promoters were distal cis-regulatory regions, we used ChromHMM (11) with H3K27ac and H3K4me1 histone marks analyzed by HMCan (peaks with a score > 5 and FDR < 0.01) (8). The intersection of the two technical replicates of H3K27ac ChIP-seq obtained using bedtools intersect function was used. Three chromatin states were defined: (i) absence of the two histone marks (None); (ii) presence of H3K4me1 histone mark alone (inactive enhancers); (iii) presence of H3K4me1 and H3K27ac histone marks (active enhancers). SPI1 regions have been defined as SPI1 peak summit position ±1kb. If SPI1 peaks overlap multiple chromatin states, the state was assigned with the following priority: active enhancers > inactive enhancer > None.

Definition of differential regions for H3K27ac ChIP-seq signal between dox treated and untreated cells

The mean of H3K27 acetylation signal (meanH3K27ac) in a region of ±1kb surrounding the SPI1 peak summit was calculated using CHIPIN (https://github.com/BoevaLab/CHIPIN) normalized signal. H3K27ac Down enhancers correspond to SPI1-bound enhancers whose acetylation was lower in the presence of SPI1 than in the absence of SPI1. They are defined by H3K27ac Fold Change (FC) between dox-treated versus untreated cells ≥ 1.5 and meanH3K27ac > 5 in dox-treated cells to avoid false positive regions of increased H3K27ac signal. H3K27ac NotDown enhancers correspond to SPI1-bound enhancers whose acetylation was not lower in the presence of SPI1 than in the absence of SPI1 and are defined by H3K27ac FC ≤ 1 and meanH3K27ac > 5 for dox treated and untreated cells.

ChIP-seq signal heatmaps

The functions computeMatrix and plotHeatmap from the deepTools package have been used to build the ChIP-seq signal heatmaps (12). The following parameters values were provided to the computeMatrix function: reference-point --scoreFileName normalized_ChIP_density_profile.bw --beforeRegion-StartLength 2000 --afterRegionStartLength 2000 --binSize 10; whereas the parameter: --sortRegions descend was specified in the plotHeatmap function.

ATAC-seq analyses

Paired-End reads were aligned to the mouse reference genome (GRCm38/mm10) using Burrows-Wheeler Aligner (BWA) (bwa-mem algorithm) (version: 0.7.17-r1188) (7). Only reads with a MAPQ field > 20 were kept and duplicates were removed. ATAC-seq density profiles were obtained using with parameters specifically designed for ATAC-seq data: a smallBinLength 10bp to increase the resolution, and GCcontent normalization is not performed. ATAC-seq density profiles (*.bw) were normalized using CHIPIN (https://github.com/BoevaLab/CHIPIN).
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Sequencing density profiles building and signal mean comparison

The average ChIP/ATAC-seq density profiles at specific genomic regions were computed using a homemade R-script. The bigwig files and the genomic regions of interest are loaded as GRanges objects with different bin sizes (50bp for ChIP and 10bp for ATAC). The ChIP/ATAC density in the regions of interest is obtained using the findOverlaps function between the two GRanges objects. The functions plot.density.profile, plot.density.summary and, plot.density.differences from Rseb v0.2.0 (https://github.com/sebastian-gregoricchio/Rseb) were used to represent the ChIP/ATAC-seq density mean of genomic regions of several genes (density profiles) or to represent the sum of the signal of one specific genomic region (violin plots), respectively. For the sum distribution, statistical analysis was performed using paired Wilcoxon test. The TSS positions used to plot the density profiles were those defined by ChIPSeeker ("GeneStart" for + strand genes, and "geneStop" for -strand ones). Plots of ChIP-seq and ATAC-seq signal tracks at specific genomic loci have been assembled by pyGe-nomeTracks tool v3.5 (13).

Motif search

The AME tool from the MEME-suite was used to detect known transcription factor (TF) binding motifs enriched in genomic regions in region ±150bp surrounding the SPI1 peak summits against the database HOCOMOCO v11 CORE. The control sequences are a shuffle of the input sequences (14)(15)(16). The FIMO tool from the MEME-suite was used to identify the individual locations of SPI1 or GATA1 motifs in the genomic regions bound by SPI1 (±1kbp from the SPI1 peak summit) that overlap a GATA1 binding sites (17).

CUT&Tag analysis

Reads were aligned to the mouse reference genome (GRCm38/mm10) as described in the pipeline at https://dx.doi.org/10.17504/protocols.io.bjk2kkye (18). Signal tracks have been then generated from .bam files using bamCoverage from deepTools with the following parameters: --binSize 10, --blackList-FileName ENCFF547MET.bed (from mm10 from ENCODE) (12). 
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Recruitment of PRC2 by SPI1 and gene repression

Aim

This section is dedicated to the description of additional data that have not been included in the Article №2 submitted for publication in a peer-reviewed journal.

In the Article №2, we showed that HDAC1 and PRC2 are involved in the transcriptional repression mediated by SPI1 in erythroleukemic cells. Further experiments have been performed to establish whether SPI1 recruits PRC2 at its binding sites and if PRC2 is responsible for the initiation of the transcription mediated by SPI1.

SPI1 and PRC2 interact physically

SPI1 and PRC2 physically interact in murine erythroleukemic cells (Figure 41A) derived from spleen of sick TgSpi1 mice [START_REF] Ridinger-Saison | Epigenetic silencing of bim transcription by spi-1/pu.1 promotes apoptosis resistance in leukaemia[END_REF]. We found, by co-immunoprecipitation, that this interaction exists also in human leukemic KG1 cells (Figure 41B).

We investigated which domain of the SPI1 protein is required for the interaction with EZH2 (catalytic subunit of PRC2). HEK293T cells, that do not express endogenously SPI1, were transfected with plasmids carrying the wild-type (WT) SPI1 or three different SPI1 mutants labelled with a MYC-tag (MT) in N-terminal. The SPI1-∆TD mutant is deleted in the transactivation domain (TD, 1-164aa) and is able to bind DNA but not to modulate transcription, the SPI1-∆CTD is missing the region 245-272aa (C-terminal domain, CTD) of the ETS domain including the minimal amino acids required for the binding to the DNA. The SPI1-∆ETS mutant is missing the complete ETS domain and is not able transactivate (Figure 41C, left side).

Co-immunoprecipitation experiments performed on HEK293T 24h post-transfection with MYC-tagged SPI1 mutants, or empty vector as control, demonstrated a reduction of the interaction between SPI1 and EZH2 for the SPI1-∆ETS and SPI1-∆TD mutants (Figure 41C, right side). Interestingly, SPI1 can interact with EZH2 even if its ability to bind DNA is impaired since the SPI1-∆CTD mutant interacts with EZH2. These results suggest that both ETS and TD domains of SPI1 are required for maximal interaction with EZH2.
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SPI1 and EZH2 interaction is required to repress transcription

To investigate whether the interaction with PRC2 is involved in the activity of SPI1 in gene repression, we generated plasmids carrying WT SPI1 or mutants fused to the GAL4 DNA binding domain (DBD) at the N-terminal. The SPI1-GAL4 expression is under the Doxycycline (Dox) control (TetON system). These plasmids were transfected into HEK293T cells containing the Firefly Luciferase gene (LucF) under the control of a Thymidine Kinase (TK) promoter with upstream an UAS sequence required for the docking of the GAL4-DBD. Hence, this reporter system allows, upon Dox treatment, the expression of GAL4-SPI1 fusions that will be tethered to the LucF promoter through the GAL4-DBD. In this framework, if SPI1 is able to recruit PRC2 directly or not, an increased deposition of H3K27me3 mark and EZH2 at the LucF promoter would be observed with consequent repression of the Luciferase expression (Figure 42A, left).

We derived three clones for each construct transfected in HEK293T-UAS-LucF. We transfected the (1)

GAL4-DBD alone as negative control, (2) the GAL4-SPI1-WT, (3) the GAL4-SPI1-∆CTD to exclude any spurious transactivation ascribable to SPI1 binding elsewhere than UAS since this mutant carries the minimal deletion that prevents its binding to DNA and, finally (4) the SPI1-∆ETS that neither interacts with PRC2 nor binds to DNA (Figure 42A, right).

Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 185 Results IIb -Additional results of article №2 After 24h of Dox-treatment, the binding of all the constructs at the LucF TSS has been validated by GAL4 ChIP-qPCR experiments that showed an enrichment of SPI1-WT and SPI1-mutants occupancy comparable to that of the GAL4-DBD alone (Figure 42B). We examined whether EZH2 was occupying the UAS according to the SPI1 binding to this region by performing EZH2 ChIP-qPCR experiments. Interestingly, the induction of SPI1-∆ETS, which is not able to interact with EZH2, did not increase the venue of EZH2 to the UAS in LucF promoter (Figure 42C). This is consistent with the lower deposition of H3K27me3 mark at the LucF TSS (Figure 42D). In addition, no significant differences of the promoter H3K4me3 mark are observed upon the expression of any construct (Figure 42E).

The finding that SPI1 is able to bring EZH2 and H3K27me3 at the LucF TSS with consequent deposition of H3K27me3 mark only when it interacts with EZH2, led us to hypothesize that PRC2 could act with SPI1 to repress gene expression in this model. To test this hypothesis, we measured the level of luminescence produced by the luciferase in the cells treated for 24h with Dox. The Luciferase assay revealed that the SPI1-WT and SPI1-∆CTD mutants repressed the LucF expression, while the SPI1-∆ETS, that did not facilitate the venue of EZH2 to the promoter, did not repress the Luciferase (in contrast, a slight statistically significant EZH2 increased occupancy is observed) (Figure 42F).

Altogether, our findings suggest that the interaction of SPI1 with PRC2, which deposits the H3K27me3 mark at the LucF promoter, is involved in the transcriptional gene repression.
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These results demonstrate that SPI1 is required to maintain the gene repression suggesting that PRC2 could be necessary to support SPI1 in its repressive action, but PRC2 alone is not sufficient to maintain the repression exerted by SPI1. This last statement is supported by observation of the luciferase expression, and its promoter status, upon pharmacological inhibition of PRC2. To avoid any epigenetic memory effect, we treated the cells for 40h with an inhibitor of EZH1/2 (double inhibition prevents eventual compensatory effects), the UNC1999, at different doses. Cells have been maintained in culture for additional 32h (for a total of 72h) with a combination of UNC1999 and doxycycline to inhibit PRC2 and induce simultaneously the expression of the SPI1-WT construct. Expression of SPI1-WT and inhibition of PRC2 activity have been validated by western blot upon the total 72h of treatment (Figure 44A). Despite SPI1-WT was expressed, the H3K27me3 deposition and the PRC2 recruitment at the LucF promoter was abrogated as observed by ChIP-qPCR experiments (Figure 44B). Unexpectedly, we found that, at the promoter, EZH2 was decreased upon inhibition of its activity. We speculated that the inhibition of PRC2 activity reduced its Although the reduced activity of PRC2, SPI1-WT alone was still able to repress the luciferase expression (Figure 44C), leading to the conclusion that SPI1 is able to repress transcription independently of PRC2 which thereby is not required for the initiation of the SPI1-mediated repression.

PRC2 is recruited by the reduced transcription

Since SPI1 does not require PRC2 to initiate transcriptional repression, we hypothesized that PRC2 may be recruited at the chromatin by SPI1 either to reinforce the repression and/or as a consequence of the reduced transcription, as suggested by multiple studies [61,65,73-78]. However, these two scenarios are not mutually exclusive.

To analyze whether this is true in the LucF reporter system used in this study, HEK293T-UAS-LucF:GAL4-SPI1-WT cells were treated for 16h with different concentrations of Triptolide, a compound that induces the degradation of the RNA-polymerase II (RNP2) by the proteasome (inhibition of transcription initiation). As expected, RNP2 was absent in the presence of 4µM and 10µM Triptolide (Figure 45A).

The RNP2 degradation strongly reduced the luciferase expression, at the RNA level, (Figure 45B) and activity (not shown). We observed, by performing ChIP-qPCR experiments of the EZH2 and SUZ12 subunits of PRC2, that the repression of luciferase expression was associated with a gain of PRC2 occupancy and H3K27me3 deposition at the LucF TSS (Figure 45C). Consequently, the venue of PRC2, associated to its activity, at chromatin is also triggered by a decreased gene transcription. Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia at the SPI1 target genes, and SPI1 stimulates PRC2 activity by the interaction with the SPI1 C-terminal domain.

Case of study: Morrbid lncRNA

As discussed in the introduction section, PRC2 recruitment at chromatin is a complex process, involving multiple mechanisms. One of them involves the interaction with RNA molecules. In particular, Since SPI1 is able to bind RNA [280], we hypothesized that SPI1 may be the link between Morrbid and DNA forming a loop by interacting with PRC2 (Figure 46E).

Using our data of SPI1 ChIP-seq in the preleukemic cells, we identified SPI1 peaks that are found at sites of contact between Bcl2l11 and Morrbid, at both loci. Furthermore, these data showed also that SPI1 binds the promoter and gene body of Morrbid (Figure 46F).

We thought that SPI1 binding at Morrbid promoter may be required for the lncRNA gene regulation.

To verify this hypothesis, we compared the expression of Morrbid in SPI1 knock-down or preleukemic cells overexpressing SPI1, by RNA-seq or RT-qPCR experiments, and we found that SPI1 strongly activates Morrbid expression (Figure 46G). In light of these data, we sought whether Morrbid is responsible for Bcl2l11 repression in erythroid cells and in particular whether the Bcl2l11 repression mediated by SPI1 is indirect via a mechanism involving the activation of the Morrbid expression by SPI1 or through modulation of the looping between Morrbid and Bcl2l11.
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We decided to down-regulated Morrbid by shRNA interference in the TgSpi1preleukemic cells and then measured the effects on Bcl2l11 expression. Unfortunately, the shRNA (same than those described in [START_REF] Kotzin | The long non-coding rna morrbid regulates bim and short-lived myeloid cell lifespan[END_REF]) did not efficiently knock-down Morrbid (two different shRNAs resulted in less than 30% of Morrbid knock-down, data not-shown), presumably because the majority of shRNA molecules act on the RNA located in the cytoplasm, while lncRNAs, in most of the cases, are not exported outside the nucleus.

For these reasons, we used another approach that inhibits the specific transcription of a gene, i.e.

CRISPR inactivation (CRISPRi)

. This method uses a dead Cas9 (dCas9), incapable to cut DNA, fused with a KRAB domain which recruits SUV39H to spread the H3K9me3 repressive mark around the site of dCas9-KRAB binding (CRISPR inactivation, CIRSPRi). In a first phase we transduced, by lentiviral infection, preleukemic cells with a dCas9-KRAB plasmid carrying the mCherry as selector. Then, mCherry-positive (mCherry + ) cells have been transduced with a second vector containing a single-guide RNA (sgRNA) complementary to a region in the immediate downstream region of the Morrbid TSS (-20:200bp) and BFP:Puromycin as selectors (Figure 47A). The efficiency of 6 different guides (numbered from #1 to #6) has been tested by quantifying the Morrbid expression 24h and 48h post-selection (puromycin followed by FACS sorting for mCherry + BFP + ) of the dCas9-KRAB-mCherry:sgRNA-BFP preleukemic cells (Figure 47B).

Three sgRNA (#2, #3, #5) exhibited a stronger effect in the inhibition (>90%) of Morrbid expression (Figure 47B). Cells expressing these guides have been used for the further analysis. We verified that the expression of Spi1 was not altered upon Morrbid knock-down to avoid possible artefacts in the interpretation of the data (Figure 47C). Surprisingly, in contrast to the findings of Kotzin and colleagues in LPS-induced macrophages, Morrbid knock-down was accompanied by a slight Bcl2l11 repression in erythroleukemic cells (Figure 47D). Furthermore, no differences in cell viability were observed upon Morrbid knock-down (data not shown).

Altogether, our data suggest that Morrbid is not implicated in the SPI1-mediated repression of Bcl2l11 in erythroid preleukemic cells or that there are other mechanisms that compensate for the Morrbid knockdown. We have not pursued this topic. 

Introduction

The concept behind the Rseb (R-package for Simplified End-to-end data Buildup, Figure 48) is to provide a toolkit that allows the automation of different type of tasks avoiding retyping of code and loss of time. Furthermore, the advantage is that, in most of the cases, the functions are built in R-language making it suitable for all the operating systems.

From a more biological point of view, this package simplifies many downstream analyses of high-throughput data that otherwise would require many hours of code typing and case-to-case adaptation. Moreover, most of the functions aimed to visualize these kind of data are thought to provide a high level of possible customization with a large number of graphical parameters compared to the commonly used already available tools. Another advantage of this package is that it offers multiple methods, with a corresponding visualization, to quantify the difference of signal between samples, in a qualitatively and/or quantitatively way, without any additional coding.

The guide is divided in three parts: the first one will explore some analyses and visualization of RNAseq data, the second one the representation and quantification of targeted sequencing data (ChIP-seq, ATAC-seq, etc.), while the last part is focused on some of the "general" tools available.

RNA-seq data

A common analysis performed on RNA-seq data is the evaluation of the differentially expressed genes between two different conditions (e.g., untreated vs treated cells). For this analysis it is common to use the R-package DESeq2 12 [393] which returns a table as the following one (Table 3): data("RNAseq", package = "Rseb") RNAseq 

Differentially expressed genes

The differential genes are defined depending on the Fold Change (FC) of expression and the adjusted p-value (padj). The function DEstatus helps in this definition. It takes as input the fold change expression and the padj, then a threshold for these two parameters can be set to define four status:

• UP-regulated (FC greater than threshold, significant p-value);

• DOWN-regulated (FC lower than threshold, significant p-value);

• UNRESPONSIVE/NoResp (FC within the range defined by the unresponsive FC threshold, not significant p-value);

• NULL (all the other genes).

All the status labels and FC/padj thresholds can be customized.

We can proceed to add a column with the differential expression status to the original table (Table 4).

require(dplyr)

RNAseq <-RNAseq %>% mutate(DE.status = Rseb::DE.status(log2FC = RNAseq$log2FC, p.value.adjusted = RNAseq$padj, FC_threshold = 2, # Linear value FC_NoResp_left = 0.9, # By default 0.9 <= FC <= 1/0.9) p.value_threshold = 0.05, low.FC.status.label = "DOWN", high.FC.status.label = "UP", unresponsive.label = "UNRESPONSIVE", null.label = "NULL")) 

Sequencing signal representation

Transcription factors and histone marks occupancy (e.g., ChIP-seq/CUT&Run/Cut&Tag), chromatin condensation (e.g., ATAC-seq/DNase-I/MNase-seq), DNA-methylation sites (e.g., MeDIP) are some of the possible high-throughput sequencing signals that could be visualized as tracks along the genome by software such as the Integrative Genome Browser (IGV), as discussed further. This kind of visualization allows the representation of a single locus at the time, but it could be necessary to summarize the signal of multiple loci simultaneously. To reach this goal, density profiles are the most used method to represent the mean of signal among many loci and compare it for different samples/signals. On the other end, it could be useful to define whether two or more sets of regions show different levels of a signal comparing it region-by-region.

The general workflow to generate this type of graphs includes the building of a score matrix containing the score for each position of each region for each signal (Figure 52A). This matrix than can be reshaped in order to calculate the mean/median/sum of the signal among regions in a set (Figure 52B, density profile) or for each single region (Figure 52C, density summary). Furthermore, it is possible to compute and visualize the difference of signal between to samples (Figure 52D, density difference area and/or their correlation). This process is schematized in the following figure and will be discussed in detail in the following paragraphs. Results III -Rseb R-package of a desired size (e.g., 20bp). Then the signal of one or more signals tracks (.bw files) is calculated at each bin and the scores values are stored in a matrix. (B) The function plot.density.profile calculates the mean/median/sum and the variance for each bin of all the regions in a dataset for each track signal provided (left). Then can be generated a plot (right) showing the profile density around the center of the regions. The plot could be generated by sample (a plot per sample with a different curve for each dataset of regions) or by region (a plot per region with a different curve for each sample). (C) The function plot.density.summary computes the mean/median/sum of the signal over each single region for each sample. Then violins plot can be generated to represent the distribution of all the single density values of the regions by dataset or sample (similarly to plot.density.profile). The function computes as well the means statistical comparison whose corresponding significance level/p-value can be directly added to the plots. (D) The function plot.density.differences computes the difference of mean/median/sum signal for each single region for each sample in each group. Two graphical representations are available. On top, an area/line plot showing the values of the signal difference for each region which are ranked by these values. On the Xaxis it is indicated the number of regions with negative and positive difference. On bottom, a scatter/correlation plot showing the correlation between the mean/median/sum signal of a region in one sample vs another one. Positive and negative values of the difference in the signal are indicated by different colors. The function infers the significance for the means difference in the groups for all the pair comparisons and returns it as a list of tables for each group.

Score matrix computation

For the generation of the score matrix I refer to the function computeMatrix from deepTools 13 [394].

This package provides a function called computeMatrix.deeptools that allows to automatically build the command line required to run the tool on the command line. 13 The deepTools documentation is available at https://deeptools.readthedocs.io/en/develop/.

Box 2 | The density.matrix function

This function is completely built in R-code but requires much more time for the execution. This drawback is to attribute to the way by which R handles .bigWig and .bed files. Indeed, a first step require to build a score matrix is to get the bigWig score for each position in each region. This process requires to import a bed file (either from a data.frame or a text file) as a GRanges object by the package rtracklayer (Bioconductor) and get the score position-by-position from a given bigwig. Unfortunately, GRanges object are quite heavy to handle in R and therefore require much more CPU performance and RAM memory.

Then, if the chosen modality of matrix computation is ''reference-point'' all the final regions will have the same length (defined by the upstream and downstream region) and it will be sufficient to split each region score vector (with length n equal to the number of bases of a given region) in chunks of length equal to the required bin size to then calculate the mean/median/sum for each chuck. This process will result in a final score vector of length n/binSize.

In the case the mode selected is instead ''scale-regions'' the process is more complicated. Indeed, to scale the regions in a perfect way would require bringing every single region to the body size required by the users. This would require calculating the least common multiple (lcm) between the lengths of all the regions and the required body length and repeat each base score as much times as lcm/lengthRegion (''base-repetition''). The issue is the order of the lcm number that makes quite hard the computation in a reasonable time. Hence, the escamotage used in the function is to bring, with the ''base-repetition'' method, each region to a length ≥ body length and then split in an almost-equal number of chunks. The number of chunks is equivalent to body length. This definition ends often in up to ~5 bases excluded by this splitting in chunks which will be integrated in the last chuck generated before to compute the mean of the scores inside each chunk. At the end of this process to each region corresponds a list of scores of length equivalent to the user-defined body length. Now that all the regions have the same length it is possible to proceed to define the bins scores as described for the ''reference-point'' mode. This function generates a list that can be directly used as input for others functions as described further. The parameters are more or less the same found in the com-puteMatrix.deeptools function and for this reason only the latter will be described in this guide.
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To generate the score matrix, the required arguments are the score/signal files (usually .big-Wig/.bw/.bedGraph files) and regions files (.bed files). The function build.bed guides the user in the creation of bed files with the option to include header14 useful for visualization on IGV [START_REF] Thorvaldsdóttir | Integrative genomics viewer (igv): highperformance genomics data visualization and exploration[END_REF][START_REF] Robinson | Integrative genomics viewer[END_REF] or UCSC genome browser (e.g., color shadow by region score, track color, track name, etc.). This function allows to export directly the bed file as well as save it into a variable as data.frame ( Table 6). Furthermore, many internal controls are automatically performed such as check that END position comes after START position or that all the columns are filled if not provided by the user in order to keep and respect the bed format. Beside the quality controls, the bed could be automatically sorted depending on the genomic position and score 15 (by the function sort.bed of this package) and duplicated rows are automatically removed 16 .

bed <-Rseb::build.bed(chr = paste("chr", c(round(runif(8,1,23)),"X","Y"), sep=""), start = round(runif(10,1,100000)), end = round(runif(10,100001,1000000)), name = paste("peak_", round(runif(10,1,1000)), sep=""), strand = "+", bed.file.name = "/path/to/ouput/file.bed", return.data.frame = T) print(bed) Staring Site (TSS) vs enhancers, activated vs repressed genes, etc.). For this aim the average signal over regions of the same group can be plotted and compared group-by-group (Figure 53A) or sample-by-sample (Figure 53B). To generate this kind of signal profile it can be used the function plot.density.profile which accepts as input a score matrix as described hereafter. Noteworthy, it is possible to narrow the final plot to a specific range by the option "subset.range" without the need to re-compute the matrix.

The function returns a list with the scores table, a list of each single plot and a single multiplot with the combination of all the single plots. The latter can be directly exported by passing the full output path to the option "multiplot.export.file", while the option "print.multiplot" allows to show the multiplot output without call/print the variable (useful to save time during the parameters test phase).

Here an example of the output list structure and how to generate it: 

> List of 4 > $ data.table:'data.

IGV script

The previous paragraphs described how to visualize the signal, or the difference of signal, over multiple regions. In this section instead I will focus the attention on the generation of a script that can be run in the Integrative Genome Viewer18 (IGV) software [START_REF] Thorvaldsdóttir | Integrative genomics viewer (igv): highperformance genomics data visualization and exploration[END_REF][START_REF] Robinson | Integrative genomics viewer[END_REF] in order to generate a large number of snapshots of multiple loci for the desired signal tracks (.bw files) and/or regions (.bed files) automatically.

The function IGVsnap accepts as input both a list of gene symbols (the genomic localization will be retrieved using biomaRt 19 [397,398]) or a list of loci in any format accepted by IGV. As output will be generated a text file (.txt) with a script that can be run on IGV: IGV > Tools > Run Batch Script… > chose your batch script file generated by IGVsnap. To choose the tracks that will be used there are two possibilities:

• specify an IGV session file (.xml) to be opened before the generation of the snapshots automatically when the script is run;

• run the batch script only once have loaded all the required tracks on IGV.

# Define the gene list gene_list <-c("Spi1", "Idh1", "Bcl2l11", "Mcl1", "Polr2a", "Hdac1") # Generate the script Rseb::IGVsnap(loci_vector = gene_list, input_type = "genes", biomart = "ensembl", dataset = "mmusculus_gene_ensembl", reference_genome = "mm10", fivePrime = 1000, threePrime = 1000, snap_names = gene_list, IGV_batch_file = "path/to/output/script.txt", snap_directory = "path/to/directory/in/wich/the/images/will/be/generated", snap_image_format = "png", maxPanelHeight = 1500)

Generic tools

This package provides functions that can simplify routine task such as axis equal re-scaling among a list of plots or filter lines of a data.frame in a shell-like method, and many others.

Uniform plot axes

In the previous paragraphs the functions uniform.x.axis and uniform.y.axis have been used to reformat and uniform the axis among a list of plots. These functions allow to re-set the maximum, minimum, ticks interval and number formatting of the plot axes.

Rseb::uniform.x.axis(plot.list = list.of.plots, x.min = 0, x.max = NA, ticks.each = 0.5, digits = 1)

For this function could be useful to combine multiple lists of plots in a unique one using the function combine.lists of this package. The latter, from a list of lists as input, generates an output list result of the combination of all the lists contained in the provided input.

Filter data.frame rows by a specific pattern

The function grep in the shell allows to filter all the rows/lines of a table/file containing a specific pattern in any position. The function grepl.data.frame from this package mimics the behavior of the shell function in R and applies it to a data.frame. It returns a logic vector of length equal to the rows number of the data.frame in which TRUE indicates that the pattern have been found in the corresponding line. This vector than could be used to filter the data.frame rows such as using dplyr::filter() function.

In the following example is shown a dummy table of copy number variation (CNV) individuated in a cohort of patients for a list of genes (Table 10). For a given gene in a certain patient if a CNV has been found it will be indicated the type of the CNV ("gain", "loss", "gain/loss") otherwise an NA is used.

# Loading the table data("CNV.data", package = "Rseb") CNV.data 

Documentation

With the package a detailed manual for each function and respective parameters is available at https://sebastian-gregoricchio.github.io/Rseb/Rseb_manual.pdf.

Package history and releases

A list of all releases and respective description of changes applied could be found at https://sebastiangregoricchio.github.io/Rseb/NEWS.

License

This package is under a GNU General Public License (version 3). In many cases, comparison of these data between different samples is required. A pre-requisite to perform this kind of comparisons is a correct inter-sample/condition normalization. This step must be adapted case-to-case in order to eliminate technical biases and avoid the introduction of new ones. Indeed, it was recently shown that results, and therefore their interpretation, can completely change according to the normalization method employed [START_REF] Reske | ATAC-seq normalization method can significantly affect differential accessibility analysis and interpretation[END_REF]. An example of this situation is represented by the comparison of ChIP-seq, ATAC-seq or DNase I hypersensitivity data between chemically treated or untreated samples where many technical biases can be introduced during the performance of the experiments. Some of these biases comprise differences among conditions for immunoprecipitation efficiency, accessibility of the epitope to the antibody, and chromatin shearing efficiency. In certain cases, the spikein approach is used to normalize the samples. However, this strategy is not suitable for all situations since it does not take into account intrinsic differences of the samples such as target availability and antibody epitope accessibility. Besides this aspect, the spike-in approach may require a long and expensive setup phase before to be employed for an appropriate normalization.

Alternatively, informatic tools and strategies can be used to compare samples. The most commonly used method is the "sequencing depth normalization", which consists in the computation of a scaling factor based on the number of total reads mapped for each sample. Then, the signal of the sample is modified (increased or decreased) as a whole. Despite this method allows the normalization of replicates of the same condition, it does not consider differences in the signal estimation that can occur locally, due to many biological and/or technical reasons, at specific regions among different conditions/samples. In order to improve the normalization of the data, we developed a new free-available R-package, CHIPIN (https://github.com/BoevaLab/CHIPIN). The latter accepts in input signal files already adjusted for input/mock control (.bigWig files) and RNA expression data (RNA-seq counts). This package is based on the assumption that genes that are unmodified in their expression among two conditions, do not display global differences of signal of the studied target (i.e., epigenetic modifications) among different conditions around TSS.

To respect this postulate, the package calculates the genes that are constant among conditions and then collects the signal scores at the genomic regions of these genes. These values are later used to compute a sample-specific function applied to transform, and thereby normalize, the sequencing signal. We have showed that our package provides a powerful approach that allows to take into account region-specific biases of signal estimation during the normalization of two different samples. Importantly, CHIPIN allows the generation of an output file with the resulting normalized signal that can be used for further analyses and comparisons. Although this method was initially developed to normalize ChIP-seq data, there is no limitation to use it to normalize other types of data such as ATAC-seq or DNase I hypersensitivity detection. However, while this method provides a great improvement to the inter-sample sequencing signal normalization, its usage is limited by the availability of RNA-seq data in the same samples and conditions.

Of course, our method should not be used when the ChIP target is overexpressed (case of SPI1 in my work) or repressed in the two compared conditions. Precisely, in a condition in which the target is removed, its signal will be reduced globally over the genome, including the constant genes. Therefore, our approach, if applied, would induce, incorrectly, the equilibration of the signal at the constant genes with a consequent global and not realistic increase of signal in the condition where the target is not present. Furthermore, we showed that this method can be suitable also for data originated from TFs immunoprecipitation experiments. However, the correlation between TF occupancy and gene expression level is not as linear as that observed for histone marks. Therefore, we suggest performing a preliminary assessment of this correlation, if possible, on publicly available data 20 .

Bioinformatics: an essential tool in the modern research

Nowadays, the development of high-throughput methods to analyze in depth and/or at single cell levels improve our abilities to explore transcription mechanisms. This is facilitated by the decreasing cost of NGS experiments and the easy accessibility to powerful computers. Nevertheless, the number of researchers able to analyze and explore the data generated did not increase parallelly with the amount of data produced. Furthermore, often the bioinformatic analyses are performed by non-biologist people with a different point of view on the data meaning. This is one of the reasons why frequent interaction between biologists and bioinformaticians is required to produce efficient interpretation of the data.

These observations pushed me to learn the R programming and develop new tools (Rseb package), with a biological point of view, for the analysis and visualization of NGS data.

The perspective is to convert certain of the main functions contained in Rseb in a more user-friendly interactive interface, by the employment of the Shiny library, in order to make these functions more accessible to people not familiar with programming languages.

SPI1-mediated gene repression in erythroleukemia

The ETS-family TF SPI1/PU.1 plays a central role in the hematopoietic lineage differentiation [270] and its expression is required for the establishment of myeloid and early B/T-cell lineages. The pioneer TF SPI1 has been usually described as a transcriptional activator. Indeed, SPI1 was reported to activate transcription of lineage-specific genes by occupying enhancers where it interacts with specific partners and coactivators stimulating H3K27ac deposition and increasing chromatin accessibility Nevertheless, SPI1-activated and SPI1-bound genes also showed an enrichment of biological processes associated to erythroid differentiation (i.e., cytoskeleton organization and vasculogenesis), but the foldchange enrichment is low (Figure 1D from "Article №2"). This suggests that, although SPI1 induces erythroid differentiation blockage principally by repressing erythroid genes, SPI1-mediated erythroid gene activation is also required. This result was further validated by a functional analysis of differentiation. Indeed, analysis of erythroid differentiation in conditions where SPI1-repressed genes were re-activated using a combination of HDAC1 and PRC2 inhibitors revealed that reactivation of SPI1-repressed genes reinstates erythroid differentiation, but it happens at a lower rate and with a slower kinetic compared to a condition where also SPI1 expression level is decreased (Figure 59). Hence, HDAC1 and PRC2 participate to the erythroid differentiation blockage but their inhibition is not sufficient to completely rescue the differentiation potential. Erythroleukemic cells were treated (SPI1-) or not (SPI1+) with dox, in combination with 150µM Entinostat (HDAC1/3 inhibitor) and 10µM UNC1999 (EZH1/2 inhibitor) for up to 6 days. Then, cells were analyzed for CD71 marker and size (FSC-A) by FACS (n = 3). (A) Histograms represent the percentage (%) of cells that are represented by the PRO-E/CFU-E (blue), Early differentiation (green), and Late differentiation (red) populations defined according to size (FSC-A) and CD71 marker as described in (B). (B) Representative contour plots (probability contouring: 2%) of cells analyzed upon 6 days of treatment. (C) Benzidine staining of colonies formed in methylcellulose culture upon 6 days of treatment. Blue coloration indicates erythroid differentiated cells. Magnification: 10X, scale unit: 100µm.

SPI1 binds to enhancer to repress gene transcription

By subdividing the gene regions depending on the distance from the TSS, we highlighted an enrichment of SPI1 binding at distal intergenic (TSS-50kb : TSS-1kb) and gene body (TSS+1kb : TES) regions of repressed genes. We then analyzed these regions for their H3K4me1 signature, a histone mark specific of enhancers, and we identified that SPI1-bound distal intergenic and gene body regions were representing enhancers. In addition to H3K4me1, the presence of the H3K27ac active histone mark indicated that these regions were predominantly enhancers in an active status (Figure 1F,H from "Article №2").

However, the enhancer annotation and activity status establishment, as well as the assignment of their regulated gene, require improvements. In this work, we define the regulatory regions by the signature of H3K4me1 within the regions 50kb upstream from the closest gene TSSs, while the H3K27ac histone mark was used to determine the activity of these regions. Nevertheless, a study carried out in CD34 + T-cells by Chromatin Interaction Analysis by Paired-End Tag Sequencing (ChIA-PET) experiments, analyzing the distribution of the distance encompassed by the enhancers-promoter contacts, showed that only in the ~56% of the cases (1324 out of 2373 total) the enhancer-promoter spacing is lower than 50kb

[400]. Indeed, an enhancer can be situated more than 50kb away from its target gene, both in the upstream and downstream regions. An example of this situation is represented by the Myc gene whose expression is regulated in a lineage-specific manner by a cluster of 9 enhancers that are found at ~1.7Mb downstream from the gene locus [START_REF] Bahr | A myc enhancer cluster regulates normal and leukaemic haematopoietic stem cell hierarchies[END_REF]. Despite this evidence, mathematical models simulating the chromatin fiber dynamics predicted that the frequency of enhancer-promoter interactions is inversely proportional to their spacing [402], suggesting that the long-range enhancer-chromatin loops would be less probable than the short ones (e.g. <50kb). Furthermore, analyses of Hi-C data hold long-range enhancer-promoter contacts to be responsible for the establishment of a loop required for the baseline of the target gene expression, while enhancers situated inside this larger and stable loop engage more proximal interaction with the target gene promoter in order to dynamically regulate the gene expression level in response to the different stimuli [START_REF] Song | The first enhancer in an enhancer chain safeguards subsequent enhancer-promoter contacts from a distance[END_REF]. Altogether, these results highlight that, although considering regulatory regions within 50kb from the TSS may be reductive, it includes true regulatory regions and reduces wrong assignation. To define the target of an enhancer we assumed that one enhancer is associated to only one gene. However, a gene can be regulated by multiple enhancers and an enhancer can regulate multiple genes [214], as long as the enhancers and their regulated genes are in the same TAD. Furthermore, distance from TSS and enhancer activity prediction does not assure neither the real activity nor that the enhancer regulates the gene to which has been informatically assigned.

However, observing the distribution of SPI1 binding localization outside from promoters, we noticed that ~75% of non-promoter SPI1-bound regions consist of gene body regions with a strong prevalence of intronic binding, accounting for ~85% of the gene body bound regions (Figure 60). Concerning the distal intergenic bound enhancers, we showed that the SPI1 binding is proximal to the promoter, located within the first 25kb upstream from the TSS (Supplemental Figure S1C from "Article №2").

In light of these data and of the fact that enhancers tend to regulate preferentially genes that are in their proximity [214], we can consider that the enhancers that we defined are likely to regulate the genes that have been assigned to them. As aforementioned, during the gene assignation to an enhancer, we allocate to an enhancer the closest TSS. However, many genes can be transcribed in different isoforms from distinct TSSs of a same locus, but only certain isoforms could be expressed in a specific cell type and/or cell condition. Moreover, when multiple alternative TSS are available for the same gene, an enhancer can be considered as intra-genic or rather inter-genic. Similarly, choosing a different TSS can lead to a different definition of peaks localization.

For instance, a SPI1 peak can be assigned to the promoter of one gene isoform, while the same SPI1 Global run-on sequencing, GRO-seq) during the phase of enhancer annotation would improve the enhancer prediction.

SPI1 is not alone at the enhancers

Since SPI1 does not own any repressive domains, we sought for putative chromatin SPI1 partners able to actively exert the transcriptional repression mediated by SPI1. To achieve this task, we performed the SPI1 RIME, a technique based on the ChIP of the target of interest followed by Mass Spectrometry analyses of the coimmunoprecipitated proteins. This method allows the detection of any chromatin-associated protein found in the proximity of the target within a range defined by the fragment length of the sonicated chromatin (on average 250-300bp). Despite this implies that the proteins detected occupy the same genomic regions occupied by the bait protein, the physical interaction between the target protein Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France and the chromatin partners is not guaranteed. For this reason, validation of the RIME results must be performed in order to validate a putative physical interaction. A limit of this technique is the employment of Trypsin for the digestion of the peptides before sequencing by mass spectrometry. The Trypsin is an enzyme that lysis proteins specifically at the level of lysines and arginines. Therefore, proteins extremely rich, or poor, for these two amino acids are more difficult to detect. An example is SPI1, RIME target in this work, whose ETS-domain is rich in lysines and for this reason difficult to detect as demonstrated by the low number of peptides captured (Supplementary Figure S1A from "Article №2"). Hence, this technical limitation might explain the absence of known SPI1 interactors of erythroid cells such as PRC2 As described in the introduction (paragraph 1.2.1.2, Figure 5A), HDAC1 is the core catalytic subunit of at least four multiprotein complexes: SIN3A, NuRD, CoREST and SHIP. Interestingly, among the SPI1 interactors detected by RIME we also identified CHD4, a component of the NuRD complex (interaction validated by coimmunoprecipitation, data not shown). Furthermore, experiments of coimmunoprecipitation revealed that SPI1 interacts with SIN3A (Supplementary Figure S1A from "Article №2"), component of the homonymous complex. This underlines the ability of SPI1 to interact with different HDAC1-including complexes. It would be interesting to define which complexes are implicated in the SPI1-mediated gene repression. The answer requires the study of the expression of SPI1 target repressed genes upon knockdown (e.g., by shRNA interference) of different components belonging to the HDAC1-complexes.

SPI1 represses transcription in multiple ways

To get insight into the role of HDAC1 in the SPI1 repressive activity, we studied the level of H3K27ac signal at the enhancers of SPI1-repressed genes. We identified two kind of enhancers according to the consequences of SPI1 on the level of H3K27ac: one group of enhancers displayed a reduction of H3K27 acetylation in the presence of SPI1 that is consistent with a de-acetylation activity by HDAC1 (called than to genes associated to H3K27ac NotDown enhancers and to genes repressed but not bound by SPI1 (Figure 62, here I added the profiles of the H3K27ac NotDown enhancers, that were not included in the Figure 5A from "Article №2"). Altogether these data suggest that at least two different mechanisms of repression by SPI1 occur: one HDAC1-dependent involving the H3K27ac deacetylation, and one HDAC1-independent (Table 12). The functional experiments we performed, involving the HDAC1/3 pharmacological inhibition in combination with SPI1 knock-down, revealed that both HDAC1 and SPI1 are required for the gene repression of SPI1 target genes bound in murine erythroleukemic cells.

Therefore, the main features characterizing the genes regulated by H3K27ac Down enhancers are: (1) transcriptional repression by SPI1 and HDAC1, (2) decreased H3K27ac at enhancers and promoters by SPI1,

(3) reduced chromatin accessibility at the TSS by SPI1, (4) enrichment of GATA1 motifs at the enhancer in proximity of SPI1-binding sites, (5) strong increase of H3K27me3 in the presence of SPI1 at promoters (Table 12, left).

From these results, several hypotheses can be proposed to explain the role of HDAC1 in the SPI1mediated gene repression:

-HDAC1 is recruited by SPI1 at the chromatin to repress transcription;

-SPI1 stabilizes the multiprotein complexes to which HDAC1 belongs;

-SPI1 modulates the activity of HDAC1-containing complexes.

HDAC1 recruitment

We wondered whether SPI1 is able to recruit HDAC1 at its binding sites in order to reduce the level of H3K27ac and thereby decrease the enhancer activity and the transcription of the SPI1-target genes.

This question could be answered by performing HDAC1 ChIP experiments in the presence or not of SPI1 expression in order to define whether SPI1 affects HDAC1 occupancy at the chromatin. However, being HDAC1 an epigenetic factor that does not bind directly to the DNA, performing HDAC1 ChIP experiments is very tedious. A first reason is the difficulty to stabilize the HDAC1 interaction to the chromatin. In most of the ChIP protocols the protein-DNA interaction is stabilized by reversible crosslinking by formaldehyde, which has low efficiency in the protein-protein interaction stabilization (e.g., HDAC1-histone, HDAC1-TFs). Precede the protein-DNA cross-linking, performed by formaldehyde, by a protein-protein cross-linking, achieved by specific crosslinkers such as DSG or EGS, may help the stabilization of indirect interactions between the target and the DNA. Moreover, it is preferable the employment of protocols with low or no SDS content in the lysis buffer. Indeed, the SDS is a strong detergent that can disrupt the weak protein-protein interactions not well stabilized by the crosslink. Nevertheless, none of these approaches was successful to efficiently immunoprecipitate HDAC1. Hence, we decided to tag HDAC1 with an Avitag. This method is based on the induction of the endogenous biotinylation of the target protein which is then precipitated by streptavidin pull-down (bio-ChIP). This advantage of this approach is the possibility to avoid the use of antibodies that could disrupt the interactions of the target with the chromatin.

However, in this case we did not detected any enrichment of HDAC1 signal at its putative sites (coinciding with published SIN3A occupied sites in MEL cells [406]). We immunoprecipitated all the proteins containing acetylated lysines (pan-acK) and compared the differential of GATA1 acetylation in the presence or not of HDAC1 or P300 activity (Entinostat or A485 treatment respectively, Figure 63A-B), or SPI1 expression (Dox treatment, Figure 63C). Our results indicate that acetylated GATA1 increased upon Entinostat treatment and decreased upon A485 treatment (the acetylated GATA1 is normalized to the total GATA1 (input)), indicating that CBP/P300 acetylates GATA1, as expected, and that HDAC1 is able to deacetylate GATA1. However, interpretation of these results is complicated since the levels of total GATA1 protein variates among the different treatments. The cause of this variations may be due to changes of GATA1 stability since GATA1 acetylation has been reported to be required to target GATA1 to the proteasome for degradation when GATA1 phosphorylation cooccurs [413]. Another explanation could be an indirect effect on GATA1 expression by the HDAC1 or P300 inhibitors treatment.

Interestingly, the presence of SPI1 also reduced GATA1 acetylation (Figure 63C), suggesting that indeed SPI1 may be involved in GATA1 deacetylation through its interaction with HDAC1. However, these experiments do not distinguish the amount of acetylated GATA1 at the SPI1 binding sites from the acetylated GATA1 in the nucleoplasm or in other genomic regions not occupied by SPI1.

The ideal method to detect differences of GATA1 acetylation at the SPI1 binding sites would be to perform a SPI1-ChIP followed by GATA1-reChIP and then mass spectrometry analysis of the immunoprecipitated proteins. Clearly, it is not technically feasible as mass spectrometry analyses require a large amount of material while reChIP is a technique with a low yield in terms of protein amount retrieved. Alternatively, we could quantify the total amount of acetylation, by mass spectrometry (more precise than Western blot), in the presence or not of SPI1 or HDAC1 activity. As aforementioned, GATA1 deacetylation, besides to transactivity reduction, may be responsible for the destabilization of its chromatin binding. For this reason, we studied the GATA1 occupancy in the presence or not of SPI1. We observed that GATA1 occupancy is not perturbed by SPI1 at the SPI1 binding sites at the H3K27ac Down enhancers (Supplementary Figure S7B from "Article №2").

Altogether, these data suggest that SPI1 interacting with HDAC1 may impede the GATA1 transactivation ability by deacetylating GATA1. However, the impact of this GATA1 deacetylation on the SPI1mediate gene repression needs to be clarified.

Our experiments identified at least two different forms of acetylated HDAC1 (Figure 63). HDAC1 is known to be regulated by PTMs such as acetylation, which attenuates its activity [32], and phosphorylation that, instead, stimulates its activity [25]. Interestingly, HDAC1 inhibition and SPI1 knock-down increased the amount of acetylated HDAC1 detected, in particular the heavier form (Figure 63). So far, we do not know whether these HDAC1 forms correspond to two different phosphorylation forms of HDAC1, rather than two acetylation forms or a combination of the two PTMs, and neither whether HDAC1 is able to deacetylate itself. Additional experiments would be required to define whether this alteration of HDAC1 PTMs is implicated in the SPI1-mediated gene repression and whether GATA1 may be also involved in this process. Indeed, the NuRD complex, containing both the SPI1 chromatin partners HDAC1 and CHD4 (identified by RIME), has been shown to interact with the GATA1-FOG1 complex and mediate both repression and activation of GATA1 target genes, during erythroid differentiation, depending on whether HDAC1 was acetylated (gene activation) or not (gene repression) [START_REF] Miccio | NuRD mediates activating and repressive functions of gata-1 and fog-1 during blood development[END_REF][START_REF] Miccio | Role of the gata-1/fog-1/nurd pathway in the expression of human beta-like globin genes[END_REF][START_REF] Yang | Acetylation of histone deacetylase 1 regulates nurd corepressor complex activity[END_REF]. In this scenario, we can speculate that SPI1 stimulates HDAC1 activity, contained in the NuRD complex, at GATA1:SPI1 co-binding sites, perhaps by recruiting kinases that phosphorylate HDAC1 promoting its activity. This would then trigger a feedforward loop involving HDAC1 complexes deacetylation by HDAC1s themselves, which would increase the catalytic activity of NuRD. The NuRD increased activity would then favor histone and GATA1 deacetylation with consequent reduction of GATA1 transactivation activity on its erythroid target genes (Figure 64).

The GATA1 deacetylation may have an impact on the activity of other protagonists: the Bromodomain and Extra-Terminal motif (BET) proteins. Indeed, GATA1 acetylation has been reported to play an important role in the interaction with the BET-family protein BRD3 [START_REF] Lamonica | Bromodomain protein brd3 associates with acetylated gata1 to promote its chromatin occupancy at erythroid target genes[END_REF][START_REF] Stonestrom | Functions of bet proteins in erythroid gene expression[END_REF]. Since the BET-family proteins stimulate transcription by recruiting the Mediator complex and CDK9 to stimulate the RNP2 elongation [170-172], and thereby the gene transcription, loss of the interaction/recruitment of BET proteins with GATA1 would lead to impairment of GATA1-mediated gene activation (Figure 64). Furthermore, acetylated HDAC1 and H3K27ac recruit BRDs proteins that in turn recruit the Mediator complex that stimulates transcription of the target genes. (Bottom) When SPI1 is expressed, it induces, by an unknown mechanism, deacetylation of NuRD (in the HDAC1 subunits). Hypoacetylated NuRD is catalytically active and deacetylates other NuRD complexes, GATA1 and H3K27. These losses of acetylation induce a lower recruitment of BRDs and Mediator that, in combination with GATA1 deacetylation, induce a lower gene activation. ''ac'', acetylation. Interestingly, LDB1 is implicated in the formation of enhancer-promoter contacts by homodimerization and GATA1 participates in this process serving as platform for the multicomplex assembly [210,213,417,418,421] (Figure 65A). An example is represented by the Alas2 locus, where prevention of the GATA1 binding at an intragenic regulatory region destabilizes the loops between these regulatory regions and the Alas2 promoter resulting in a loss of the gene activation [START_REF] Tanimura | Mechanism governing heme synthesis reveals a gata factor/heme circuit that controls differentiation[END_REF][START_REF] Zhang | Intron 1 gata site enhances alas2 expression indispensably during erythroid differentiation[END_REF]. SPI1 occupies this enhancer in the erythroleukemic cells (our data). We have shown that SPI1 bound to enhancers of repressed genes reduces acetylation and chromatin accessibility at enhancers and also at promoters where it is not bound. Consequently, SPI1 may interfere with the formation of the looping between promoter and enhancer. We hypothesized that SPI1 may disrupt the interaction of LDB1 with GATA1 and therefore abolish the promoter-enhancer contacts with consequent gene deactivation of the GATA1 target genes.

To test this hypothesis, we studied the occupancy of LDB1 at the H3K27ac Down enhancers in the presence or not of SPI1 expression. The unchanged LDB1 occupancy at SPI1 bound H3K27ac Down enhancers (Figure 65B) is not consistent with a direct effect on LDB1 occupancy.
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PRC2 recruitment and activity

Gene repression induces a lower rate of transcription, which has been reported to induce the recruitment of PRC2 at the promoter of the repressed genes to deposit H3K27me3 [61,65,73-78]. As previously discussed, we found that the H3K27me3 signal at the promoter of genes controlled by SPI1-bound H3K27ac Down enhancers is increased by SPI1 binding at the enhancer. Therefore, to define whether this differential of H3K27me3 initiates repression or is a consequence of the SPI1-mediated transcriptional repression [61,65,73-78], we used a luciferase reporter system where the expression of the luciferase can be specifically controlled by a Dox-inducible SPI1. We showed that SPI1 alone is sufficient to repress transcription and stimulate the recruitment of PRC2 at the luciferase promoter with consequent deposition of H3K27me3 mark. Moreover, PRC2 is not required for the initiation of the SPI1-mediated luciferase repression. Nevertheless, we have demonstrated, in erythroleukemic cells, that SPI1-enhancer occupancy increases H3K27me3 compared to enhancers (1) of repressed genes in which SPI1 was not bound and (2) of repressed genes in which SPI1 acts with HDAC1 (the H3K27ac Down enhancers).

Altogether, these data suggest that for the groups of genes whose enhancers is deacetylated in the presence of SPI1, the primary actors of the transcription are SPI1 and HDAC1, while PRC2 is required to enhance or maintain this repression. The specific increase of H3K27me3 due to the presence of SPI1 at repressed enhancers suggests an active function of SPI1 on PRC2 activity.

From these data, we proposed that SPI1 bound to the enhancers and acting with HDAC1, brought in proximity of the promoter by the enhancer-promoter contact, may interact with PRC2 and stimulate its activity. To test this hypothesis, we studied in vitro the activity of PRC2 in the presence or not of SPI1, and we found that PRC2 was more active in the presence of SPI1.

In conclusion, we show that SPI1 is the initiator of the transcriptional repression, acting in combination with HDAC1 at the same sites in enhancers. The lower rate of transcription will trigger the deposit of H3K27me3 [61,65,73-78]. Then, SPI1 interacts with PRC2 and stimulates its activity, increasing thereby the H3K27me3 deposition (Figure 66).

Figure 66 | Model of HDAC1dependent SPI1-mediated gene repression Schematic of the working hypothesis representing a mechanism of gene repression by SPI1 based on our results and previously published data. TFs (GATA1 in certain genes) and coactivators required for gene activation are bound to enhancers. SPI1 binds to active enhancers and, through HDAC1, triggers deacetylation of enhancers and distal regions around the TSS. Consequently, chromatin is slightly condensed at enhancers and closed down around the TSS, the total RNA pol II (RNP2) quantity is reduced at the TSS, and the RNA transcription rate is decreased. Reduction of RNA molecules is associated with the venue of PRC2 to chromatin and H3K27 methylation deposits potentially emphasized by SPI1. The PRC2 complex reinforces HDAC1 transcriptional inhibition. 

Genes repressed through HDAC1-independent enhancers (H3K27ac NotDown )

The main features characterizing this subset of genes are: (1) transcriptional repression by SPI1, (2) H3K27ac increased at enhancers and reduced at promoters by SPI1, (3) chromatin accessibility increased at the enhancers and reduced at the TSS by SPI1, (4) enrichment of ETS-family motifs at the enhancers at SPI1-binding sites, (5) weak increase of H3K27me3 in the presence of SPI1 at promoters (Table 12, right). These characteristics highlight that other mechanisms than those involving HDAC1 activity intervene in the SPI1-mediated gene repression. Some of the possible hypotheses are described below.
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Competition with other ETS factors

Motif enrichment analyses at SPI1-bound H3K27ac NotDown enhancers revealed that these regions display a strong enrichment for ETS-family TF motifs, such as ETS1, even stronger than for the canonical SPI1 motif (Figure 4F from "Article №2"). It is know that all ETS motif are bound by all ETS family TFs but at different affinities [START_REF] Wei | Genome-wide analysis of ets-family dnabinding in vitro and in vivo[END_REF]. In particular, SPI1 binds to ETS1 motifs with lower affinity. It has been shown that a high concentration of SPI1 in the macrophages is crucial to increase the SPI1 occupancy at degenerated motifs [START_REF] Pham | Mechanisms of in vivo binding site selection of the hematopoietic master transcription factor pu.1[END_REF]. Therefore, one hypothesis that can explain the enrichment of non-SPI1 ETS-family motifs is that the high concentration of SPI1, which is overexpressed in erythroleukemic cells, would compete for the binding with other members of the ETS-family (lower affinity motifs), i.e. ETS1. Hence, displacement of and/or interfering with the binding of non-SPI1 ETS-family TFs, such as ETS1, would lead to de-activation of their target genes (Figure 67).

Further experiments aimed to study the occupancy of ETS1, or other ETS-family TFs, in the presence or not of SPI1 expression, are required to better define whether this hypothesis of binding competition is valid. (Right) When SPI1 is abnormally expression, the high SPI1 concentration allows an increased binding to non-SPI1 ETS motif (SPI1 degenerated motifs). This induces a competition for the binding with the non-SPI1 ETS TFs. SPI1 binding prevents the binding, and therefore the target gene activation, of non-SPI1 ETS TFs. In this scenario SPI1 is not able to interact with the ETS1-specific COF/TFs that occupy the chromatin.

eRNA interfering

It has been recently shown that the RNP2 required for the eRNAs production at intragenic enhancers can interfere with the RNP2 transcribing the host gene, reducing transcription elongation [204] (Figure 19). As depicted in Figure 60, enhancers bound by SPI1 are mainly found at intragenic regions (gene body).

In the case of H3K27ac NotDown enhancers, showing on average an increased level of H3K27ac in the presence of SPI1 binding, it is possible that SPI1 stimulates the transcription of intragenic eRNAs that would lead to a repression of the host gene by interference with the RNP2 elongation.
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lncRNA-mediated repression

SPI1 activation vs repression dichotomy

In this manuscript, I described the dual role of SPI1 as an activator and a repressor of gene transcription. However, the conditions defining when SPI1 acts as one or the other are still unclear. The most plausible hypothesis is that different interactions of SPI1, including lineage-specific cofactors and TFs, would be responsible for different outcomes on gene transcription regulation. However, this still do not answer why, in the same cell, at specific loci SPI1 acts as activator while in other as repressor. What is the molecular switch of SPI1?

We could speculate that, in a cell, different forms of SPI1 (distinct PTMs), may be involved in the stability of the interaction of SPI1 with chromatin partners that are already present at the chromatin at the moment of its binding to DNA. Therefore, while a specific SPI1 PTM would induce the stabilization of SPI1 at a specific locus, the same PTM may be responsible for the eviction of SPI1 at another locus, depending on the SPI1 cofactors present at a specific locus.

If this idea is extended to the different cell types could partially explain the dynamics involving the gene regulation programs involving, for instance, the hematopoietic differentiation. Indeed, in this model, in a specific cell, depending on the cellular context (e.g., in response to external stimuli), different proportions of distinct SPI1 forms (different PTMs) could be available. For instance, while in a cellular context SPI1 phosphorylation form is the most abundant, in another cellular context it could be possible Subsequently, single clones were selected with Zeocin (300µg/mL) and screened for the expression of Gal4-SPI1 constructs 24h after doxycycline induction at 1µg/mL (Sigma).

The Gal4-SPI1-WT and Gal4-SPI1-∆ETS constructs have been synthetized by Invitrogen (sequence below), while the Gal4-SPI1-∆CTD was obtained starting from the Gal4-SPI1-WT construct. The vector containing the latter was amplified by PCR (Fw 5'-CCCAAGCTTCTCCTGAAAGATGAAG-3', Rv 5'-GCTCTAGATCACTTCACCTCGCCTGTGTT-3') to obtain the Gal4-SPI1-∆CTD (excluded sequence from the WT is underlined and indicated in lower case). With this PCR, the restriction sites XbaI/HindIII have been introduced to allow the subcloning of the construct in the pCDNA4-T0 vector. 

Luciferase reporter assay

Luciferase reporter assay was performed by Luciferase Assay System kit (Promega) following manufacturer's instructions. Luminescence was then measured by the GloMax-Multi Detection System (Promega).

Protein quantification for luminescence normalization was performed by Coomassie (Bradford) Protein Assay Kit (Pierce) following manufacturer's instructions.

RNA extraction and quantification by real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from cells using RNeasy Plus Mini Kit (Qiagen) and 1µg was reverse-transcribed using Superscript IV Reverse Transcriptase (Invitrogen). RT-qPCR was performed using TaqMan Gene Expression Assays (Applied Biosystems) on the 7500 RT-qPCR System (Applied Biosystems) with the following probes (Applied Biosystems): Bcl2l11 Mm00437796_m1, Gapdh Mm99999915_g1, Morrbid Mm04237826_m1, Spi1 Mm00488142_m1, Polr2a Mm00839493_m1, LucF Mr03987587_mr, GAPDH [human] Hs02758991). Fold changes in mRNA expression levels were calculated relative to untreated control condition and normalized to GAPDH/ Gapdh /PolR2a mRNA level using the 2 -∆∆Ct formula.

RNA library preparation and sequencing

RNA quality was evaluated using an Agilent Fragment Analyser apparatus as described in the manufacturer's procedure (Agilent Technologies, Basel, Switzerland). RNA-seq libraries were generated from 

RNA-seq analyses

Gene expression was quantified using HTSeq-count v0.6.1p1 with gene annotations from Gencode vM25 Genes have been divided into three categories depending on their fold-change expression (FC) between dox-treated and untreated cells and p-value adjusted (padj). Repressed (FC ≤ 0.67, padj <0.05), activated (FC ≥ 1.5, padj < 0.05), NoResp (0.9 ≤ FC ≤ 1.1, padj ≥ 0.05), whereas all the other genes have been defined as NULL. Analyses on the differentially expression results were performed in R 3.6.3.
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Immunoprecipitation, protein extraction and immunoblotting

For immunoprecipitations, 40×10 6 cells were lysed with 400µL IP-buffer (20mM HEPES, 2mM MgCl2, 0.5% NP-40, 100mM NaCl, 0.1% Triton, 1X Protease inhibitor complex Roche) and incubated on ice for 5 minutes. Then, 5M NaCl was added to lysates in order to reach a final concentration of 420mM. After incubation on ice for 5 minutes, lysates were centrifuged for 15 minutes at 20 000g. Supernatants were incubated 2h under rotation with the right amount of antibody (Table 15) and then for 1h with 50µL of magnetic beads (Protein G coated Dynabeads, Invitrogen). Beads then have been washed 5 times with IP-buffer and boiled for 10min at 95°C in 20-25µL Laemmli buffer 2X supplied with 100mM DTT.

For whole-cell protein extraction, cells are centrifuged at 250g for 7min at 4°C, washed twice in DPBSorthovanadate (1mM), lysed in Laemmli 2X buffer supplied with 100mM DTT at concentration of 50 000 cells/µL, boiled 10min at 95°C and sonicated by Bioruptor-Standard sonicator (Diagenode) (intensity High, 3 cycles of 30s ON and 90s OFF).

Whole-cell extracts or immunoprecipitated proteins were resolved by SDS-PAGE and transferred to a nitrocellulose 0.22µm membrane (Biorad). Membranes were blocked (1X D-PBS, 0.1% Tween20, 5% nonfat milk powder) and then incubated with primary antibody as described in Antibodies Table . Horse peroxidase-conjugated secondary antibody was used to detect proteins by LAS4000 digital imager (GE Healthcare Life Sciences) upon incubation with enhancer chemiluminescence kit (ThermoScientific).

Stripping was performed in 1X stripping buffer (ST010, GeBa) according to manufacture instructions.

Chromatin Immunoprecipitation (ChIP) assay

ChIP assays in HEK293T-UAS-LucF cells were performed as previously described [START_REF] Boukarabila | The prc1 polycomb group complex interacts with plzf/rara to mediate leukemic transformation[END_REF] with minor modifications. ChIP samples were sonicated for 20min using the Covaris S220 sonicator (peak power 200, duty factor 20 and cycle Burst 200) was used for sonication.

For LDB1 ChIP assays in erythroleukemic cells, we used the protocol described by Blecher-Gonen et al.

(Nat. Protoc., 2013) [START_REF] Blecher-Gonen | High-throughput chromatin immunoprecipitation for genome-wide mapping of in vivo protein-dna interactions and epigenomic states[END_REF]. In this case, nuclei sonication was performed using the Covaris S220 sonicator for 17min (peak power 220, duty factor 20 and cycle Burst 200).

For more details on antibodies and protein A/G coupled beads choice, see (Table 15).

ChIP were quantified by real-time quantitative PCR (RT-qPCR). Quantitative PCR was performed on the 7500 RT-qPCR System (Applied Biosystems) using home-designed oligonucleotides (Table 13) and SYBRgreen buffer (Applied Biosystems). Immunoprecipitated DNA is compared to input sample by the comparative Ct method. Immunoprecipitated DNA enrichment is expressed as % of input.
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Flow cytometry staining

For cell surface markers staining, 1-5×10 6 cells were collected and pelleted at 250g for 6min at 4°C. Cellular pellets were washed in ice-cold FACS buffer (D-PBS 1X, 2% BSA) and then resuspended in 100µL of staining solution (2ng/µL PE Rat Anti-Mouse CD71 [BD Pharmingen #553267] antibody in FACS buffer).

Cells were incubated 1h at 4°C in the dark and then washed in FACS buffer. Stained cellular pellets where then resuspended in FACS buffer supplemented with 0.5µM DAPI and analyzed by BD LSRFortessa flow cytometer.

Lentiviral transduction

For lentiviral particles production, HEK293T were co-transfected with the pHR-SFFV-KRAB-dCas9-P2A-mCherry (gift from Jonathan Weissman 

INTRODUCTION

Genetic instability, beyond being considered a key cancer hallmark 1 , is a major cell autonomous force in both cancer initiation and progression. Its role as a driving force of oncogenesis is supported by three main observations: a) the majority of solid tumors and leukemia consistently exhibit genetic instability, as revealed by both cytogenetic and sequencing data analyses 2 ; b) the high risk of cancer incurred by patients suffering from rare pathologies associated with mono-or biallelic inactivating germline mutations in genes encoding DNA damage response (DDR) proteins, which maintain genome stability 3 ; and c) inactivating mutations in DDR protein-encoding genes are frequently described in sporadic tumors 4 , suggesting that their inactivation facilitates cancer progression by increasing the mutational landscape.

Nevertheless, genetic instability is not sufficient for oncogenesis, and how it induces tumor progression is still unknown 5,6 . Indeed, its contribution seems to be dependent on the type of tumor and is comparatively scarce in leukemia 2 . Moreover, recent published studies revealed the presence of somatic mutations in cancer-associated driver genes in healthy tissues and hematopoietic cells 7,8 , raising questions about the cellular and microenvironmental context required to ensure cancer progression beyond the genetic instability and about the identity of additional associated determining factors.

Fanconi anemia (FA) is a human syndrome associated with DDR failure and the resulting genetic instability, leading to cancer predisposition 9 . FA is associated with developmental (skeletal) and reproductive abnormalities with bone marrow failure (BMF) and a high risk for developing myelodysplastic syndrome and acute myeloid leukemia (AML) 9 . FA is due to inactivating mono-or biallelic mutations in over 20 FANC genes, some of which have also been involved in other cancer predisposition syndromes 10,11 . The FANC proteins constitute a pathway embedded in the DDR network and involved in DNA repair and replication rescue, ensuring the maintenance of genetic and chromosomal integrity 12 . Surprisingly, patients with mutations in the different genes that affect the functionality of the FANC pathway do not have the same spectrum of cancers 10,13,14 . In the absence of exogenous stress, most FANC-knockout (KO) mouse models fail to spontaneously develop leukemia, presenting with minor BMF defects, sterility and DNA damage hypersensitivity, attesting to the presence of major alterations in the DDR 15-18 . Thus, even if myelodysplasia or AML in FA patients appears to be associated with some specific genomic abnormalities 19 , genetic instability per se seems to be insufficient for overt leukemic development in FA.

The transcription factor SPI1/PU.1, a master regulator in normal and stressed hematopoiesis, behaves either as a tumor suppressor 20,21 or an oncogene 22-24 . Its unrestrained expression in mice causes a hematological neoplasia precursor state characterized by anemia due to the blockage of erythroid differentiation of blasts whose expansion is still controlled by growth factors 25 and thus represents an intermediate state towards the development of leukemia. Preleukemic erythroblastic cells expressing high levels of SPI1 display replicative stress 26,27 , which might be cope by a proficient FANC pathway, limiting the genetic instability and tumorigenicity of SPI1-overexpressing preleukemic blasts.
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To better understand the events underlying leukemic progression, we generated a mouse model of combined Fanca deletion and SPI1 overexpression that presented with genetic instability and altered hematopoietic differentiation, respectively. In the present study, we show that FANCA loss-of-function and abnormally high SPI1 expression synergize during leukemogenesis. The depletion of FANCA leads to the progression to overt leukemia in Spi1/PU.1 transgenic mice by transcriptional reprogramming favoring the selection of mutated oncogenic cells without increasing the mutational load.

METHODS

Mice and cell culture

Fanca +/-and TgSpi1 mice derived from the FVB/N and the DBA2/J background, respectively 16,25 . Mice deficient in the Fanca gene and expressing TgSpi1 were generated by mating Fanca +/-mice with homozygous TgSpi1 mice to obtain double-heterozygous mice (F1) (Figure 1A). These F1 mice were then mated with Fanca +/-mice to generate mice harboring homozygous mutations of Fanca and heterozygous TgSpi1. The project was officially approved by the Animal Experimentation Ethics Committee (registered by the French Department of Research) and conducted in accordance with French laws and regulations. The resulting mice of the indicated genotypes were monitored for survival. When required, moribund mice were sacrificed for analysis of different biological parameters. Cells from enlarged spleens of mice were cultured as described previously 25 . For γ-secretase inhibition, cells were treated for 3 days with LY411575 (Sigma-Aldrich). Number of viable cells was determined with DAPI labeling (0.5µM) in 96-well plates by BD High Throughput Sampler (HTS) option from the cytoflex flow cytometer (Beckman Coulter). FACS data were analyzed using FlowJo v10.6.2 software (Tree Star).

TgSpi1 cells producing doxycycline-inducible shRNA against Spi1 (ShSpi1-A2C) have been described previously 28 . Spi1 shRNA was induced in the presence of 100 ng/mL doxycycline.

Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from cells using the RNeasy Plus Mini Kit or Maxwell RSC simplyRNA Cell Kit (Promega) and RT-qPCR was performed using TaqMan or SYBR Green technology as described in detail in Supplementary data.

Bone marrow and spleen immunophenotyping by flow cytometry

Single-cell suspensions of freshly collected bone marrow cells were immunostained with APC-eFluor(R)780-conjugated rat anti-KIT (clone ACK2, eBioscience), FITC-conjugated rat anti-CD71, APCconjugated rat anti-Ter119 and PE-conjugated streptavidin/biotin-conjugated rat anti-CD123 antibodies for the detection of erythroid progenitor (CFU-E) cells, as previously described 29 ; FITC-conjugated rat anti-CD11b (clone M1/70), APC-Cy TM 7-conjugated rat anti-Gr1 (Ly-6C and Ly-6G, clone RB6-8C5), PerCP-Cy TM 5.5-conjugated rat anti-mouse CD19 (clone1D3) and PE-Cy TM 7-APC-Cy TM 7-conjugated rat antimouse CD45R (clone RA3-6B2), PE-conjugated rat anti-mouse CD4 (clone RM4-5), and PE-Cy TM 7conjugated rat anti-myeloid CD8 (clone 53-6) antibodies were used for the detection of freshly collected bone marrow cells. Stained cells were analyzed with a BD Accuri C6 or a Fortessa analyzer (BD Biosciences), and FlowJo (Tree Star) was used for data acquisition and analysis.

Additional details of the methods are included in the supplementary data. (A) Schematic diagram representing erythroid differentiation with specific phenotypical markers used to characterize nonerythroid (I) and erythroid progenitors from less mature to more engaged erythroid cells (II, III, IV). Ter119 high cells (IV) were analyzed according to CD71 and FSC to distinguish erythroid more engaged cells, i.e., basophilic (baso), polychromatic (poly) and orthochromatic (ortho) cells. (B) Representative profiles of cells incubated with antibodies against Ter119 and CD71 and analyzed by flow cytometry. (C) Histograms represent the means of each population for mice analyzed (from 4 to 8 mice) according to Ter119 and CD71 markers and basophilic, polychromatic and acidophilic cells to 100% of bone marrow or spleen cells as described in A and B. Statistical analysis was carried out using the Mann-Whitney test. Three types of comparisons were performed: FA -/-to TgSpi1FA -/-; FA +/+ to TgSpi1FA +/+ and TgSpi1FA -/-to TgSpi1FA +/+ . For better visualization, only one * was written for all P-values (P < 0.05), even if more highly significant.

Fanca deficiency promotes tumorigenicity associated with EPO independency.

Blasts isolated from the spleens of most sick TgSpi1 mice need erythroid growth factor erythropoietin (EPO) to be maintained in culture over a long period of time 25 . Accordingly, EPO starvation induced growth arrest and death of blasts issued from 80% of TgSpi1FA +/+ mice (Figure 3A, left panel, and B). In contrast, the proliferation of blasts issued from 82% of TgSpi1FA -/-mice was EPO independent (Figure 3A, right panel, and B). In addition, EPO-independent cells developed in situ tumors within three weeks from Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France their subcutaneous injection into immunodeficient mice, while none of the EPO-dependent cell lines gave rise to tumors (Figure 3B).

To sustain blast proliferation, EPO initiates several signaling pathways via the activation of diverse effectors, including STAT5, AKT1 and ERK1/2. Accordingly, TgSpi1FA +/+ cells cultured in the presence of EPO presented with STAT5, AKT1 and ERK1/2 phosphorylation, an indicator of their activation, which systematically decreased following EPO starvation (Figure 3C). In contrast, in TgSpi1FA -/-blasts, the activation of those signaling pathways was mainly independent of the presence of EPO. Interestingly, distinct signaling effectors were constitutively activated in cells derived from TgSpi1FA -/-mice; for instance, STAT5, AKT1 and ERK1/2 were constitutively phosphorylated in #26 cells, whereas only AKT1 and ERK1/2 were phosphorylated in an EPO-independent manner in #28 cells (Figure 3C), suggesting different origins for their activation.

In different settings, it was previously shown that the absence of a FANC protein is associated with the activation of several signaling pathways, including the PI3K-AKT 32,33 , ERK1/2 34 and STAT5 35 pathways, involved in EPO independence 36 . Consequently, the observed EPO independence could be due to the constitutive activation of the same pathways turned on by a growth factor. However, as evidence against this hypothesis, 20% of TgSpi1FA -/-cells remained EPO-dependent despite their high levels of AKT1 and STAT5 phosphorylation (Supplementary Figure S3A); further, the shRNA-mediated Fanca downregulation in EPO-dependent TgSpi1FA +/+ cell lines (#138, #445, #479) was unable to confer EPO independence in vitro (Supplementary Figure S3B andC), suggesting that cells able to grow independently from EPO are selected in the bone marrow of the TgSpi1FA -/-mice and are associated with additional events in mice devoid of FANCA.

Our results suggest that loss of function of FANCA in TgSpi1 mice accelerates development and increases penetrance of SPI1-dependent anemia and splenomegaly by favoring the expansion of blasts with growth factor autonomy leading to tumorigenicity.

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France (A) Primary cells isolated from the spleens of sick TgSpi1FA +/+ and TgSpi1FA -/-mice with splenomegaly were seeded at 5x10 4 cells/mL in liquid medium with (+EPO, full line) or without EPO (-EPO, dashed line). Living cells were counted on the indicated days using the trypan blue exclusion test. Data are mean±SEM of 3 independent experiments. (B) EPO requirement and engraftment ability in nude mice of TgSpi1FA +/+ and TgSpi1FA -/-cells obtained from the spleens of sick mice. D: EPO dependent; I: Epo independent; ND: no data. Black boxes indicate that primary transforming cells formed secondary tumors in nude mice. (C) Representative immunoblots of whole-cell extracts of TgSpi1FA +/+ and TgSpi1FA -/-cells coupled with anti-pSTAT5, total STAT5, pAKT, total AKT, pERK1/2 and total ERK1/2 antibodies. Cells were cultured in the presence (+) or in the absence (-) of EPO for 4 hours.

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France and Ephb4 upregulation, two situations previously associated with poor survival of patients with AML 53,54 .

High EPHB4 expression alone can lead to ligand-independent activation of downstream signaling 55 . It is considered an alternative candidate EPO receptor 56 leading to SRC-mediated STAT3 phosphorylation that fosters tumor growth and progression. Finally, the expression of Axl, Mertk and Tyro3 was reported cooperatively increased in human AML 57 as observed in the TgSpi1FA -/-leukemic cells. Collectively, our study reveals the coordinated overexpression of several genes encoding proteins whose convergent activity is a widely accepted driving force of cancer and leukemia initiation, progression and maintenance by fostering cell survival and proliferation. Interestingly, an increase in the proliferation signal was also recently reported in FANCA-deficient hematopoietic stem and progenitor cells by upregulation of the MYC gene due to increased inflammation 58 . Despite common enrichment of genes activated by TNFα and TGFβ (data not shown), MYC-induced gene sets were not activated in the TgSpi1FA -/-erythroleukemic cells. Nevertheless, our work together with Rodriguez's study 58 shows that transcriptional deregulation is one of the mechanisms by which the absence of Fanconi proteins may contribute to abnormal hematopoietic cell function. Even though it remains to be determined how these functions ultimately exert a positive effect on the emergence of cells carrying oncogenic mutations, they represent targets that may be disrupted to subvert leukemic progression.

Since overactivated NF-κB, WNT/β-catenin and NOTCH pathways are recognized drivers of the BM niche contribution to hematopoietic clonal disorders 59 , it will be interesting to investigate the involvement of the FA-associated BM microenvironment in the leukemogenesis due to FANC pathway loss of function.

Our observations lead to the conclusion that leukemic cells carrying oncogenic mutations require a favorable intracellular environment to allow the emergence of these leukemic clones. The loss of FANCA is able to provide this mandatory cellular setup by triggering the simultaneous activation of additional signaling pathways, including those dependent on WNT, NOTCH, EPH-ephrin and TAM receptor tyrosine kinases. Future studies are required to characterize the mechanisms responsible for the overactivation of genes controlling proliferation pathways and their roles in the expansion of cells with oncogenic driver mutations.

Transcription is a complex process that is involved in differentiation and development. A transcription factor (TF) is a key factor that orchestrates, with epigenetic factors, qualitative and quantitative control of transcription. Among TFs, some are lineage-determinant, and their deregulation leads to cancer. The transcription factor SPI1/PU.1 is a key regulator of hematopoiesis acting in a dose-dependent manner in distinct hematopoietic lineages whose deregulation contributes to several hemopathies. Despite being a transcriptional activator, SPI1 is also able to repress gene transcription. However, this activity is not well described. Abnormal unrestrained expression of SPI1 in erythroid progenitors leads to erythroleukemia, in part through transcriptional deregulation. This deregulation leads to inhibition of differentiation and of apoptosis with a consequent expansion of erythroid progenitors that lead to leukemia development. The aim of my thesis was to better characterize the molecular mechanisms of transcriptional repression mediated by SPI1 in the context of erythroleukemia. SPI1 does not display an autonomous repressive function but interacts with repressive epigenetic factors inducing changes in the epigenome. We employed cellular and molecular biology approaches in combination with high-throughput sequencing techniques and bioinformatics to dissect the molecular mechanisms underlying the SPI1-mediated transcriptional repression in erythroleukemia via its interaction with epigenetic factors. We developed two free-available R packages for ChIP-seq data normalization and visualization, CHIPIN (https://github.com/BoevaLab/CHIPIN) and

Rseb

(https://github.com/sebastian-gregoricchio/Rseb), respectively.

Using a murine TgSpi1 erythroleukemic model, we showed that SPI1 represses genes by binding mainly to their active enhancers, characterized by the co-presence of H3K27ac and H3K4me1 histone marks. By ChIP coupled to mass spectrometry and co-immunoprecipitation experiments, we identified that the repressive deacetylase HDAC1 interacts with SPI1 at the chromatin. HDAC1 and/or SPI1 inhibition experiments showed that SPI1 and HDAC1 are required and cooperate to repress transcription by reducing the H3K27ac at a subset of active enhancers accompanied by the decreased RNA-pol II occupancy and chromatin accessibility at the corresponding regulated promoter. Interestingly, we identified that at least two distinct mechanisms are involved in the SPI1mediated gene repression: one dependent and one independent on HDAC1 activity. Enhancers whose regulation is dependent on HDAC1 display, in proximity of SPI1 binding, an enrichment of GATA1 transcription factor occupancy, while those independent of HDAC1 are enriched for ETS-family transcription factors. Besides regulation of HDAC1 and acetylation of H3, we observed an increase of the repressive mark H3K27me3, deposited by PRC2, at promoters of SPI1 and HDAC1 co-repressed genes, specifically when SPI1 was bound to enhancers. Moreover, SPI1, by interacting with PRC2, increases PRC2 activity. These data suggest a role of SPI1 in modulating H3K27me3 that reinforces the gene repression exerted by SPI1 and HDAC1 in erythroleukemic cells. Finally, by simultaneous pharmacological inhibition of HDAC1 and PRC2, we identified a synergistic effect of HDAC1 and PRC2 on SPI1-target gene repression leading to proliferation arrest and cell death induction of erythroleukemic cells.
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  Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France During my Ph.D. training, I investigated the role of SPI1 deregulation in an erythroleukemic murine model with a particular attention in its interplays with epigenetic factors and its role in gene repression.

Figure 1 |

 1 Figure 1 | Nucleosome and chromatosome structures (A) Schematic and 3D representation of the nucleosome structure (PDB ID: 1KX5). (B) DNA distribution on nucleosome. On the left topview, on the right side-view (PDB ID: 1ZBB; adapted from K. Zhou, et al., Nat. Struct. Mol. Biol. (2019) [5]). (C) 3D-structure of the chromatosome (PDB ID: 5NL0; left: top-view, right: sideview). Models generated by swissmodel.expasy.org from the PDB entries indicated in brackets.

  , left), the long-range partial unwrapping is called "opening" [8] (Figure 2A, right). Another nucleosome dynamics, termed "gaping", involves the hinge-like opening of the nucleosome with consequent disruption of the contacts between each H2A and the interacting H3-H4 dimer [8] (Figure 2B). Furthermore, the incoming and outcoming linker DNA segments have been proposed to fluctuate among three conformational states: (1) a conformation with a negative crossing of the linkers, (2) an open conformation with uncrossed DNAs, and (3) a conformation in which the linkers cross positively [8].

Figure 2 |

 2 Figure 2 | Nucleosome conformational dynamics (A) Breathing and opening involve breaking of histone/DNA contacts from the end of the octasomes: short-range in breathing and longrange in opening. (B) The gaping transition involves breaking of histone-histone contacts. PDB entry 1KX5.

Box 1 |

 1 Histone modification annotation Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Figure 3 |

 3 Figure 3 | Lysine de-/acetylation reaction Reaction of acetylation of the lysine residues of proteins catalyzed by HATs (or HDACs for de-acetylation). Acetyl coenzyme A is used by HATs as acetyl group (indicated in blue) donor.

Figure 4 |

 4 Figure 4 | Domain organization of human HDACs The total number of amino acid residues in each HDAC is shown on the right of each protein. Many HDACs have multiple isoforms and, for simplicity, only the longest isoform is shown. Enzymatic domains (or putative enzymatic domains) are shown in colors. Sirtuin localizations: Nuc, nuclear; cyt, cytoplasmic; Mito, mitochondrial. Adapted from E. Seto & M. Yoshida, Cold Spring Harb Perspect Biol. (2014) [21].

Figure 5 |

 5 Figure 5 | Class I HDAC complexes and regulation by phosphorylation (A) Class I HDACs are commonly regulated by protein complex formations. HDAC1, HDAC2, and HDAC3 possess low enzymatic activities when in isolation, and their activities increase significantly when present in holoenzyme complexes. (B) The activities of Class I HDACs are modulated by phosphorylation and dephosphorylation. In general, phosphorylation activates HDAC1, HDAC2, and HDAC3, although it represses HDAC8 activities. Adapted and integrated from E. Seto & M. Yoshida, Cold Spring Harb Perspect Biol. (2014) [21].

  , HDAC1 can also undergo acetylation modification on six lysines, two located in the catalytic core (K218/220) and four on the C-terminal region (K432/438/439/441) [32]. Interestingly, acetylation of HDAC1 abolishes its activity [32]. In particular, Lys 432 acetylation seems to be crucial for subsequential acetylation of the others lysines and therefore repression of HDAC1 activity [23]. The HDAC1 acetylation has a role in the trans-repression of HDAC2 when in a heterodimer to form multiprotein complexes [23].

[ 36 ]

 36 at enhancers [37], 5'-ends [38] and promoters [38] , respectively, of actively transcribed genes (more details are provided in further sections). H3K4me3, in particular, is recognized by chromatin remodelers, i.e. CHD1, that facilitate the transcription [39]. Furthermore, H3K4me3 promotes transcription by recruiting the transcription factor II D (TFIID), required for the transcription initiation, through the subunit TAF3 able to bind the TATA-box sequence present in the promoters [40].

  tromers and gene deserts[42,43]. It seems that the process of H3K9 methylation is mediated by two proteins in two phases: SETDB1 deposits the mono-methylation on the H3K9 to which additional methylations are added by SUV39H[43]. Indeed, SUV39H can bind the H3K9me1 and therefore be recruited for the spreading of the H3K9me2/3 mark in the neighboring nucleosomes [44]. The H3K9me3 mark is recognized by HP1α/β which are tethered at the nucleosomes and promote chromatin compaction and stabilization recruiting chromatin repressors, HDACs, chromatin remodelers, etc. to silence chromatin (heterochromatin formation) [45,46]. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia The mono-and di-methylation of H3K9, similarly to the mechanism observed for SUV39H, can be catalyzed and spread also by G9A and GPL methyltransferases [47]. These modifications are essential for the establishment of the facultative heterochromatin required for the binding of pioneer transcription factors (see dedicated paragraph 2.2.3). Despite the repressive role of H3K9 methylation, this mark has been found in the body of actively transcribed genes as well [48]. In this scenario, HP1γ associates to H3K9 methylation and interacts with elongating RNA-polymerase II stimulating gene transcription [48]. Interestingly, HP1 is able to recruit the de novo DNA methyltransferases DNMT3A/B at the H3K9 methylated sites [49]. Furthermore, SUV39H can interact with MBD1, subunit of NuRD, stimulating the deacetylation of SUV39H target regions and reinforcing the silencing of gene expression [50]. 1.2.2.1.3. H3K27 methylation and Polycomb complexes The methylation of Lys 27 of the H3 is one of the most studied histone modifications that is associated with gene repression. This modification is catalyzed by the Polycomb (PcG) Repressive Complex 2 (PRC2), containing the catalytic subunit EZH2/1 (contain a SET domain). PcG proteins were initially identified in Drosophila by mutations that cause defects in body segmentation due to a negative regulation of homeotic genes, called Hox genes [51,52]. PcG proteins operate in at least two distinct multiprotein complexes, PRC1 and PRC2; each one harbors an enzymatic activity, with PRC1 depositing H2AK119 mono-ubiquitination (H2AK119ub), and PRC2 responsible of methylation (di-and tri-) of Lys 27 of histone H3 (H3K27me2/3) [52]. The mammalian PRC2 complex consists of four core components: EZH1/2, EED, SUZ12 and RBAP46/48 (also known as RBBP7/4) [53]. The PCR2 complex containing EZH1 shows lower methyltransferase activity compared with the PRC2 complex including EZH2 [51]. The composition of mammalian PRC1 complexes is more variable and is comprised of the E3 ubiquitin ligases for H2A mono-ubiquitination (RING1A or RING1B) together with either canonical (CBX2/4/7/8, PHC1/2/3, and BMI1/MEL1[52]) or non-canonical (RYBP/YAF2 and PCGF1/3/5/6) proteins [51,54]. Besides PRC1/2, there are also others PRCs. PRC3 and PRC4 contain the same proteins of PRC2 but PRC4, in addition, contains the NAD + -dependent deacetylase SIRT1. There are four different mammalian EED proteins that can interact with EZH2 and SUZ12 resulting in the different PRC2, 3 and 4 complexes with differential histone substrate specificity [55].Methylation of H3K27 is processive, i.e. H3K27me3 results from mono-methylation of H3K27me2, and H3K27me3 is a stable mark. Enrichment of H3K27me3 correlates with gene silencing, and this observation is supported by the finding that H3K27me3 and H3K36me3, a mark that is linked to transcription elongation, have distinct and mutually exclusive localizations[56].Introduction 

  [58]. Furthermore, somatic cells reinforce gene silencing by increasing the length of H3K27me3 domains and, for a fraction of PRC2targeted genes, by complementary silencing pathways, such as H3K9me3 or DNA methylation [52]. Studies using chromatin immunoprecipitation followed by sequencing (ChIP-seq) have shown that, in contrast to what is observed in Drosophila, PcG complexes do not possess a specific binding site on DNA in mammals [59]. Despite this observation, CpG dinucleotide density and its methylation status are good predictors of mammalian PRC2 recruitment. Analyzing the DNA underlying PRC2-bound loci for sequence features in mammals revealed an enriched representation of hypomethylated CpG dense regions. However, at loci with low CpG dinucleotide density, DNA methylation and H3K27me3 were found to co-occur [60,61]. Indeed, MTF2, CpGs binding protein, can interact with PRC2 and tether it to CpGrich regions [62]. Furthermore, PRC2 associates with the DNA methyltransferases DMNT1/3A/3B [63,64].

[ 60 ,

 60 65-67]. Indeed, the PRC2 cofactor JARID2 is able to interact with H2AK119ub and thereby tether PRC2 to PRC1 targeted regions [68]. Furthermore, the EED protein of the PRC2 core complex can interact with methylated lysines, included JARID2-K116me3 and H3K27me3, triggering a positive feedback loop to spread and maintain the H3K27me3 [69,70]. While H3K27me3 recruits PRC2, H3K36me2/3 and H3K4me3 marks inhibit the PRC2 activity [71], except when PRC2 interacts with PHF19 that instead stimulates the recruitment of PRC2 at the H3K36me3 sites [67,72].

  [61,65,73-78]. These findings suggest that PcG proteins are involved in the gene repression maintenance rather than silencing initiation. Furthermore, PRC2 has been shown to methylate the Elongin A (EloA), cofactor of RNA polymerase II that stimulates the transcription elongation, leading to a slowing down of the transcription [79].

Figure 7 |

 7 Figure 7 | PRC2 recruitment mechanisms The green arrows indicate all the positive cooperation/interplays, while red flat lines indicate inhibitory interactions. TSS: Transcription Starting Site, meCpG: methylated CpG, RNP2: RNA polymerase II, PRC1/2: Polycomb Repressive Complex 1/2, EloA: Elongin A.

  , bottom lower part). The LSDs have the ability to interact in large multiprotein complexes and act both in lysine demethylation and regulation of the activity of their interactors [85] (see paragraph 1.2.1.2, dedicated to HDACs). Moreover, the JMJCs subfamilies present different mechanisms of direct interaction with the chromatin. For instance, despite KDM2/4/5/7 are all able to interact with H3K4me3 directly [88,89], KDM2 can additionally recognize unmethylated CpG islands [90], while KDM5 can interact with DNA at AT-rich regions and induce changes in the chromatin architecture [91].

1. 3 . 2 . 1 .

 321 Nucleosome assembly and spacingNucleosome assembly and spacing are carried out mainly by the ISWI and CHD families. Nucleosomes are initially deposited randomly as pre-nucleosomes (DNA wrapped of ~80bp instead of 145-147bp) that require chromatin remodelers to achieve a stable and ordered spacing [96] (Figure8A). The ISWI and CHD families contain a negative/autoinhibitory regulator of coupling (NegC/AutoC) domain that prevents the spurious DNA translocation by interfering with the ATP binding in the ATPase pocket [97]. The autoinhibitory domain can be inactivated by the interaction with the linker DNA. In certain chromatin remodelers members (e.g., ISWIs), since the linker DNA structure mimics the H4 tail, the autoinhibitory domain inactivation can be lost by the interaction with the authentic H4 tail [97]. Besides the autoinhibitory domain, ISWI and CHD families own a "DNA-ruler" domain able to measure the distance between two nucleosomes [98,99]. During the DNA translocation process, for the stabilization of a nucleosome, the DNA linker between two distinct nucleosomes is shortened until the adjacent nucleosome contacts the DNA-ruler domain. This interaction interferes with the binding of the chromatin remodeler to the linker DNA and prevents the inactivation of the autoinhibitory domain. This results in Introduction the arrest of the translocation events [92]. Similarly to adjacent nucleosomes, also the binding of transcription factors can serve as boundary element and interfere with the sliding and spacing of nucleosomes [99,100].

ejected [ 103

 103 Nucleosome editing involves the inclusion/substitution in a nucleosome of more instable histone variants. Most frequently, H2A-H2B dimer is replaced by H2A.Z-H2B one, and this exchange is mainly carried out by the INO80 subfamily of chromatin remodelers [11,104] (Figure8C). Interestingly, the ATPase activity is stimulated by the H2A and increased by the addition of H2A.Z-H2B free-dimers, establishing a positive activating feedforward[START_REF] Luk | Stepwise histone replacement by swr1 requires dual activation with histone h2a.z and canonical nucleosome[END_REF]. As in the case of the SWI/SNF, also INO80 can use ARPs to increase the affinity for the nucleosome [106] (Figure9).

Figure 8 |

 8 Figure 8 | Functions of the chromatin remodelers The ATPase---translocase subunit of all remodelers is depicted in pink; additional subunits are depicted in green (ISWI and CHD), brown (SWI/SNF) and blue (INO80). (A) In particular ISWI and CHD subfamily remodelers participate in the random deposition of histones, the maturation of nucleosomes and their spacing. (B) SWI/SNF subfamily remodelers alter chromatin by repositioning nucleosomes, ejecting octamers or evicting histone dimers. (C) Remodelers of the INO80 subfamily change nucleosome composition by exchanging canonical and variant histones, such as installing H2A.Z variants (yellow).

  Multiple histone modifications have been reported to be involved in the remodelers recruitment and regulation [107]. Indeed, all the subfamilies of remodelers have domains that bind to histone modifications such as a bromodomain that bind lysine acetylation (i.e., SWI/SNF) or PHD and tryptophan-aspartic acid domains that interact with lysine methylations (i.e., ISWI/CHD and INO80) [92,108] (Figure 9). Hence, histone modifications (or combinations of modifications) can increase, or reduce, the affinity of a remodeler for a nucleosome [109,110]. Analogously, site specific activators/repressors can influence the activity and/or recruitment of chromatin remodelers [92,108,111] (Figure 9).

Figure

  Figure9| Domains, proteins, and modifications that regulate remodelers Remodeler regulation is an area of increasing complexity. To capture these principles conceptually, we depict the ATPase domain itself (blue) along with the proteins, domains, and modifications that are involved in remodeler regulation. Regulatory (Reg.) modifications and proteins that positively impact remodeling activities are in green, those negatively affecting remodeling activities are in red, and those contributing to targeting are in purple. Yellow is used for features with unclear or unknown effect. Objects implicated in both activation and targeting are depicted as objects with a green-purple gradient. CHD remodelers can be monomeric or multimeric, with italicized text only for the monomeric form.

  From C.R. Clapier & B.R. Cairns, Annual Review of Biochemistry (2009) Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

  , left), the binding to the unmethylated H3K4 residue increases the DNMT3A/B activity (Figure 11A, right) [118]. The domain PWWP is rather involved in the interaction with the gene body H3K36me3 mark which stimulates the DNMT3A/B activity [119] (Figure 11B). It has been proposed that this affinity for H3K36me3 would be involved in the repression of cryptic transcription [120].

Figure 11 |

 11 Figure 11 | Mechanisms of DNMT3A/B activity (A) Mechanism of DNA methylation at promoters. Left: H3K4me3, which marks active and poised promoters, prevents binding to chromatin of the ADD domain of DNMT3A/B, thereby causing it to bind to the MTase domain and auto-inhibit the DNMT3 enzymes. Right: in the absence of H3K4 methylation, the ADD domain binds to H3K4 and the auto-inhibition is relieved, thereby allowing the MTase domain to methylate the DNA. (B) DNA methylation at gene bodies. In gene bodies, the ADD domain binds unmethylated H3K4, thereby releasing the auto-inhibition of the DNMT3 enzymes. H3K36me3 is deposited in gene bodies of actively transcribed genes and serves as a recruitment module for the DNMT3 PWWP domain. From M.V.C. Greenberg & D. Bourc'his, Nat. Rev. Mol. Cell Biol. (2019) [115].

  ). The first reactions are catalyzed by the TET enzymes (TET1/2/3) belonging to the α-ketoglutarate (αKG)-dependent dioxygenase family that work in presence of Fe 2+ ions [116]. The 5-methyl-cytosine (5mC) is oxidized by TETs in 5formyl-cytosine (5fC) and then in 5-carboxyl-cytosine (5caC). Both the 5fC and 5caC are recognized and excised by the thymine DNA glycosylase (TDG) that initiates the pathway of base excision repair (BER) aimed to replace the 5mC with an unmodified cytosine [124]. The TET1 and TET3 mammalian enzymes own a CXXC domain at the N-terminal which is supposed to confer the ability to bind CpG containing regions to the proteins [116]. The TET2 protein instead lacks the CXXC domain, thus its recruitment may be dependent on the interaction with transcription factors or other cofactors [116]. Notably, low demethylation efficiency of methylated non-CpG bases was observed for the TETs [125].

Figure 12 |

 12 Figure 12 | Outline of early steps in the transcription cycle Promoter DNA is shown with the TSS depicted by an arrow. TF-binding motifs and core promoter sequences are designated, with the average position of the first nucleosome shown, ∼140bp downstream from the TSS. Distinct protein factors and complexes are involved in each step as labelled in the figure. Phosphorylation of DSIF (dichloro-1-β-Dribofuranosylbenzimidazole [DRB] sensitivityinducing factor), NELF and the Pol II CTD is shown as a green ''P.'' Active positive transcription elongation factor b (P-TEFb) is typically found within the superelongation complex (SEC) as shown. Elongation factors that facilitate productive elongation through chromatin include SPT6, FACT, and polymeraseassociated factor 1 (PAF1).

  An example is represented by the SPI1/PU.1 and IRF4 transcription factors. The two TFs bind to a composite site of 16bp in length. This distance results in an opposite spatial orientation of the two TFs respect to DNA helix [140].

Figure 14 |

 14 Figure 14 | Motif positioning (grammar) facilitates direct cooperativity between transcription factors The left-hand column depicts examples in which two transcription factors (TFs) have a direct protein-protein interaction that promotes their cooperative binding.(A) One of the TFs (shown in red) binds to a nonpalindromic motif (site 2; 5'-CACTTGA-3'). When the relative orientation of site 2 is reversed, that TF cannot be recruited to DNA in a manner that will present the appropriate protein interface to interact with the other TF (shown in blue). (B) Similarly, when the position of site 2 relative to site 1 is changed, direct protein-protein interactions between the two factors cannot occur. (C) There are approximately 10bp per helical turn of DNA. If two TFs cooperatively bind to DNA through a direct protein-protein interaction, they typically need to be positioned on the same face of the DNA. This is facilitated by having a spacing of ~10bp (or multiples) between the two motifs. When site 1 and site 2 are separated by spacings such as ~5bp (or 15bp, 25bp, …) the TFs will be positioned on opposite faces of the DNA helix, thereby blocking their ability to bind directly to each other (right column). Spacing rules between motifs can also occur at larger distances, which reflects DNA wrapping around nucleosomes. In all three cases, the motif composition has not changed, yet the direct cooperative occupancy of the two TFs cannot occur.

Figure

  15A,D) that binds to nucleosome DNA with high affinity, while the second group includes TFs whose Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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 232 Epigenetic remodeling by pioneer transcription factors Pioneers have an essential role in the initiation of the process of lineage differentiation and development progression since they prime regulatory regions specific of the lineage. By recruiting chromatin remodelers and histone modifiers, pioneers render chromatin more accessible for the following steps required for gene regulation. Constitutive silencing heterochromatin is characterized by the presence of H3K9me3 histone mark [146] (Figure 16A). To allow the binding of pioneers, constitutive chromatin must transit to a state of facultative/permissive heterochromatin marked by H3K9me2 mark [146] (Figure 16B). The mechanisms of this transition are still unclear. Once chromatin becomes permissive, pioneer TFs bind to nucleosome DNA establishing a weak interaction with it (Figure 16B), which is then stabilized by nucleosome structure remodeling followed by deposition of low levels of H3K4me1 histone mark [147]

Furthermore, it has

  been observed that pioneer TFs bookmark chromatin during mitosis to allow the reestablishment of the regulatory networks in the daughter cells[START_REF] Bernstein | The mammalian epigenome[END_REF]. Indeed, pioneer TFs binding can be maintained in cells from mother to daughter defining "primed regulatory regions" (e.g., enhancer). Therefore, these inherited primed regions are ready to allow next steps required for gene activation since they are permissive to the binding of other non-pioneer TFs and their COFs, that then act on the surrounding chromatin to modulate transcription (discussed more in detail in further sections)[START_REF] Mayran | Pioneer transcription factors shape the epigenetic landscape[END_REF] 

Figure 16 |

 16 Figure 16 | Chromatin structure changes induced by pioneer transcription factors (A to B) The transition from constitutive to facultative heterochromatin state appears to be required for the pioneer action. (B to C) Following initial weak binding of the pioneer, target site chromatin (mostly characterized at enhancers) undergoes a first transition where a central nucleosome becomes more accessible, and this may (or not) overlap with a state of ''primed'' enhancer characterized by a weak H3K4me1 signal. (D) In figure an example of complete activation of enhancers is characterized by nucleosome depletion, bimodal distribution of H3K4me1 and H3K27ac, together with recruitment of the general coactivator P300 and other transcription factors. Remade and adapted from A. Mayran & J. Drouin, J. Biol. Chem. (2018)

  cases, a TA-rich sequence (TATA-box) ~30bp upstream the TSS. The TATA-box recruits the TATA-box Binding Protein (TBP) able to recruit the TFIID and consequentially the PIC [154]. The narrow position of the transcription initiation relies in the fact that the PIC uses an initiator consensus sequence (Inr) that lies at a fixed distance from the TATA-box and from which the transcription starts [155]. These TATA-box promoters are mainly associated with tissue specific transcription [156] (Figure 17A).

Figure 17 |

 17 Figure 17 | Mammalian promoter classification and associated chromatin signatures (A) Core promoters with sharp initiation patterns, imprecisely positioned nucleosomes and TATAbox and initiator (Inr) motifs. These promoters tend to have key regulatory elements near their TSS and are active in terminally differentiated cells in adult tissues, in which case they acquire H3K4me3 and H3K27ac, which are associated with active transcription. (B) Core promoters of broadly expressed housekeeping genes, which are associated with dispersed transcription initiation and a well-defined nucleosome-depleted region flanked by precisely positioned nucleosomes marked by H3K4me3 and H3K27ac. In mammals, these core promoters overlap individual CGIs. (C) Core promoters of key developmental transcription factors involved in patterning and morphogenesis.In mammals they resemble housekeeping gene core promoters, which in embryonic stem cells, however, are distinctly bivalently marked with both H3K4me3 and the repressive chromatin modification H3K27me3. This presumably primes them for activation in the correct cell lineage and for silencing in all other cells. In mammals, such ''poised'' promoters are associated with long individual CGIs or multiple CGIs and often produce long non-coding divergent transcripts. They are often surrounded by arrays of highly conserved non-coding elements, which might act as distal enhancers.

hancers of the Mediator complex [ 178 ].

 178 This complex contacts the TFIIH factor stimulating the phosphorylation of the Ser5 residue of the RNP2 CTD [179] responsible for the RNP2 efficient loading and promoter escape (Figure18B). Introduction

Figure 18 |

 18 Figure18 | Mechanisms of transcription modulation by enhancers (A) Pre-initiation complex (PIC) assembly and RNP2 (Pol II) recruitment. Enhancers can promote PIC assembly by recruiting TFs and cofactors (COFs) that directly interact with GTFs or RNP2 (right). (B) Initiation by RNP2 and ''promoter escape''. Enhancers can aid the process of RNP2 CTD phosphorylation at the Ser5 and Ser7 residues by recruiting cofactors such as the Mediator complex (MED) or the histone acetyltransferase P300. (C) RNP2 promoter-proximal pausing and pause-release. RNP2 pause-release is mediated by CDK9, subunit of P-TEFb, that phosphorylates DSIF, NELF and Ser2 of the RNP2 CTD. Enhancers promote this process by recruiting cofactors that either recruit and stimulate CDK9 or directly affect pause-release, such as BRD4 and P300. (D) Regulation of transcription bursting. Transcription occurs in short ''bursts'', which comprise groups of transcription initiation events and are separated by periods of inactivity. The core-promoter sequence determines burst size, that is, the number of transcribing RNP2 molecules per burst (left), whereas enhancers increase bursting frequency (right). '+' denotes target activation and '---' denotes target inhibition.

[ 169 ].

 169 Besides to epigenetic factors, eRNAs seem to stabilize the binding of certain transcription factors as in the case of the transcription factor YY1 [200]. The eRNAs have been also shown to intervene directly on transcription elongation, by interacting and interfering with the NELF protein, repressor of the RNP2 pausing release [201]. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 62 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia

[ 213 ]

 213 . In practice, the tracking and linking mechanisms are both employed to establish relatively short distance interactions (within a TAD, median size ~850kb) generating a 3D-hub for the propagation of Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France short-range signals. In this scenario, enhancers and promoters do not need to physically contact one each other but a physical proximity can be sufficient to regulate the promoter activity ("looping-tracking/linking model", Figure20C).

Figure 20 |

 20 Figure 20 | Models for enhancer-promoter contact formation (A) RNP2 binds to an enhancer and tracks along chromatin (synthesizing RNA), pulling the enhancer with it. (B) TFs bound to a regulatory element oligomerize, chaining to the promoter. (C) Long-range loops can bring enhancers close to a promoter, but not in direct proximity. Tracking or linking could bridge the distance. Adapted from E.E.M. Furlong & M. Levine, Science (2018) [214].

[ 221 ]

 221 separated condensates include LDB1 [210], YY1 [218], PRC1 [219], Mediator [220], RNP2 [220], HP1 and many TFs [222]. TADs play an important role in the control of the formation and maintenance of the condensates. Indeed, cohesins have been proposed to impose barriers to the formation of homotypic interactions restricting the interactions within a TAD whose boundaries are defined by the cohesins itself [223]. The condensates have been classified in two type of compartments: (1) the A compartments are enriched in active chromatin signatures, (2) while the B ones are rather associated to repressive features [211]

Figure 21 |

 21 Figure 21 | Homotypic structure dynamics and 3D-chromatin organization (A) Homotypic attraction model. Regions with compatible protein compositions (orange or blue spheres) interact via molecular bridges formed by bound complexes or through phase-separated condensates. (B) Schematic (left) and Hi-C (right) views of genome organization. Upper panel: at higher-order scales, chromatin with a transcriptionally active or repressive signature separates into A (red) and B (blue) compartments, respectively. B compartments frequently overlap with nucleolar-associated domains (NADs) and LADs (L) but are distant from speckles (D). A compartments are coincident with non-LADs (N) and are speckleproximal (P). Lower panel: at smaller scales, enhancers transmit regulatory information to genes by physical proximity within, but not between, TADs. Separated by insulating boundaries, TADs preferentially internally self-associate to create discrete functional and structural blocks. (C) Regulatory landscapes undergo concomitant structural and functional changes as they switch between B and A compartments during differentiation. Adapted from M.I. Robson, A.R. Ringel & S. Mundlos, Mol. Cell. (2019)[START_REF] Robson | Regulatory landscaping: how enhancerpromoter communication is sculpted in 3d[END_REF] 

  gene TSSs are flanked by a proximal upstream TSS on the opposite strand [127,226,227]. These divergent TSSs give rise to the production of short (<500bp) unspliced transcripts termed "promoter upstream transcripts" Introduction (PROMPTs) [228] or "upstream antisense RNAs" (uaRNAs) [227]. These transcripts do not reach long lengths because they are degraded by the nuclear exosomes [227], a multi-protein complex responsible for the degradation of RNAs from the 3'-end. Whereas uaRNAs are usually expressed with a lower rate than the sense transcript, the divergent transcription at enhancers is generally more bidirectionally balanced with the amount of eRNA in sense equivalent to that in antisense [185] (Figure 22).

Figure 22 |

 22 Figure 22 | Transcriptional diversity between enhancers and promotersA regulatory element is defined as a nucleosome-depleted region (NDR) that can affect transcription initiation either locally or distally. Regulatory elements may have various degrees of promoter and enhancer activities, and these capabilities are not necessarily associated with regulatory elements in a mutually exclusive manner. Enhancers (left) are characterized by a bidirectional and balanced transcription of eRNA, whereas the promoters (right) present bidirectional transcription but with higher activity at the core promoter (mRNA transcription) compared to the proximal antisense one (uaRNA/PROMPT transcription).Adapted from R. Andersson & A. Sandelin, Nat. Rev. Genet. (2020)[START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF] 

  TSSs At eRNA TSS (lower than promoters) At poised enhancers marked by H3K4me1 in the absence of H3K27ac Marker of activity Stronger at core promoter Stronger at antisense promoter At poised promoters marked by H3K4me3 in the absence of H3K27ac TFs binding Few TFs per region, often bound by AT-rich sequences. Might have degenerated sequences. Different combination of TFs is responsible for different enhancer downstream activity/target Many TFs binding per region, often bound by GC-rich sequences. High overlap of TFs biding sites.

Figure 23 |

 23 Figure 23 | Chromatin signatures of enhancers and promoters in comparisonIn this analysis, based on chromatin and global run-on sequencing (GRO-seq) data from HeLa cells[START_REF] Andersson | Nuclear stability and transcriptional directionality separate functionally distinct rna species[END_REF], intergenic nucleosome-depleted regions (NDRs) (potential enhancers), identified from DNase hypersensitive sites (DHSs), and NDRs that overlap annotated mRNA transcription start sites (TSSs) are compared (left and right columns, respectively). The average intensity of chromatin immunoprecipitation coupled to sequencing (ChIP--seq) data for typical histone modifications and CpG-content used to predict enhancers or promoters, and DNaseI hypersensitivity sequencing (DNase-seq) intensity, as a function of location relative to the DNase-seq signal summit positions of DHSs (referred to as the DHS midpoint, 0 on each x-axis) are shown as colored bars, where color intensity corresponds to the average signal intensity. The DHSs in each category are split by their total transcription level on both strands (measured by GRO-seq) into six bins (row groups; see the labels on

[ 238 ].

 238 Compared to coding RNAs, the lncRNAs are lowly expressed (represented by few molecules per cell [238]) but sufficient to exert their activity on gene transcription. The 30-60% of lncRNAs are transcribed from regions associated to enhancer chromatin signature and for this reason defined as enhancer lncRNAs (e-lncRNA) [184,239]. The latter must not be confused with eRNAs, indeed e-lncRNA are longer, more stable (since capped and polyadenylated) and spliced unidirectional transcripts.Many lncRNAs are able to regulate gene transcription by acting either on proximal genes located on the same chromatin molecule (in cis), or on distal genes on different chromosomes (in trans). Nevertheless, their scarce transcription is less compatible with a trans-action because the transport towards different cellular compartments would induce a dispersion of the lncRNA molecule. Although less probable, mechanisms of trans-action have been reported participate in the formation of paraspeckles, as observed for the lncRNAs NEAT1 in human. The paraspeckles are nuclear bodies found in proximity of speckles composed by ~40 RNA-binding proteins (RBPs) and RNAs that have still not been well characterized in their function but proposed to concentrate/sequestrate mRNAs, perhaps to increase the efficiency of microRNAs9 (miRNAs) processing (reviewed elsewhere[START_REF] Fox | Paraspeckles: where long noncoding rna meets phase separation[END_REF]).

  an indirect spatial re-localization of their host enhancers in the nucleus leading to the creation of different enhancer-promoter contacts [241] (Figure24B). Additionally, multiple lncRNAs have been found overlap TAD boundaries[START_REF] Tan | Cis-acting complex-trait-associated lincrna expression correlates with modulation of chromosomal architecture[END_REF] and it has been proposed that lncRNA maturation process can promote the inclusion of the lncRNA locus (and thereby the neighboring promoters) in speckles[START_REF] Lamond | Nuclear speckles: a model for nuclear organelles[END_REF].Notably, it has been shown that intragenic lncRNAs, generated in antisense from the first exon of their host gene (i.e., protocadherin gene), were promoting the binding of CTCF at this exon stimulating the formation of a loop with an enhancer that led to the transcription of the host gene (in sense) but with a different TSS corresponding to the exon in which the lncRNA was contained[START_REF] Canzio | Antisense lncrna transcription mediates dna demethylation to drive stochastic protocadherin α promoter choice[END_REF].Furthermore, lncRNAs have been shown capable to interact and recruit chromatin modifiers/remodelers, such as histone modifiers (e.g. MLL1/KMT2A), that modify the chromatin to enhance gene expression of promoters in the vicinity of their locus [245] (Figure24C) or in spatial proximity through preexisting contacts established between their locus and the target-promoter [246] (Figure24D).

Figure 24 |

 24 Figure 24 | Mechanisms of gene cis-activation mediated by lncRNAs (A) lncRNA transcripts (yellow) can recruit proteins that modulate chromatin loops, thus bringing lncRNA-proximal enhancers into spatial proximity of the target genes. The proteins may be recruited by direct interaction with the lncRNA or, alternatively, the act of its transcription would affect DNA accessibility. Green wavy lines denote mRNAs. (B) lncRNA transcripts can affect the nuclear positioning of their underlying enhancer, thus potentiating the enhancer to activate target genes. (C) lncRNAs can potentiate target gene-proximal enhancers, possibly through direct recruitment of proteins that enhance gene expression. Small purple circles denote histone modifications. (D) In this case, pre-formed chromatin loops bring the lncRNA into the proximity of target genes, where it can recruit activating proteins. PCG, protein-coding gene Adapted from N. Gil. Noa & I. Ulitsky, Nat. Rev.Genet. (2020)[START_REF] Gil | Regulation of gene expression by cis-acting long non-coding rnas[END_REF] 

[ 249 ]

 249 (Figure 25A) or proximal to the lncRNA locus due to the presence of preexisting loops [250] (Figure25B). An example of this last case is represented by the lncRNA Morrbid. In murine bone-derived macrophages, during the inflammation response, Morrbid has been reported to form a loop with the promoter of the pro-apoptotic gene Bcl2l11 and recruit PRC2 at this locus to repress the Bcl2l11 expression[START_REF] Kotzin | The long non-coding rna morrbid regulates bim and short-lived myeloid cell lifespan[END_REF].LncRNAs can repress transcription by competing with a gene promoter for the contact with the enhancer. In this scenario, a lncRNA expressed in the vicinity of a promoter activated by an enhancer could prevent the enhancer-promoter contact sequestering the enhancer region that will interact with the lncRNA locus itself [208] (Figure25C).

Figure 25 |

 25 Figure 25 | Mechanisms of gene cis-repression mediated by lncRNAs (A) Transcriptional interference, whereby transcription of the lncRNA near to or (usually) overlapping the target gene represses target expression, for example, through nucleosome remodeling or deposition of epigenetic modifications. (B) Recruitment of proteins that repress gene expression. The lncRNAs can be transcribed from near the target protein-coding gene (PCG) or be brought to its proximity through pre-formed chromatin loops. Yellow structure denotes lncRNA transcripts, green wavy lines denote mRNAs and small purple circles denote histone modifications. (C) Competition over available enhancers in the vicinity. PCG, protein-coding gene

  enrichment of Gs over Cs on the non-template strand) [251]. Indeed, this feature is at the base of the formation of a particularly strong thermodynamic secondary DNA structure called "G-quadruplex" (G4). This structure is responsible for the stabilization of the R-loop either by reducing the reannealing of the DNA strands or by preventing the access of R-loop resolving proteins, such as the helicase SETX and the topoisomerase TOP1 [252]. Presumably, in view of the nature of the promoters which often include CGIs, the localization of Rloops is generally constrained between the TSS and the first intron-exon junction [253]. Notably, RNA:DNA hybrids can originate post-transcriptionally by the interaction of RNAs in trans as observed for the lncRNA TERRA responsible for the telomers 10 homeostasis. This lncRNA is transcribed from numerous chromosomic ends and associates to the telomeres to regulate different telomeric dynamics. The association of TERRA with the telomeric sequences forms R-loops that are mediated by the recombinase RAD51 which favors the strand invasion by the lncRNA (Figure 26C) [254].

Figure 26 |

 26 Figure 26 | Formation of RNA:DNA hybrids R-loops are three-stranded structures harboring an RNA:DNA hybrid and a displaced strand of DNA (red shading). (A-B) R-loops are thought to form behind the RNA polymerase transcription machinery (B), where negative DNA supercoiling results in DNA unwinding, which provides an opportunity for the 5'-end of the nascent transcript to base pair with the template strand. (A) Hybrid formation maybe be facilitated in the presence of G-rich sequences on the nontemplate strand, which may result in the formation of G-quadruplex (G4) secondary structures. (C) When RNA is produced from a homologous chromosome or a distal homologous sequence, R-loops can also form in trans in a RAD51 recombinase-dependent manner. All RNA molecules are depicted in red, while DNA is depicted in blue. Adapted from C. Niehrs & B. Luke, Nat. Rev. Mol. Cell Biol. (2020) [255].

  recruits the transcription activators of the NF-κB pathway resulting in an increased activation of the VIM gene [258] (Figure27B). Also the MLL1 (or KMT2A) chromatin modifier, responsible for the deposition of the H3K4me3 histone mark, has been shown to be recruited by an R-loop that is formed ~2kb upstream of the GATA3 TSS by a transcript that is generated by divergent antisense transcription of the GATA3 promoter. The result of this recruitment is the deposition of H3K4me3 at the GATA3 promoter and its gene activation [259] (Figure27C, upper panel). Analogously to the case of RASSF1, the lncRNA KHPS1 is transcribed in antisense from the SPHK1 locus and forms an R-loop that recruits the histone acetyltransferase complex CBP/P300 to stimulate the transcription of its host gene [260] (Figure27C, lower panel). DNA demethylation is another example of how R-loops can impact gene transcription. Indeed, the lncRNA TARID, overlapping the promoter of the TCF21 gene forms an R-loop that induces local DNA demethylation and TCF21 increased expression[START_REF] Arab | GADD45A binds r-loops and recruits tet1 to cpg island promoters[END_REF]. The R-loops reader GADD45A binds to the hybrid formed by TARID at the TCF2 promoter preventing the activity of the DNA-methyltransferase DMNT3 and functioning as adapter for the TET DNA-demethylation enzymes. This activity reduces DNA-methylation at the TCF2 promoter with consequent increased activation of this gene [261] (Figure27D).

  [START_REF] Skourti-Stathaki | R-loops enhance polycomb repression at a subset of developmental regulator genes[END_REF]. Introduction Termination of the transcription takes place when RNP2 reaches the poly(A) termination signal at the 3'-end of the genes and involves nascent mRNA cleavage by XRN2 in correspondence of the G-rich termination pause sites where SETX and BRCA1 prevent R-loop formation. Indeed, an inefficient resolving of the R-loops would lead to an impairment of the transcription termination[START_REF] Skourti-Stathaki | Human senataxin resolves rna/dna hybrids formed at transcriptional pause sites to promote xrn2dependent termination[END_REF]. Additionally, in this process ncRNAs and chromatin modifications may be involved. For instance, R-loops formed at the Grich termination sites of the β-actin gene (ACTB) recruit the RNA interference (RNAi) silencing machinery (composed of DICER and AGO1/2) by a dsRNA generated during antisense transcription. By consequence, the RNAi machinery, interacting with the histone methyltransferase G9A, stimulates the deposition of the H3K9me2 heterochromatic histone mark. The latter recruits HP1γ which enhances the RNP2 pausing before termination [265] (Figure27F).

Figure 27 |

 27 Figure 27 | R-loops as regulators of transcription (A) Upper panel: at the RASSF1A locus, the antisense lncRNA ANRASSF1 forms an R-loop in the promoter region, which can serve as a recruitment platform for the chromatin modifier PRC2 to silence RASSF1A expression through deposition of the H3K27me3 histone mark. Lower panel: KHPS1 enhances RNP2 transcription by forming an R-loop that anchors KHPS1-interacting CBP/P300 to the SPHK1 promoter. (B) R-loops can recruit transcription factors to promote gene expression. At the VIM locus, the antisense lncRNA VIM-AS1 promotes NF-κB recruitment through the formation of an R-loop at TSS. (C) Other chromatin modifiers, such MLL, are recruited to R-loops in the promoter region of the GATA3 gene to facilitate transcription through H3K4me3 deposition.(D) At a subset of CGI-containing promoters, GADD45 serve as an R-loop reader that recruits TET-family DNA demethylases, which demethylate the promoter DNA and activate transcription. Shown here is the case of the

  macrophages, B and T lymphocytes) are generated and renewed. Hematopoietic Stem Cells (HSCs) are the origin of all blood cells. HSCs are multipotent cells characterized by a capacity for self-renewal and by the ability to generate unipotent lineage-specific hematopoietic progenitors. The understanding of the different stages of hematopoiesis and the identification of progenitors has been based on in vitro differentiation assays and on the analysis of cell surface determining markers. Two HSCs have been defined: LT-HSCs and ST-HSCs, Long-Term and Short-Term HSCs respectively. The classical model of hematopoiesis considers that HSCs generate a lymphoid progenitor, CLP (Common Lymphoid Progenitor) and a myeloid progenitor, CMP (Common Myeloid Progenitor). However, this model was challenged by the identification of a progenitor common to both lymphoid and myeloid lineages, LMPP (Lymphoid-primed MultiPotent Progenitor) that lacks megakaryocytic and erythroid potential [267]. Forsberg and colleagues [268] contradicted this study and showed that LMPP could generate the megakaryocyteerythroid precursor (MEP, Megakaryocyte/Erythroid Progenitor) and that the CMP/CLP split (from the classical model) was the major site of separation of these two lineages. A composite model was then proposed, in which the granulocyte-macrophage precursor (GMP, Granulocyte Macrophage Progenitor) can be derived from CMP and LMPP. LMPP would generate CLP and GMP (Adolfsson model), while CMP would generate GMP and MEP (initial model). CLP generates lymphocytes, GMP generates granulocytes and macrophages, and MEP generates erythrocytes and platelets (Figure 28A).

[ 270 ]

 270 as well as chromatin accessibility and gene expression [271-274]. Nowadays, these features are used to establish the differentiation status of the hematopoietic cells in a more precise way (Figure 28B, scRNA-seq clustering example).

Figure 28 |

 28 Figure 28 | Hematopoietic hierarchy classification (A) Composite hierarchical model of hematopoietic differentiation. (B) SPRING plot of seven human hematopoietic stem and progenitor single-cell transcriptomes from Pellin et al. (Nat. Comm., 2019) [273]. Each point is one cell. Labels at the edges represent the transcriptional states associated to early lineage commitment. Data are available for inspection at https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/sortedHSPC/sortedHSPC.
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 275 276]. These factors are defined by the conserved DNA binding domain ETS recognizing the purine-rich consensus sequences around a core 5'-GGAA/T-3' motif. This domain consists of a sequence of 3 α-helices and 4 antiparallel βsheets that fold into a winged helix-turn-helix motif. The protein contacts DNA through two lysines and two arginines strictly conserved among the different ETS proteins. The ETS family is divided in four distinct classes depending on their binding motif. Indeed, despite in most of the cases the core motif is conserved, the surrounding consensus sequence is different and confers binding specificity to each class [277] (Figure 29). The group that owns the most divergent surrounding sequence is the class III, represented by SPI1, SPIB and SPIC [277].

Figure 29 |

 29 Figure 29 | Structural organizations and binding specificities of mammalian ETS transcription factors (Left) Schematic representation of the domain structures of the respective fulllength proteins. ETS domain is in blue, pointed domain is in green, Prolinerich domain is in grey, and the Nuc_orp_HMR_rcpt and A/T hook domains are in dark yellow and black, respectively. HUGO gene names are from ENSEMBL, and protein domains are from Pfam. The second and third columns, respectively, show human and mouse ETS-binding profiles determined using microwell-based transcription factor-DNA-binding assays. The right columnshows mouse ETS-binding profiles determined using protein binding microarrays. The logos are drawn using enoLOGOS, and the height of a letter at a particular position is directly proportional to the effect of that nucleotide on the binding affinity. Coordinates for the bases are also indicated above each column.

  ) and perform its transacting activity by interacting with various transcriptional regulators. The ETS domain, located in the CTD of the protein, corresponds to the DNA binding domain containing the 85 amino acids motif characteristic of ETS factors. The ETS domain of SPI1 can also bind RNA and this is supposed to regulate the splicing of pre-mRNAs [280]. The transactivation domain is situated in the N-terminal domain of the protein. It contains an acidic amino acid-rich region and a glutamine-rich region, behaving as autonomous transactivation domain. The central region is called PEST because rich in Pro-Glu-Ser-Thr.

Figure 30 |

 30 Figure 30 | Murine Spi1 gene locus and translation (A) The murine Spi1 gene (NM_011355.2) locus is located at chr2:91096949-91115394 (Mm10). The gene is depicted in blue where the blocks indicate the 5 exons (E) with the corresponding length in bp. The TSS is indicated by a curve arrow. The distance between different functional blocks is indicated above the double ended arrows. In green is indicated the Upstream Regulatory Element (URE) of Spi1. This region is composed by two regions termed Homology region 1 and 2 (H1/2) spaced by a region containing the SFFV integration sites. The H1 and H2 regions are platforms for the binding of cell-specific lineage TFs, indicated by a triangle, required for the modulation of Spi1 expression. Above the locus, start and end positions of URE and Spi1 open reading frame are indicated. The corresponding mature mRNA of Spi1 is represented in correspondence of the (B) resulting translated protein and relative domains. (C) Representation of the 3D-structure of the SPI1 protein (orange) binding to the DNA helix (blue) (PDB ID: 1PUE).

[ 287 ,

 287 288]. Thus, GFP expression is under the control of the Spi1 promoter, allowing the tracing of the SPI1 expression during hematopoiesis without altering its function. These models revealed that SPI1 expression is dynamically regulated in different lineages (Figure31). Spi1 is highly expressed in HSCs, CLP and GMP progenitors, and its expression increases during myeloid differentiation. Increased expression of Spi1 promotes myeloid differentiation while a lower level, but still present, of SPI1 is required for B differentiation [287,289,290]. Finally, these models showed that a low Spi1 expression is required only at the early stages of T-lymphocyte [291], megakaryocyte and erythroid differentiation, while Spi1 must be silenced for the terminal differentiation of these lineages (Figure 31).

Figure 31 |

 31 Figure 31 | SPI1 expression in mouse hematopoietic cells

Seki and collaborators [ 322 ]

 322 identified, in human pediatric T-cell Acute Lymphoblastic Leukemia (T-ALL), recurrent fusion proteins involving the 3' exons of SPI1 (exons 3-5 or 2-5, containing the ETS DNAbinding domain) with the 5' exons of TCF7 transcription factor (exons 1-3 or 1-2) or the cytoskeleton regulatory protein STMN1 (exon 1-2), both expressed in normal T-cells. The STMN1-SPI1 and TCF7-SPI1 fusion proteins are expressed under the control of the STMN1/TCF7 promoter, which is constitutively active during T-cell differentiation, and, thanks to the SPI1 ETS domain, they can bind chromatin at SPI1 binding sites and activate SPI1-target genes through the STM1/TCF7 transactivation domain [322]. Thus, indirectly, this mechanism represents a case of gain-of-function (GOF) of SPI1. SPI1 expression must be silenced for T-cell final differentiation. Activation of SPI1 target genes, via the SPI1 fusions, induces differentiation blockage of the early T-cells progenitors with accumulation T-cell progenitors (DN1/2) [322]. As I will discuss later, SPI1 is also able to repress transcription of genes during T-cell development and to allow a finely regulate T-lymphocytes maturation. Albeit not yet shown, gene repression mediated by SPI1 fusion proteins may also participate to leukemia development. Recently, in my laboratory, the Bernard's team reported a recurrent point mutation of SPI1 (Q226E) in 6% of Waldenström macroglobulinemia (WM) patients [323]. The WM is an indolent B-cell proliferation characterized by the accumulation of monoclonal cells in the bone marrow and peripheral lymphoid tissues and associated with the production of serum monoclonal IgM [324]. The SPI1 point mutation is localized in the SPI1 DNA binding domain (ETS) and changes the affinity for the binding motif. Indeed, as abovementioned, the ETS-family TFs own a binding motif peculiar to each class whose specificity is conferred by alternative recognition of the bases surrounding the common 4-bases core binding motif (GGA[A/T]). This differential affinity for core-motif sequence context depends on the aminoacidic composition of key positions in their ETS domain [277] (Figure 32A). The Q226 is one of these essential amino acids [277] and its conversion to Glu (E) induces a switch of SPI1 affinity from a binding motif typical of class III to a one of the class IIb (Figure 32B), for which wild-type SPI1 has a lower biding affinity (degenerated motifs). Therefore, this SPI1 mutation may change the type of genes and/or level of expression of specific genes regulated by SPI1 with consequent alteration on the B-cell differentiation program associated with an oncogenic proliferative signaling activation caused by activating MYD88 mutation found in 90% of WM patients [277].

Figure 32 |

 32 Figure 32 | Molecular basis of ETS-class specificity (A) ETS-domain secondary structure indicating key amino acids contacting nucleotide bases (black lines), DNA-backbone (brown lines) and water (blue line). Amino-acid residues contacting DNA are numbered from 1 to 15. Two invariant arginines (R) that bind to the core GGAA/T sequence are in black typeface. Bases contributing to DNA-binding specificity are numbered from -3 to +7. (B) Identification of amino-acid residues that can confer class I, IIb or III DNA-binding specificity to a class IIa ETS factor. Indicated residues in class IIa ETS DNA-binding domain from mouse ELF4 were mutated to the corresponding residues in the other ETS classes. The resulting DNA-binding profile is shown on the right. Bases displaying the most prominent changes are boxed. Note that one or two amino-acid mutations can move the specificity of ELF4 towards the other ETS classes. Residues whose mutation to the corresponding residues in class III had no effect on specificity are indicated in yellow. Adapted from G. Wei et al., EMBO J (2010) [277].

Figure 33 |

 33 Figure 33 | Genetic landscape of human AEL Schematic representation of the most prevalent genetic lesions reported in human AEL (A) and PEL (B) patients. Adapted from A. Fagnan et al., Hemasphere (2021) [325].

  Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 88 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia ence of preleukemic cells to Epo in vivo. Despite transfusions, after 3 weeks, the mice relapsed and developed a second hepatosplenomegaly, resulting from the invasion of the spleen and liver by erythroid cells blocked in their differentiation. Unlike preleukemic cells, those cells are Epo-independent. They proliferate in vitro in the absence of Epo and are tumorigenic in nude mice, and for this defined as leukemic cells. The two-step disease progression suggested that further genetic alterations are required and the Kit gene has been shown to be actively mutated and responsible for the independence on Epo [334]. Interestingly, SPI1 is able to accelerate replication in preleukemic cells and increases the mutation rate in the preleukemic cells [335,336]. This mechanism may be involved in the appearance of secondary mutations events, as observed during the development of leukemia in TgSpi1 mice.

Figure 34 |

 34 Figure 34 | Impact of SPI1 abnormal expression on murine erythroid differentiation

  Many studies identified SPI1 as a pioneer transcription factor [143,337-340] able to orchestrate hematopoietic differentiation binding to enhancers in a cell type specific manner [337-339]. Indeed, SPI1, when highly expressed, can bind on nucleosome DNA [143,340] at high-affinity binding motifs (canonical consensus sequence) [341]. SPI1 binding stimulates and maintains the deposition of H3K4me1 mark [338] followed by the recruitment of SWI/SNF [340]. The action of this chromatin remodeler increases chromatin accessibility locally with consequent release of binding sites for common lineage TFs that can bind chromatin and stimulate gene transcription (Figure 35A) [341]. When the SPI1 cell concentration is low, it binds to low-affinity binding sites (degenerated consensus sequence) [341]. SPI1 occupancy at these sites is stabilized by neighboring binding of lineage-specific TFs [337-339,341,342]. SPI1, cooperating with these TFs, is then able to recruit CBP/P300 and stimulate therefore the deposition of H3K27ac histone mark to avoid nucleosome repositioning and chromatin compaction [337] (Figure 35B). On the other hand, SPI1 binds promoters of common lineage genes mainly devoid of CpGs (type I promoters), and if CpGs are present (type II promoters) they are usually hypomethylated [343]. Furthermore, at these sites, SPI1 is found mainly alone or with housekeeping TFs. In this framework, SPI1 binds at several low-affinity sites with the same motif orientation [343] at chromatin accessible regions [341] (Figure 35C). Furthermore, SPI1 stimulates DNA demethylation at its binding sites, presumably recruiting TET enzymes [299]. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Figure 35 |

 35 Figure35 | Features of SPI1 binding at regulatory regions (A) SPI1 acts as pioneer TF at enhancers of common-lineage genes when highly expressed. SPI1 binds to high affinity motifs on nucleosome DNA. SPI1 binding is followed by deposition of H3K4me1 mark and recruitment of SWI/SNF to increase chromatin accessibility to favor the release of neighbor binding sites of common TFs. The latter are then responsible for the regulation of gene transcription, such as recruitment of P300 and consequent deposition of H3K27ac histone mark. (B) SPI1 binds low-affinity sites at enhancers in regions of open chromatin when lowly expressed. Its binding is stabilized by the neighboring binding of lineage-specific TFs. The latter collaborate with SPI1 to stimulate H3K27ac deposition by P300 recruitment. (C) SPI1 binds at already accessible low-affinity sites at promoters devoid of CpGs (especially if methylated) of genes common to all the hematopoietic lineages. The binding occurs in several sites that have the same orientation and in vicinity of common TF binding sites (such as SP1).

  [START_REF] Ghisletti | Identification and characterization of enhancers controlling the inflammatory gene expression program in macrophages[END_REF].At the beginning of my Ph.D. training there was no evidence showing that in vivo SPI1 could be responsible for the repression of transcription. However, a discussion about SPI1 repressive activity opened when specific artificial reporter assays were performed. One of these first experiments involved a reporter system where the Luciferase expression was under the control of the c-Myc promoter [346]. This repressive activity has been linked to the SPI1 C-ter domain including the PEST and ETS portions (123-272 aa) [346]. Later, co-transfection experiments in HEK293T cells showed that this domain is required for the interaction of SPI1 with HDAC1 and SIN3A (an HDAC1 partner) responsible for the repressive activity of SPI1 on the c-Myc reporter system [346]. This cooperation is mediated by MeCP2 which interacts with SPI1 through its ETS domain (165-256 aa) forming in this way a SPI1-MeCP2-SIN3A:HDAC1 repressive multicomplex [347]. Interestingly, few years later it has been shown that SPI1 can be acetylated by CBP/P300 in vivo at lysines of its ETS domain [348]. This acetylation prevented the recruitment of SIN3A:HDAC1, but not CBP/P300, and therefore impacted the repressive activity of SPI1 [348].

  SPI1 has been found to interact physically with the de novo DNA methylases DNMT3A/B, in murine erythroleukemia (MEL) cells[START_REF] Suzuki | Site-specific dna methylation by a complex of pu.1 and dnmt3a/b[END_REF], and with TET2, involved in the processes of DNA demethylation[START_REF] De La | PU.1 target genes undergo tet2-coupled demethylation and dnmt3b-mediated methylation in monocyteto-osteoclast differentiation[END_REF][START_REF] Lio | Tet2 and tet3 cooperate with b-lineage transcription factors to regulate dna modification and chromatin accessibility[END_REF]. Later, the interaction of SPI1 with DNMT1 and TET2 was found in human erythroleukemic OCI-M2 cell lines [351].A Luciferase reporter system allowed Suzuki and colleagues[START_REF] Suzuki | Site-specific dna methylation by a complex of pu.1 and dnmt3a/b[END_REF] to highlight that MeCP2, despite mediating the interaction between SPI1 and HADC1:SIN3A, facilitates the association of this complex with DNMT3A/B that colocalizes with SPI1 on the promoter of the reporter system [349]. This interaction is established through the ETS domain of SPI1 and it is responsible for the repression of the transcription Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France in the reporter system in a DNMT3A/B dose-dependent manner [349] through DNA methylation of the reporter promoter. During human osteoclastogenesis it has been observed a progressive global acquisition of a DNA hypomethylation status during the osteoclast differentiation events [299]. Detailed analyses of hypoand hyper-methylated promoters revealed that differentially methylated sites are enriched for AP1, NF-κB and SPI1 [299]. In this cellular context, SPI1 is able to interact physically with both DNMT3B and TET2 that are responsible for the DNA methylation and de-methylation, respectively, at the differentially DNA methylated SPI1 binding sites [299]. Albeit these observations, SPI1 knock-down was not completely efficient in the abrogation of the DNA de-/methylation processes, suggesting that other factors participate to the establishment of methylation status [299]. Similarly to what was described in the osteoclasts, SPI1 is proposed to recruit TET2/3 to specific loci in B-cell differentiation [350]. Indeed, SPI1, interacting with TCF3 (or E2A), has been proposed to recruit TET2/3 to open chromatin and to favor the binding of secondary transcription factors such as IRF4/8 at specific loci [350]. This positive feedback loop would therefore be responsible for chromatin accessibility maintenance and stimulation of target gene transcription. 3.5.2.3. Histone methylation: PRC2 Ridinger-Saison and colleagues, from my group, has shown that SPI1 blocks apoptosis of preleukemic cells. One of the causes of this apoptotic protection is the low expression of the pro-apoptotic protein BIM, encoded by the Bcl2l11 gene [315]. SPI1 decreases BIM expression through repressing the RNA expression of Bcl2l11 [315]. This was shown to be due to the recruitment of PRC2 (whether direct or indirect effect is unknown), and increase of H3K27me3, at the Bcl2l11 promoter. SPI1 also physically interacts with the two subunits of the PRC2 core complex, SUZ12 and EZH2 [315]. The interaction of SPI1 with the PRC2 catalytic subunit EZH2 was also found in human OCI-M2 erythroleukemic cell line [351]. One part of my Ph.D. project deals with a better characterization of the relationship between SPI1 and PRC2 at Bcl2l11 gene or into the whole genome.

  tional activation. Activation of transcription by SPI1 depends on its association with other transcription factors in multi-protein complexes. These associations involve various mechanisms: (1) the factors interact to mutually reinforce their binding to DNA, (2) the factors do not interact directly but their binding to the promoter allows synergistic transcriptional activation, (3) the factors bind to SPI1, which in turn is bound to the DNA, and stimulate the SPI1 transcriptional activity, (4) SPI1 interacts with the transcription machinery and promotes gene transcription. As aforementioned, SPI1 can interact with a wide variety of TFs in different ways depending on the localization (enhancers vs promoters), chromatin accessibility, its level of expression and the binding motif affinity. These factors have a ubiquitous expression profile such as SP1, or a tissue-specific profile such as OCT2 in B lymphoid cells or C/EBPα in myeloid cells. SP1 and SPI1 cooperate to activate the transcription of myeloid genes such as Cfes [352], Btk [353] or Cd11b (Itgam) [354], even though the physical interaction between these two proteins has not been demonstrated yet. The C/EBPα protein is able to physically interact with SPI1 and allows transcription of genes encoding G-CSF [355], M-CSF and GM-CSF receptors [356]. The interaction occurs between the leucine zipper region of C/EBP and the ETS domain of SPI1. A third factor, RUNX1 (or AML1), has been described to cooperate with C/EBPα and SPI1 to regulate expression of the M-CSF receptor [357]. In this case, the physical interaction of the two proteins is required for transcriptional activation. SPI1 and IRF4 proteins participate in transcriptional activation in B lymphoid cells in a two-step mechanism. In the first step, IRF4 is not able to bind to DNA and interacts with SPI1 via its DNA binding domain. Their interaction induces phosphorylation of SPI1 and thus results in a conformational change allowing IRF4 to bind to DNA [358]. The SPI1/IRF4 complex activates, for instance, transcription of the Igκ light chains of immunoglobulins by binding to an enhancer located at the 3'-end of the gene [358] and transcription of the lymphocyte marker CD20 (MS4A1) by binding to its promoter [359]. Recently, it has been shown that the binding of SPI1 and IRF4/8 at composite binding sites is crucial to activate genes required for the early B-cell development [360]. The transcription factor JUN (or c-JUN), belonging to the AP1 family, is a crucial co-activator of SPI1 for many myeloid genes including the M-CSF receptor. JUN does not bind directly to the M-CSF promoter Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

  I started my Ph.D., very few articles reported examples of SPI1 as transcriptional repressor in normal as well as in tumor development. Several examples have been reported then in normal cells. One mechanism by which SPI1 represses transcription is the "activators trapping". In this example, SPI1 represses transcription indirectly by redirecting the binding of other transcriptional activators. This mechanism occurs in normal T-cells differentiation, where SPI1 is required, and expressed, only at the early stages of T-cells differentiation (silenced at DN2/3 stage) [291]. In this cellular context, SPI1 is responsible for a relocation of RUNX1 transcription factor which is depleted from its T-cell dependent targets which are thereby prevented of their transcriptional activation leading to T-cells differentiation impairment [137]. More precisely, SPI1 had no effect on RUNX1 binding at promoters but it was able to redirect about one-half of RUNX1 bound at enhancers.

Figure 36 |

 36 Figure 36 | Mechanisms of SPI1-mediated gene repression (A) Activators trapping. At the early stages of T-cell differentiation SPI1 is expressed, while, during the progression of the T-cell maturation, SPI1 expression (yellow shadowed bar) is decreased until to be silenced at the DN3 stage. In the presence of SPI1, RUNX1 is trapped by SPI1 and relocated to SPI1-binding sites preventing the activation of the T-cell specific genes by RUNX1. In the late T-cell differentiation, the absence of SPI1 allows RUNX1 to regulate T-cell specific genes.(B) In neutrophils, during inflammation response, SPI1 cooperates with HDAC1 to reduce chromatin accessibility at enhancers regulating immune genes by binding to them. This non-permissive chromatin status prevents the binding of the positive regulator AP1 at the enhancers, resulting in a missed activation of immune gens genes. (C) SPI1 binds on GATA1 bound to DNA and recruits the SUV39H epigenetic factor through the interaction with RB. Then, SUV39H deposits the H3K9me3 repressive mark recruiting HP1 stimulating a positive feedback loop of histone methylation. Spreading of H3K9me3 leads to repression of GATA1 target genes. Furthermore, SPI1 binding to GATA1, inhibits the interaction between GATA1 and CBP. In this way CBP is not able to acetylate GATA1 and thereby stimulating the transcriptional activation.
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  Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 96 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia During normal hematopoiesis, SPI1 and GATA1 are required for the efficient differentiation of the granulocyte-monocyte and erythrocyte lineages, respectively. The cell fate decision was originally proposed to be determined by an antagonistic switch in progenitors between the expression of either SPI1 or the GATA1, resulting in their opposite expression during granulocyte-monocyte versus erythroid commitment. (Figure 37) [273,364]. This functional antagonisms is supported by the fact that SPI1 and GATA1, not only physically interact [365], but can cross-inhibit each other's activity [365,366] and activate their own transcription [367,368]. However, recent studies showed that SPI1:GATA1 protein ratio is not the driver mechanism of lineage decisions [369-371], and that stochastic transitions between the transcriptional states defined by these genes are the probable basis of the dynamics of the system [371]. Therefore, in normal cells, the SPI1-GATA1 antagonism would be rather serve as reinforcing mechanism rendering terminal differentiation irreversible [369].

Figure 37 |

 37 Figure 37 | SPI1 vs GATA1 antagonisms in erythroid differentiation

  [START_REF] Wilkinson | RNA splicing by the spliceosome[END_REF]):(1) hnRNPs (high nuclear ribonucleoprotein) bound to nascent transcripts; (2) snRNPs (small nuclear ribonucleoprotein) associated with small RNAs that structure the spliceosome complex; (3) SRSFs (Serine/Arginine rich Splicing Factors) splicing regulatory factors proteins. It has been shown in the laboratory that SPI1 interacts with components of the spliceosome, in particular p54nrb (nuclear RNA-binding protein) and FUS/TLS [280,384]. The function of SPI1 and its partners FUS/TLS and p54nrb on splicing was analyzed using transient expression of model minigenes that undergo constitutive splicing (excision of introns) or alternative splicing (selection of proximal or distal 5'-splice sites of the gene). Thus, it was shown that SPI1 promotes the use of proximal 5'-sites in erythroid cells while FUS/TLS and p54nrb promote the selection of distal 5'-intron sites during minigene maturation. These data indicate that SPI1 antagonizes the function of certain splicing factors, such as FUS/TLS and p54nrb [280,384]. The SPI1 DNA binding domain cooperates with the transactivation domain or PEST domain of SPI1 to modify the function of FUS/TLS in splicing [385]. Furthermore, it has been shown that the functions of SPI1 in transcriptional activation and splicing are coordinated [386]. When SPI1

101 Results

 101 The aim of my work was to characterize the mechanisms of gene repression mediated by SPI1 that lead to the development of the murine erythroleukemia. Indeed, when I started my Ph.D., the molecular mechanisms underlying SPI1-mediated gene repression and whether this repression could be involved in the leukemia development was still unclear. Therefore, the main question raised was: How can the abnormal expression of a transcription factors lead to a wide gene repression? In particular, can SPI1 exert a "direct" effect in gene repression or only "indirect" effect such as upregulation of transcriptional repressors? Which TFs or epigenetic factors may be involved in the SPI1 repressive function?The results obtained during my Ph.D. are subdivided in three parts: I. In the first part, I described the development of a bioinformatic method to compare ChIP-seq and ATAC-seq between different conditions of cell culture and treatment. This method will be used to analyze SPI1 and gene repression. It consists of an R-package, CHIPIN, used to normalize ChIP-seq and ATAC-seq data among different conditions. This work was accepted for publication in BMC Bioinformatics in August 2021 [387]. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 100 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia II. The second part includes the results obtained during the investigation of the role of SPI1-mediated gene repression in erythroleukemia. These results have been submitted for peer-review to Nucleic Acids Research in April 2021 (Results IIa). In this part, additional results that have not been included in the article, are also presented. They aim to better describe the recruitment of PRC2 by SPI1 at SPI1binding sites in a Luciferase reporter system. Moreover, I present some data of a study of the role of the lncRNA Morrbid in the repression of the pro-apoptotic gene Bcl2l11 in erythroleukemic cells. III. The last part is dedicated to the description of the R-package, Rseb, I developed and that we used to analyze NGS data, in complement to the bioinformatic analyses performed by Lélia Polit in Boeva's laboratory. This part corresponds to the online available vignette of the R-package. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 102 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France PREFACE Many projects, involving ChIP-seq experiments, require the comparison of the sequencing signal among different conditions or treatments. To avoid any bias in the data interpretation, a precise normalization of the data is required.
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Figure 38 |

 38 Figure 38 | Correlation between ChIP-seq and ATC-seq signal with gene expression Profiles of the histone modifications indicated above each panel across the TSS for highly active, two stages of intermediately active and silent genes are shown. Twelve thousand human genes were separated into twelve groups of one thousand genes according to their expression levels. (A) Histone methylations patterns and correlation with gene expression. The active histone marks H3K4me3/1 and H3K36me3 are positively correlated with transcription, while H3K27me3 repressive mark is inversely proportional to gene expression. From A. Barski et al. [167]. (B) Histone acetylation patterns and correlation with gene expression. The active histone marks H3K4ac, H3K36ac, and H3K27ac are positively correlated with transcription. From Z. Wang et al. [390].(C) The RNA-polymerase II occupancy at the TSS is positively correlated with the gene expression. From A.Barski et al.[START_REF] Barski | High-resolution profiling of histone methylations in the human genome[END_REF]. (D) Chromatin accessibility is positively correlated with gene transcription. From R.R. Starks et al.[START_REF] Starks | Combined analysis of dissimilar promoter accessibility and gene expression profiles identifies tissue-specific genes and actively repressed networks[END_REF].

Figure 39 |

 39 Figure 39 | Examples of variable transformation functions Correlation plots between an initial variable x and its transformation x'. The formula used for the transformation is indicated with the same color of the corresponding correlation tendency curve. The black dashed line indicates the correlation of the variable with itself, positive control. (A) Linear transformations keep the correlation with the variable. (B) Non-linear transformations lead to loss of the relationship between variables.

Figure 40 |

 40 Figure 40 | A schematic of quantile normalizationQuantile normalization is a non-linear transformation that replaces each feature value (row) with the mean of the features across all the samples with the same rank or quantile. To quantile normalize a raw high-throughput data set with multiple samples: (1) order the feature values within each sample; (2) for each feature, average across the rows; (3) substitute the raw feature value with the average; (4) re-order the transformed values by placing in the original order. In the case of CHIPIN, each row would represent a constant gene, while the columns the positions/bins of the gene locus (the regions are rescaled in order to have the same length).From S.C. Hicks & R.A. Irizarry, Genome Biol.16 (2015) [START_REF] Hicks | Quantro: a data-driven approach to guide the choice of an appropriate normalization method[END_REF].

  . Using the ChIP-seq technology, exact position of histone modifications and transcription factors binding sites could be obtained. ChIP-seq technology includes three main steps: (1) covalent crosslink of proteins such as histones or transcription factors to their genomic DNA substrates in living cells; (2) isolation and fragmentation to capture the protein-DNA complexes using an antibody specific for the protein of interest; (3) analysis of the immunoprecipitated DNA by high-throughput sequencing after reversal of cross links and purification. ChIP-seq technology has been often used to compare DNA binding of the protein of interest in two or multiple conditions. However, due to technical biases, comparing ChIP-seq signals in several conditions still remains a challenging issue. First, the signal comparison is impeded by variable efficiency of chromatin immunoprecipitation across samples. Second, ChIP-seq experiments are subject to variability in fragment length distributions and can exhibit differences in read counts caused by the DNA amplification bias. Together these biases can cause artefactual variations in ChIP-seq signal and lead to erroneous biological conclusions. Therefore, there is a strong need for a normalization procedure that could correct the aforementioned effects, especially when spike-in information (Chen et al., 2016), relying on the addition of chromatin and antibody (Spike-in) from a different organism and allowing for better intersample normalization, is not available. Indeed, today most experimental work involving ChIP-seq does not use spike-in information (Chen et al., 2016).
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  Ramírez et al., 2016, 2). Unfortunately, this normalization approach does not account for differences in the efficiency of immunoprecipitation and DNA amplification biases. Other methods such as Normalization of ChIP-Seq (NCIS) by[START_REF] Liang | Normalization of ChIP-seq data with control[END_REF], which extended CisGenome[START_REF] Ji | An integrated software system for analyzing ChIP-chip and ChIP-seq data[END_REF], use for the signal normalization the control sample. Here, the genome is divided into non-overlapping bins; a normalization factor is calculated as = corresponds to the set of bins that belong to the background. In CisGenome[START_REF] Ji | An integrated software system for analyzing ChIP-chip and ChIP-seq data[END_REF], the authors Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 111 Results I -Article №1 determine background regions as regions with total counts # ≤ 1 and bin-width % = 100, and the normalization factor is computed given these parameters. In NCIS, the marginal ChIP/Control ratio against total counts is used to determine the optimal value of # and % in a data-adaptive manner and finally define set B. More sophisticated methods (Taslim et al., 2009; Nair et al., 2012; Jin et al., 2020) allow the user to determine differentially enriched regions, while addressing normalization problem but do not provide the resulting normalized profiles. For instance, in ChIPnorm (Nair et al., 2012), the background is estimated, the local genomic bias is removed and finally the normalization problem is addressed using quantile normalization. MACS2, one of the most used ChIP-seq analysis tools (Zhang et al., 2008), permits identifying differential peaks (function bdgdiff) but the resulting normalized profiles are not provided. A twostep non-linear normalization method based on locally weighted regression (LOESS) approach was developed by (Taslim et al., 2009). To compare ChIP-seq data across multiple samples, the method models the difference using an Exponential-NormalK mixture model and uses the fitted model to select regions associated with differential binding sites based on local false discovery rate. ChIPseqSpikeInFree (Jin et al., 2020) is a recent normalization method based on the computation of the slope of the cumulative read counts curve for each sample. Although powerful, these methods for differential peak calling do not provide normalized ChIP-seq density profiles as output.Our team has recently developed a simple normalization method, LILY, based on matching the signal within strong peaks common to all conditions[START_REF] Boeva | Heterogeneity of neuroblastoma cell identity defined by transcriptional circuitries[END_REF]. The normalization factor is computed as the ratio of density values in these common regions. Importantly, the LILY pipeline is based on the ChIP-seq profiles explicitly corrected for copy number variation(Ashoor et al., 2013) and thus can be used to compare signal between different cancer samples or between cancer and healthy tissues.

Figure 1 .

 1 Figure 1. Outline of the CHIPIN package. A. Four step approach implemented in CHIPIN. B. Definition of "constant genes" (red) used as a baseline for the ChIP-seq signal normalization: "constant genes" are 10% (default) of genes with the lowest standard deviation of read counts selected from different ranges of gene expression (100 bins). C. Gene body regions of "constant genes" and surrounding flanking regions (+/n Kb, n = 4 Kb by default) are rescaled to 40 Kb (default) and segmented into bins (default bin length: 10 bp). TSS: transcription start site; TE: transcription end site. D. Main steps of the quantile normalization. In CHIPIN the quantile normalization is applied separately to subsets of genes within a certain range of ChIP-seq intensity signal (k groups, k = 20 by default). E. Difference in areas under the density curves is used for the evaluation of the success of the normalization process.

  & ̅ ()**+,-./012+ versus the reference sample & ̅ 3+4+*+,5+ ./012+ . For each sample, a linear regression with non-zero intercept provides 6 and 7 that minimize the sum of square errors ε in: Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 115 Results I -Article №1 & ̅ ()**+,-./012+ = 6 * & ̅ 3+4+*+,5+ ./012+ + 7 + 9. Given 6 and 7 for each sample/condition, the density profile in each condition is then corrected: & ()**+,-./012+ 5:**+5-+; = max?0, (& ()**+,-./012+ -7)/6 C.
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 31 shared peaks[START_REF] Boeva | Heterogeneity of neuroblastoma cell identity defined by transcriptional circuitries[END_REF], and (iii) one of the most recent normalization methods, ChIPSeqSpikeInFree, based on matching the signal in genomic sliding windows via the calculation of turning points in density distributions[START_REF] Jin | ChIPseqSpikeInFree: a ChIP-seq normalization approach to reveal global changes in histone modifications without spike-in[END_REF]. We included the normalization to the same number of reads into the comparison because it has been so far the most widely used normalization technique for ChIP-seq signals. And indeed, when applied to conditions characterized within the same technical replicate, this normalization strategy provides stable and trustable results. The two other methods, although not covering the whole spectrum of normalization approaches, are representative of the two hypotheses behind normalization strategies: the one based on the strongest and the other on overall signal. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 116 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia To perform the comparison, we used ChIP-seq densities (.bigWig files) obtained with the HMCan software (Ashoor et al., 2013). In our comparison of the methods, we addressed two questions: (i) Can the CHIPIN normalization strategy efficiently match signal densities across conditions and across replicates? and (ii) Does the CHIPIN normalization preserve biological differences between protein binding density signals? CHIPIN efficiently matches average density profiles for regions surrounding the TSS of "constant genes" We assessed the performance of CHIPIN to match ChIP-seq density profiles in genomic regions corresponding to genes with low transcriptional variation across conditions. This analysis was performed on two datasets: five human adrenocortical carcinoma samples profiled for H3K27ac (unpublished data) and the erythroleukemic murine cell line, with doxycycline inducible shRNA against Spi1, further called shSpi1-A2B profiled for H3K27ac in two conditions: (1) with Spi1-overexpressed: Spi1++, and (2) Spi1repressed: Spi1-(Rimmelé et al., 2007).

Figure 2 .

 2 Figure 2. Comparison of normalization efficiency on five H3K27ac datasets of adrenocortical carcinoma. Average density signal is shown for 8 kb regions surrounding TSSs of "constant genes". The first plot corresponds to the average signal before the normalization. Antibody: ab4729 (rabbit polyclonal, Abcam).

Figure 3 .

 3 Figure 3. Comparison of normalization efficiency for H3K27ac profiles in the shSpi1-A2B cell line within replicates (A) and across replicates (B). Average density signal is shown for 8 kb regions surrounding TSSs of "constant genes". The first plot corresponds to the average signal before the normalization. Antibody: rabbit polyclonal against H3K27ac (ab4729, Abcam); conditions: Spi1++ -Spi1 overexpressed, Spi1--Spi1 repressed by a doxycycline-inducible shRNA.

Figure 4 .

 4 Figure 4. Comparison of normalization efficiency by CHIPIN and the three other methods in genomic regions corresponding to differentially expressed genes in the shSpi1-A2B cells (across replicates). (A) H3K27ac density profiles around TSSs of genes down-and up-regulated by Spi1 in two conditions: "Spi1++" -Spi1 overexpressed, "Spi1-" -Spi1 repressed. (B) Differences in H3K27ac signal in zones 1-3 (Figure 1E) in gene promoters for genes up-and down-regulated by Spi1; axes show differences between density values in conditions Spi1++ and Spi1-. Correct normalization procedures would result in observations laying close to the diagonal (E = , grey dotted line).

Figure 5 .

 5 Figure 5. Graphs generated by CHIPIN allowing evaluating specificity of two antibodies used: (A) antibody ab4729 (Abcam) against H3K27ac in an adrenocortical carcinoma sample (unpublished), and (B) antibody ACM39155 (Active Motif)against H3K27me3 in the shSpi1-A2B cells (unpublished). For ab4729, as expected, highly expressed genes show a higher level of H3K27ac than genes of medium or low expression; while for ACM39155, highly expressed genes show an increase of intensities for H3K27me3 downstream TSS (red). This suggests a potential non-specific binding of this antibody targeting H3K27 methylation to acetylated lysines, also documented by[START_REF] Rothbart | An interactive database for the assessment of histone antibody specificity[END_REF].

Figure S4 .

 S4 Comparison of normalization efficiency by CHIPIN and the three other methods in genomic regions corresponding to differentially expressed genes in the shSpi1-A2B cells (replicate 1 is used for both conditions). Antibody: ab4729 (Abcam) against H3K27ac; A. H3K27ac density profiles around TSSs of genes down-and up-regulated by Spi1 in two conditions: "Spi1++" -Spi1 overexpressed, "Spi1-" -Spi1 repressed. B. Differences in H3K27ac signal in zones 1-3 (Figure 1E) in gene promoters for genes up-and down-regulated by Spi1; axes show differences between density values in conditions Spi1++ and Spi1-. Correct normalization procedures would result in observations laying close to the diagonal (E = , grey dotted line).

Spi1

  abnormal expression in the erythroid lineage leads to differentiation blockage and inhibition of apoptosis with a consequent accumulation in the spleen of erythroid progenitors and failure of mature cell production. We studied the effects of SPI1 on gene transcription comparing a condition of Spi1 overexpression (TgSpi1) to a condition of Spi1 knock-down achieved by doxycycline-inducible expression of shRNAs against Spi1 in pre-leukemic cells (HS1, Epo-dependent) derived from the spleen of TgSpi1 mice already established in the laboratory [327]. The treatment with Dox induces a ~90-95% Spi1 knock-down (KD), at both RNA and protein level, within 48h. After 5-7 days in culture under Dox treatment, cells reverted their phenotype and re-acquired the ability to differentiate and undergo apoptosis [327].

GAGGCAGAATGCATGCTCGAGTTAACggccaacttgacctcctcc- 3 '

 3 ) restriction sites from the HDAC1 Flag plasmid (gift from Eric Verdin, Addgene plasmid #13820, (30)) using the KAPA HiFi HotStart ReadyMix (Roche). Using the In-Fusion HD Cloning Kit (Clontech) Hdac1 was cloned into the double digested pRRLs-Avi-MCS-iGFP-BirA (31) resulting into pRRLs-Avi-HDAC1-iGFP-BirA. Competent GT115 E.coli (Invivogen) were transfected via heat-shock, recovered in SOC Outgrowth Medium (New England Biolabs), plated on LB-Amp plates and incubated overnight. The presence of HDAC1 was tested via colony PCR and sequencing (Eurofins Genomics) (primers: Fwd 5'-CTGCTTCTCGCTTCTGTTCG-3', Rev 5'-CACACCGGCCTTATTCCAAG-3').

40×10 6

 6 cells for immunoprecipitation or 15×106 cells for Avi-tagged protein pull-down were lysed in IP buffer (20mM HEPES, 2mM MgCl2, 0.5% NP-40, 420mM NaCl, 0.1% Triton X-100). Supernatants were incubated with antibody of interest (Supplementary data) and 50µL of magnetic beads (Protein G coated Dynabeads, Invitrogen) for immunoprecipitation or 60µL streptavidin-coated beads (M-280 Dynabeads, Invitrogen) for pull-down. Immunoprecipitated proteins or whole-cell extracts were resuspended in Laemmli buffer 2X supplied with DTT 100mM.Whole-cell extracts or immunoprecipitated/pulled-down proteins were resolved by SDS-PAGE and transferred to a nitrocellulose 0.22µm membrane (Biorad). Membranes were blocked (1X D-PBS, 0.1% Tween20, 5% non-fat milk powder) and then incubated with primary antibody as described in Supplementary data. Horse peroxidase-conjugated secondary antibody was used to detect proteins by LAS4000 digital imager (GE Healthcare Life Sciences) upon incubation with enhancer chemiluminescence kit (ThermoScientic). Stripping was performed in 1X stripping buffer (ST010, GeBa) according to manufacture instructions.Université Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 137 Results IIa -Article №2

  Recombinant histone H3.1 (31894, Active Motif) was mixed in PRC2 buffer (50mM Tris pH 8, 100mM NaCl, 1mM DTT, 0.01% Triton X-100) with 200µM S-Adenosyl Methionine (SAM, Sigma Aldrich), PRC2 recombinant complex (31387, Active Motif) and SPI1 recombinant protein (MBS1265403, MyBioSource) at 1:1 or 5:1 SPI1:PRC2 molar ratios for 4 hours. BSA (Sigma Aldrich) was used as a control protein. Combination of concentrations used are: a) 250ng H3.1, 36.5nM PRC2 plus 36.5nM SPI1 (1:1 molar ratio) or 182.5nM SPI1 (5:1 molar ratio); b) 125ng H3.1, 18.3nM PRC2 plus 18.3nM SPI1 (1:1 molar ratio) or 91.5nM SPI1 (5:1 molar ratio); c) 62.5ng H3.1, 9.2nM PRC2 plus 9.2nM SPI1 (1:1 molar ratio) or 46nM SPI1 (5:1 molar ratio). Samples were separated by SDS-PAGE or directly dotblotted onto nitrocellulose membrane using Bio-Dot microfiltration apparatus (BioRad). Membranes were incubated with anti-H3K27me3 and HRP secondary antibody as described above. Specificity of the antibody used was verified with histoneantibodies.com/FinalArrayData/H3K27me3. Quantification of the signal intensity was performed by Fiji/ImageJ v2.1.0 software.

  ard. The peptide sequences used are: a) H3K27: FAM-TKAARK27SAPAT-NH2; b) H3K27me1: FAM-TKAARK27me1SAPAT-NH2. The methyltransferase reaction was carried out overnight in PRC2 buffer (50mM Tris pH 8, 100mM NaCl, 1mM DTT, 0.01% Triton X-100) containing 75µM of H3K27 peptide, 36.5nM of PRC2 recombinant complex (acm31387, Active Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 138 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia Motif), 100µM of S-Adenosyl Methionine (SAM, Sigma Aldrich) and different molar ratios of SPI1 to PRC2
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Figure 1 .

 1 Figure 1. SPI1 represses gene transcription by binding to active enhancers in leukaemic cells.

  H3K27 acetylation was reduced by SPI1 for both, consistent with reduced promoter activity in repressed genes.

Figure

  Figure 3D presents three examples of SPI1, H3K4me1, and H3K27ac modification in cells treated or not treated with dox or with entinostat at enhancers of the repressed Arhgap23, St3gal6 and Sox6 genes.

UniversitéFigure 3 .

 3 Figure 3. SPI1 represses gene expression by decreasing H3K27 acetylation at SPI1-bound enhancers that are targets of HDAC1.

  ). These findings again support that SPI1 acts in different manners to repress transcription of the H3K27ac Down and H3K27ac NotDown groups Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 149 Results IIa -Article №2 of genes.

UniversitéFigure 4 .

 4 Figure 4. SPI1 reduces chromatin opening and RNA pol II occupancy at the TSS without impacting GATA1 accessibility to chromatin.
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Figure 5 .

 5 Figure 5. Occupancy of SPI1 at deacetylated enhancers is associated with increased H3K27me3 around the TSS of the SPI1 repressed genes. (A) Density plot profiles of H3K27me3 signals in SPI1 + (untreated) or SPI1 -(dox treated)-expressing cells centred on the TSS of genes for genes with H3K27ac Down SPI1-bound enhancers or SPI1-repressed genes not bound by SPI1. (B) Distribution of the sums of H3K27me3 signals within region ±1 kb from TSS for genes with H3K27ac Down SPI1-bound enhancers or SPI1-repressed genes not bound by SPI1 in SPI1 + (untreated, red) or SPI1 -(54 h dox treated, blue) cells. *P < 0.05, ****P < 0.0001, ns: not significant (paired Wilcoxon test). Differential FC of H3K27me3 signal between SPI1 + and SPI1 -cells is indicated for each group, and statistical analysis was performed to compare the differences between H3K27ac Down SPI1-bound enhancers or SPI1-repressed genes not bound by SPI1 by the Wilcoxon test. (C) PRC2 in vitro activity assays using 250 ng of histone 3 mixed with the PRC2 complex and SPI1 or BSA (negative control) at a molar ratio of 1:1 or 1:5. PRC2 was added to each condition of the experiments. S-adenosyl methionine (SAM) was the PRC2 substrate. H3K27me3 was quantified by dot blot experiments (see supplementary Figure S9C) and normalized to the activity of PRC2 alone in the presence of SAM (grey bar). Protein mixes were immunoblotted and coupled with antibodies against SPI1 and total H3. Histograms represent the mean of 2 independent experiments whose individual values are indicated by the dots. (D) The same experimental conditions as (C) were employed using an 11-amino acid peptide of histone 3, including K27. Lysine mono-methylation (H3K27me1) was quantified by HPLC and normalized to the activity of PRC2 alone in the presence of SAM alone (grey bar). Histograms represent the mean of 2 independent experiments whose individual values are indicated by the dots.

Figure 6 .

 6 Figure 6. PRC2 functionally cooperates with HDAC1 to maintain erythroid blast proliferation and survival.

Figure 41 |

 41 Figure 41 | SPI1 requires its C-terminal domain to interact with PRC2 (A-B) Protein lysates from murine erythroid leukemic cells from TgSpi1 mice (A) or human leukemic KG1 cells (B) were pulled down by SPI1 or IgG antibody (negative control) and immunoblotted with antibodies against EZH2, EED, and SPI1. (C) Left panel, depiction of the Myc-Tagged (MT) SPI1 mutant constructs used to transfect HEK293T cells. Respective abilities to bind DNA and results of the interaction with EZH2. Right panel, protein lysates from HEK293T cells transfected with SPI1 mutant constructs, or with empty vector (Ctrl), were pulled down by EZH2 or IgG antibody (negative control) and immunoblotted with antibodies against MYC (for MT-SPI1) and EZH2. For immunoblots, vertical lines indicate that crops come from different positions of the same image.

  recruitment at the LucF TSS due to disruption of the positive recruitment loop mediated by the affinity of EED for the H3K27me3 which stimulates PRC2 recruitment [69].

Figure 44 |

 44 Figure 44 | PRC2 inhibition does not prevent luciferase repression HEK293T-UAS-LucF:GAL4-SPI1-WT cells were treated for 40h with 1µM or 3µM UNC1999 followed by additional 32h of UNC1999 and Dox combination. Equivalent amounts of DMSO were used as negative control. (A) Whole protein lysates have been immunoblotted with antibodies against SPI1, H3K27me3, and H4 (loading control). (B) ChIP-qPCR was performed using EZH2 and H3K27me3 antibodies to quantify the respective target occupancy (expressed as percentage of input, %INPUT) at the LucF or GAPDH (negative control) TSSs. (C) Luciferase assay to measure foldchange of Relative Luminescence Unit (RLU) normalized to the quantity of proteins analyzed on dox-untreated (SPI1---) conditions.

Figure 45 |

 45 Figure 45 | Transcription repression recruits PRC2 at gene promoter HEK293T-UAS-LucF:GAL4-SPI1-WT cells were treated for 16h with 4µM or 10µM Triptolide, or equivalent amounts of DMSO (negative control). (A) Whole cell protein lysates have been immunoblotted with antibodies against RNP2, SUZ12, and HSC70 (loading control). (B) Foldchange (FC) of luciferase RNA expression on Triptolide-untreated cells analyzed by RT-qPCR. (C) ChIP-qPCR using EZH2, SUZ12 and H3K27me3 antibodies was performed to quantify the respective target occupancy (expressed as percentage of input, %INPUT) at the LucF or GAPDH (negative control) TSSs.
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  lncRNAs were recently shown to function as scaffolds, stabilizing the binding between various PRC2 subunits such as EZH2 and JARID2 [73]. Interestingly, at the beginning of my Ph.D. training, Kotzin and colleagues published a work showing that the lncRNA Morrbid (for myeloid RNA regulator of BIM-induced death) represses the transcription of the pro-apoptotic protein BIM, encoded by the gene Bcl2l11, in LPSinduced murine bone marrow (BM)-derived macrophages (inflammation response) [250]. They show that Morrbid regulates Bcl2l11 transcription by promoting the enrichment of the PRC2 complex at the Bcl2l11 promoter to maintain this gene in a poised state [250]. My group previously showed that Bcl2l11 transcriptional repression mediated by SPI1 leads to apoptosis inhibition in preleukemic erythroid cells derived from TgSpi1 mice [315]. SPI1 binds to Bcl2l11 promoter and enhancer, but the enhancer activity is low and not regulated by SPI1 (this study). Binding of SPI1 at the Bcl2l11 promoter (0.3kb upstream TSS) is associated with a deposition of H3K27me3 at 1.5kb upstream from the TSS. Importantly, the binding of SPI1 and the PRC2 activity were indispensable for the deposition of H3K27me3 and the efficient Bcl2l11 repression (Figure 46A, bottom). Interestingly, Kotzin and collegues, by experiments of chromatin RNA immunoprecipitation (ChRIP), revealed that Morrbid physically contacts the promoter region of Bcl2l11 at 0.3kb upstream from TSS, that corresponds to the SPI1 binding site in erythroid cells. Moreover, the authors showed that Morrbid stimulates the recruitment of PRC2 with consequent deposition of H3K27me3 mark at 1.5kb upstream from the Bcl2l11 TSS, as observed in preleukemic cells (Figure 46A, top). Experiments of chromosome conformation capture (3C) showed that the Morrbid and Bcl2l11 loci physically interact (Figure 46D) [250].

  Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 191 Results IIb -Additional results of article №2Summarizing, both SPI1 and Morrbid repress the Bcl2l11 expression, preventing the cell apoptosis, and bind at 0.3kb upstream from its TSS recruiting PRC2 that deposits H3K27me3 mark at 1.5kb upstream from the Bcl2l11 TSS (Figure46A-C). The Morrbid and Bcl2l11 loci form a chromatin loop, and the contact sites are occupied by SPI1 (Figure46D,F). Finally, SPI1 activates the expression of Morrbid in erythroleukemic cells (Figure46G).

Figure 46 |

 46 Figure 46 | Summary of chromatin features and expression at the Bcl2l11 locus (A) Schema representing the similarities between the result from Kotzin et al. (Nature, 2016) [250] (top) and Ridinger-Saison et al. (Cell Death Differ., 2013) [315] (bottom) at the Bcl2l11 locus. In orange are indicated the sites of deposition of H3K27me3 histone mark, while in green the binding of Morrbid and SPI1. (B-C) BM-derived macrophages transduced with control or Morrbid-specific shRNAs. (B) Morrbid qPCR expression. (C) BIM protein expression analyzed by intracellular flowcytometry. From Kotzin et al., Nature (2016). (D) 3C of the Bcl2l11 promoter and indicated genomic regions (average of 3 independent experiments). Bait position is indicated by a red arrow. Green arrows indicate the TSSs. From Kotzin et al., Nature (2016) [250].

UniversitéFigure 47 |

 47 Figure 47 | Morrbid does not repress Bcl2l11 in erythroleukemic cells (A) Schematic representation of the approach employed to obtain erythroid preleukemic cells expressing dCas9-KRAB-mCherry:sgRNA-BFP for Morrbid CRISPR inactivation. (B-D) Fold change RNA expression of Morrbid (B), Spi1 (C), and Bcl2l11 (D) genes upon Morrbid CRISPRi performed using six different sgRNAs and compared to sgRNA-empty vector transduction by RT-qPCR.

Figure 51 |

 51 Figure 51 | Volcano plot of RNA-seq data Correlation between log2(Foldchange expression) among two conditions and -log10(p-valueadjusted) of the comparisons are represented as dots for each single gene. Up-regulated (FC = 2, Padj < 0.05), down-regulated (FC = 0.5, Padj < 0.05), unresponsive (0.9 = FC = 1.1, Padj = 0.05) or null genes are indicated as pink, green, blue, or gray points, respectively. Names of Down-regulated genes are labelled.

UniversitéFigure 52 |

 52 Figure 52 | Sequencing signal visualization (A) The function computeMatrix from deeptools used by computeMatrix.deeptools, in the ''reference-point mode'', extends the center of all the regions in one or more datasets (.bed files) and divides each one in n bins

207 Results

 207 III -Rseb R-package 3.2. Density profile High-throughput sequencing data allow the detection of different types of signals at genome-wide scale as well at a single locus, as described further. A common analysis involves the comparison of the average signal over different categories of regions (e.g., Transcription

9 #Figure 53 |

 953 Figure 53 | Density profile Example of density plot profiles of ChIP-seq normalized signal around the center of four different dataset regions for each sample (A) or group (B).

  [START_REF] Ghisletti | Identification and characterization of enhancers controlling the inflammatory gene expression program in macrophages[END_REF][START_REF] Heinz | Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and b cell identities[END_REF][START_REF] Pham | Mechanisms of in vivo binding site selection of the hematopoietic master transcription factor pu.1[END_REF]. Furthermore, SPI1 activates housekeeping genes by binding to their promoter in collaboration with common lineage factors[START_REF] Ghisletti | Identification and characterization of enhancers controlling the inflammatory gene expression program in macrophages[END_REF][START_REF] Heinz | Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and b cell identities[END_REF][START_REF] Pham | Mechanisms of in vivo binding site selection of the hematopoietic master transcription factor pu.1[END_REF]. Despite its role in gene activation, SPI1 has been recently reported to be able to repress transcription by distinct mechanisms [137,299,339,362]. However, whereas the molecular mechanisms of SPI1-mediated gene activation have been widely investigated, the mechanisms underlying its repressive activity still need to be clarified.Given the central role of SPI1 in regulating the normal hematopoiesis, its expression alteration leads to leukemia development. For this reason, SPI1 can act as both oncosuppressor and oncogene. In my group, we are interested in understanding the role of SPI1 in the erythroleukemia.We employed a well characterized murine model in which SPI1 abnormal expression (TgSpi1) leads to the erythroleukemia development[START_REF] Moreau-Gachelin | Spi-1/pu.1 transgenic mice develop multistep erythroleukemias[END_REF].In this TgSpi1 murine model, my group has previously shown that SPI1 acts as an oncogene when its expression is sustained in the erythroid lineage. This abnormal expression is able to induce differentiation blockage of erythroid progenitors at the stage of CFU-E [315]. Furthermore, SPI1 inhibits apoptosis contributing to the uncontrolled expansion of these progenitors that invade the spleen leading to the mice death within 3-7 months from birth [333]. The study of the mechanism by which SPI1 activates genes revealed several parameters impacting on SPI1-mediated transcriptional activation. Gene activation is facilitated by SPI1 occupancy close to the gene TSS. Moreover, in those regions SPI1 acts by binding to multiple motifs tightly clustered and with similar orientation. Finally, in contrast to the myeloid and lymphoid B cells in which SPI1 exerts a physiological activity, in the erythroleukemic cells, lineage-specific cooperating factors do not play a prevalent role in SPI1-mediated transcriptional activation [343]. Moreover, this study provided preliminary evidence that SPI1, besides gene activation, mediates gene repression of a large number of genes [343]. My Ph.D. work aimed to characterize the molecular mechanisms that are involved in the SPI1 repressive activity. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Figure 59 |

 59 Figure 59 | HDAC1 and PRC2 participate to the erythroid differentiation mediated by SPI1

Figure 60 |

 60 Figure 60 | Distribution of SPI1 binding localization outside of promotersThe schema recapitulates the strategy used to subdivide the genomic regions. The doughnut charts represent the distribution of SPI1 binding localization for each type of non-promoter region (exclusion of -2kb---TSS---+1kb) defined by the histone mark signature: ''Inactive'' enhancers (H3K4me1), ''Active'' enhancers (H3K4me1 + H3K27ac), ''Not enhancers'' (absence of both H3K4me1 and H3K27ac). Violet corresponds to Distal Intergenic regions, greens to ''Gene body'' regions, and blue to ''Downstream TES'' regions. TSS = Transcription Start Site, TES = Transcription End Site. Distances, except for the Downstream TES, are defined as distance from TSS (in kilo base-pairs).

  [START_REF] Ridinger-Saison | Epigenetic silencing of bim transcription by spi-1/pu.1 promotes apoptosis resistance in leukaemia[END_REF] and SIN3A[START_REF] Kihara-Negishi | In vivo complex formation of pu.1 with hdac1 associated with pu.1-mediated transcriptional repression[END_REF][START_REF] Gu | Runx1 regulation of pu.1 corepressor/coactivator exchange identifies specific molecular targets for leukemia differentiation therapy[END_REF] 21 . Among all the interactors detected by the RIME, we found the Histone Deacetylase 1 (HDAC1), previously shown to interact with SPI1 through SIN3A [346,363], and we validated the interaction, by coimmunoprecipitation, of SPI1 with both HDAC1 and SIN3A. During the preparation of this work, HDAC1 was also shown to interact with SPI1 and to be involved in the SPI1-mediated repression of immunogens during neutrophiles inflammatory response[START_REF] Fischer | Safeguard function of pu.1 shapes the inflammatory epigenome of neutrophils[END_REF]. These findings arise the question whether a SPI1-HDAC1 axis would be a general mechanism involved in SPI1-mediated gene repression in different cell types.

Figure 62 |

 62 Figure 62 | H3K27me3 deposition at promoters depending on the occupancy of SPI1 at enhancers Density plot profiles of H3K27me3 signals in SPI1+ (untreated) or SPI1---(dox treated) expressing cells centered on TSS of genes for SPI1-repressed genes with H3K27ac Down , H3K27ac NotDown SPI1-bound enhancers or SPI1repressed genes not bound by SPI1, or SPI1-activated genes at active enhancers.

Furthermore, another parameter

  to consider when performing ChIP of proteins that are not directly bound to DNA is the chromatin context. Indeed, during development and cell differentiation, chromatin undergoes progressive compaction [407]. This is particularly true during erythroid differentiation where a progressive loss of histone acetylation is required for the chromatin condensation and efficient enucleation [408,409]. It follows that, when the chromatin is less accessible, the recognition of the target by the antibody is less efficient. This is one of the reasons why experiments of ChIP of epigenetic factors are Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France either GATA1 binding destabilization (reduced DNA occupancy) or reduced GATA1 transcriptional activity. This hypothesis is supported by a study reporting that HDAC5 is able to deacetylate GATA1 in MEL cells [412].

Figure 63 |

 63 Figure 63 | GATA1 is acetylated in erythroleukemic cellsProtein lysates were immunoprecipitated (IP) with antibodies against pan-acetylated lysines (pan-acK) or IgG (negative control) and immunoblotted with antibodies against HDAC1, GATA1, and HSP90β (negative control). (A) Cells have been treated for 6h with 3µM Entinostat (Ent., HDAC1/3 inhibitor), 1.5µM A485 (P300 inhibitor) or DMSO (negative control). (B) Cells have been treated for 6h with 3µM Entinostat (Ent., HDAC1/3 inhibitor) or DMSO (negative control). (C) Cells have been treated with doxycycline (Dox+, SPI1---) or not (Dox---, SPI1+) for 48h.

Further

  studies are required to define whether BRDs and/or Mediator occupancy at enhancers and corresponding promoters are altered in the presence of SPI1 in the erythroleukemic cells. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Figure 64 |

 64 Figure64 | Model of repression through SPI1-induced GATA1 and HDAC1 deacetylation (Top) In the absence of SPI1, acetylated GATA1 activates gene transcription by interacting with acetylated NuRD (in the HDAC1 subunit). Furthermore, acetylated HDAC1 and H3K27ac recruit BRDs proteins that in turn recruit the Mediator complex that stimulates transcription of the target genes. (Bottom) When SPI1 is expressed, it induces, by an unknown mechanism, deacetylation of NuRD (in the HDAC1 subunits). Hypoacetylated NuRD is catalytically active and deacetylates other NuRD complexes, GATA1 and H3K27. These losses of acetylation induce a lower recruitment of BRDs and Mediator that, in combination with GATA1 deacetylation, induce a lower gene activation. ''ac'', acetylation.

  3.3.1.1.3. GATA1 erythroid complex dynamics GATA1 interacts with LMO2, ETO2/CBFA2T3, KLF1, TAL1/SCL, TCF3/E2A, and LDB1 to form a multiprotein complex specific of the erythroid lineage and essential for a correct erythroid differentiation [417-420]. The composition of this complex is dynamic and variates during the erythroid differentiation process [417].

Figure 65 |

 65 Figure 65 | LDB1 function and its occupancy (A) Schema of the LDB1 enhancer-promoter looping formation in erythroid cells. (B) LDB1 ChIP analyzed by real-time qPCR in SPI1+ or SPI1---(48h dox treatment) preleukemic cells. Fold Change (FC) enrichment at a given locus, at position indicated as distance from the TSS, is expressed as the ratio of %input LDB1 on %Input IgG ChIP. A region 2.2kb downstream from the Gata1 TSS (Gata1-2.2kb) was used as negative control as shown in [417]. The mean FC ± SEM of 3 independent experiments is shown.

Figure

  Figure 6E from ''Article №2''.

Figure 67 |

 67 Figure67 | Model of gene de-activation by competition for the binding motif (Left) When SPI1 expression is low, ETS1 (or other non-SPI1 ETS TFs), together with its cofactors (COF) and/or partner TFs, binds to SPI1-repressed target genes and activates their transcription. (Right) When SPI1 is abnormally expression, the high SPI1 concentration allows an increased binding to non-SPI1 ETS motif (SPI1 degenerated motifs). This induces a competition for the binding with the non-SPI1 ETS TFs. SPI1 binding prevents the binding, and therefore the target gene activation, of non-SPI1 ETS TFs. In this scenario SPI1 is not able to interact with the ETS1-specific COF/TFs that occupy the chromatin.

Morrbid

  lncRNA has been reported to recruit PRC2 at the promoter, and repress the transcription, of the pro-apoptotic target gene Bcl2l11 in the LPS-induced bone marrow-derived macrophages [250]. This repression required the formation of a loop between the Morrbid locus and the Bcl2l11 promoter mediated by Morrbid itself [250]. PRC2 is supposed to be carried at the chromatin through Morrbid lncRNA and be involved in the repressive mechanism. So far, how Morrbid lncRNA is brought to chromatin is still unknown. Interestingly, the BCL2L11 repression by MORRBID hyperactivation was observed in human AML, and it is shown that MORRBID plays a main role in the human leukemia development [424]. My group previously showed that SPI1 is able to stimulate H3K27me3 mark deposition and EZH2 recruitment at the promoter of Bcl2l11, in the murine erythroleukemic cells. This activity triggers the Bcl2l11 transcriptional repression leading to apoptosis inhibition in erythroleukemic cells [315]. Morrbid has been shown to contact chromatin at the same location than SPI1 in the Bcl2l11 promoter, while PRC2 was found at the same location in murine LPS-induced bone marrow-derived macrophages and in the erythroleukemic cells. In light of these data, we sought whether Morrbid is responsible for Bcl2l11 repression in the erythroleukemic cells. In particular, I explored whether the Bcl2l11 repression mediated by SPI1 involves the activation of Morrbid expression by SPI1 or through modulation of the looping between Morrbid and Bcl2l11. It must be reminded that SPI1 is able to bind RNA [280]. I found that Morrbid is activated and bound by SPI1 in the murine erythroleukemic cells. By performing an experiment of Morrbid CRISPR inactivation in the erythroleukemic cells, Morrbid was successfully knocked-down, but this did not induce any change of Bcl2l11 expression. However, lncRNAs act in an extremely low concentration [238] and for this reason the Morrbid knockdown, which does not completely abolish its expression, may be not sufficient to observe significant effects on Bcl2l11 expression. An alternative to this approach is to perform a Morrbid knock-out, but complete deletion of the Morrbid locus may induce 3D-structural changes of the chromatin since the Morrbid and Bcl2l11 loci are physically in contact [250] and the sites of contact are occupied by SPI1. Hence, another strategy to study the role of Morrbid in Bcl2l11 repression in erythroleukemia involves the analysis of Bcl2l11 expression in the presence of Morrbid expression in a condition of SPI1 absence (Doxtreated cells). Since Morrbid is activated by SPI1, its expression should be maintained by CRISPR activation. In this condition, if Bcl2l11 is still repressed in the absence of SPI1 while Morrbid is expressed, it would indicate that Morrbid is involved in and sufficient for the Bcl2l11 gene repression. Since SPI1 upregulates Morrbid expression, Morrbid will be one mediator of SPI1-induced repression of Bcl2l11. In this scenario, SPI1, that we described to be bound at promoter and gene body of both Bcl2l11 and Morrbid, may be required to activate the Morrbid gene which is found in the vicinity by the chromatin loop between the two loci (Figure 46E). Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 239 Discussion & Perspectives
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 14 that the acetylated version of SPI1 is the predominant one. Consequentially, different SPI1 forms could establish different interactions and/or have distinct transactivation potential.Study of the SPI1 interactome in a situation in which specific PTMs of SPI1 are abrogated (such as by mutation of specific SPI1 amino acid residues), would better clarify whether SPI1 PTMs play a role in the determination of the SPI1 activity nature.Université Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Luciferase reporter system establishment HEK293T carrying 5XGal4RE-TK-LucF-Neo, previously established [70], have been stably transfected with pCDNA4-T0-Gal4, or with one of the Gal4-SPI1 constructs (see below), with X-tremeGENE 9 (Roche) following the manufacturer's instructions.

>

  Gal4-SPI1-WT (5'->3') Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

  300ng of total RNA Illumina TruSeq RNA Sample Preparation Kit v2 (Part Number RS-122-2001). Libraries were sequenced on Illumina HiSeq 2500 or 4000 as 100bp paired-end reads following Illumina's instructions. Sequencing was performed to obtain at least 5.5×107 reads for each sample. Sequence reads were mapped onto mm10/GRCm38 assembly of mouse genome using STAR v2.5.3a [425].

[ 426 ]

 426 . Statistical analysis was performed using R (3.3.2). Read counts have been normalized across samples with the median-of-ratios method proposed by Anders et al. to make these counts comparable between samples [426]. Differential gene expression analysis was performed using the method proposed by Love et al. [393] and implemented in the Bioconductor package DESeq2 version 1.16.1. P-values were adjusted for multiple testing using the Benjamini-Hochberg method.
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 429 , addgene #60954) or the pKLV2-U6gRNA5-PGKpuro2A-BFP-W (was a gift from Kosuke Yusa[START_REF] Tzelepis | A crispr dropout screen identifies genetic vulnerabilities and therapeutic targets in acute myeloid leukemia[END_REF], addgene #67974), sequences cloned by BbsI restriction enzyme are listed in Table14) vectors with the lentiviral pMD2.G-VSVG and pCMV-Gag-Pol using jetPRIME reagent (Polyplus transfection). Lentiviral particles were harvested 48h post-transfection and ultracentrifuged for 90min at 80 000g. Leukemic cells were transduced with lentiviral particles for 24h before sorting on BD FACSAria III cell sorter. Pre-selection of sgRNA-transduced cells before FACS sorting was performed by incubation with 0.5µg/mL of puromycin for 60h. BFP + mCherry + double positivity was checked before each experiment by BD LSRFortessa Flow Cytometer. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 260 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia Table 14 | sgRNA for Morrbid CRISPRi (cloned by BbsI in pKLV2-U6gRNA5-PGKpuro2A-BFP-W) Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 261 Annexes

Université

  Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Figure 2 :

 2 Figure 2: Characterization of leukemic cells.(A) Schematic diagram representing erythroid differentiation with specific phenotypical markers used to characterize nonerythroid (I) and erythroid progenitors from less mature to more engaged erythroid cells (II, III, IV). Ter119 high cells (IV) were analyzed according to CD71 and FSC to distinguish erythroid more engaged cells, i.e., basophilic (baso), polychromatic (poly) and orthochromatic (ortho) cells. (B) Representative profiles of cells incubated with antibodies against Ter119 and CD71 and analyzed by flow cytometry. (C) Histograms represent the means of each population for mice analyzed (from 4 to 8 mice) according to Ter119 and CD71 markers and basophilic, polychromatic and acidophilic cells to 100% of bone marrow or spleen cells as described in A and B. Statistical analysis was carried out using the Mann-Whitney test. Three types of comparisons were performed: FA -/-to TgSpi1FA -/-; FA +/+ to TgSpi1FA +/+ and TgSpi1FA -/-to TgSpi1FA +/+ . For better visualization, only one * was written for all P-values (P < 0.05), even if more highly significant.

Figure 3 :

 3 Figure 3: Fanca deletion confers EPO independence and tumorigenicity.(A) Primary cells isolated from the spleens of sick TgSpi1FA +/+ and TgSpi1FA -/-mice with splenomegaly were seeded at 5x10 4 cells/mL in liquid medium with (+EPO, full line) or without EPO (-EPO, dashed line). Living cells were counted on the indicated days using the trypan blue exclusion test. Data are mean±SEM of 3 independent experiments. (B) EPO requirement and engraftment ability in nude mice of TgSpi1FA +/+ and TgSpi1FA -/-cells obtained from the spleens of sick mice. D: EPO dependent; I: Epo independent; ND: no data. Black boxes indicate that primary transforming cells formed secondary tumors in nude mice. (C) Representative immunoblots of whole-cell extracts of TgSpi1FA +/+ and TgSpi1FA -/-cells coupled with anti-pSTAT5, total STAT5, pAKT, total AKT, pERK1/2 and total ERK1/2 antibodies. Cells were cultured in the presence (+) or in the absence (-) of EPO for 4 hours.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Gene and protein names nomenclature Species Gene symbol Protein symbol

  

	TECHNICAL ABBREVIATIONS & ACRONYMS Chromatin/Chromosome Confor-mation Capture Three-Dimensional Circular Chromatin/Chromosom Con-formation Capture 5-carboxy-Cytosine 5-formyl-Cytosine 5-hydroxymethyl-Cytosine 5-methyl-Cytosine amino acid(s) Antibody Asymmetric Crying Facies β-actin ATRX-DNMT3-DNMT3L Acute ErythoLeukemia Argonaute 1/2 alpha-KetoGlutarate Acute Lymphoblastic Leukemia Acute Myeloid Leukemia ANRASSF1 # 3C 3D 4C 5caC 5fC 5hmC 5mC A aa Ab ACF ACTB ADD AEL AGO1/2 αKG ALL AML Alternative protein-coding transcripts of the RASSF1 gene (see RASSF1) AP1 Activator Protein 1 APL Acute Promyelocytic Leukemia ARP Actin-Related Protein ASH1 Absent, Small, or Homeotic-like 1 ASH1L ASH1 Like Histone Lysine Methyltrans-ferase ASXL1 Additional SeX combs Like 1 ATAC Assay for Transposase-Accessible Chro-matin ATAC2 ADA-Two-A conataining Complex sub-unit 2 ATP Adenosine Tri-Phosphate AutoC Autoinhibitory regulator of Coupling B BAF Barrier to Autointegration Factor or BRG1-or BRM-associated Factors Baso-E Basophilic Erythroblast BCL2 B-cell lymphoma 2 Bcl2l11 BCL2 Like 11 bed Browser Extensible Data BER Base Excision Repair BET Bromodomain and ExtraTerminal motif BFP Blue Fluorescence Protein BFU-E Burst-Forming Unit-Erythroid cells bHLH basic Helix-Loop-Helix bigWig big Wiggle BIM BCL2 Interacting Mediator of cell death BM Bone Marrow bp base-pairs BRCA1 Breast Cancer 1 BRPF BRomodomain and PHD Finger-con-taining protein BS Binding Site BSA Bovin Serum Albumin BTK Bruton Tyrosine Kinase bw see bigWig DNA Binding Domain DNA Binding Site dead Cas9 di-distilled water Differential Expression Differentialy Expressed Genes DNase Hypersensitive Site Double-Stranded RNA-Specific Endori-bonuclease 1 Dimethylsulfoxide DN1/2/3 D DBD DBS dCas9 ddH2O DE DEG DHS DICER DMSO Double-Negative 1/2/3 (T-cells progen-itors) DNase Deoxyribonuclease DNMT1/2/3A/3B DNA Methyl Transferase 1/2/3A/3B Dox Doxycycline dsDNA double-strand DNA DSG Di(N-Succinimidyl) Glutarate DSIF dichloro-1-β-D-ribofuranosylbenzimid-azole [DRB] sensi-tivity-inducing factor DTT Dithiothreitol E e enhancer E2A E2A immunoglobulin enhancer-bind-ing factors E12/E47 (see TCF3) EAF6 Esa1-Associated Factor 6 EDTA EthyleneDiamineTetraacetic Acid EED Embryonic Ectoderm Development EGS Ethylene Glycolbis(Succinimidylsuccin-ate) ELF4 E74 Like ETS Transcription Factor 4 e-lncRNA enhancer long non-coding RNA (see lncRNA) EloA Elongin A enCRISPRa enhancer CRISPR activation enCRISPRi enhancer CRISPR inactivation Ent Entinostat (HDAC1/3 inhibitor) EP300 E1A Binding Protein P300, Histone Acetyltransferase EPC Enhancer Of Polycomb Epo Erythropoietin eRNA enhancer RNA ES/ESC Embryonic Stem-Cell ES-EP Embryonic Stem cell-derived Erythroid Progenitors ETO2 see CBFA2T3 ETS E26 transformation-specific or E-twenty-six EZH1/2 Enhancer of Zeste Homolog 1/2 F FA FormAldehyde FACS Fluorescence-activated cell sorting FAD Flavin Adenine Dinucleotide FBS Fetal Bovin Serum FC Fold Change FLT3 Fms reLated receptor Tyrosine kinase 3 F-MuLV Friend Murine Leukemia Virus FOG1 Friend Of GATA protein 1 FOXA FOrkhead boX A FPKM Fragments Per Kilobase Million FUS Fused In Sarcoma G G4 G-quadruplex GADD45A Growth and Arrest DNA Damage Pro-tein 45A GAL4 Galactose-induced genes factor 4 GAPDH GlycerAldehyde-3-Phosphate DeHy-drogenase GATA1/2/… GATA binding protein 1/2/… GCN5 General Control Nonderepressible 5 G-CSF Granulocyte Colony-Stimulating Factor GFP Green Fluorescence Protein GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor GMP Granulocyte Macrophage Progenitor GNAT Gcn5-related N-AcetylTransferase GOF Gain-of-function GP55 GlycoProtein 55 (see NPTN) GRange Genomic Range GRO-seq Global run-on sequencing GTF General Transcription Factor H h hours (see hrs) HAT Histone Acetyl Transferase HBO1 HAT Binding to replication Origin recognition complex 1 HDAC1/2/… Histone DeACetylase 1/2/… HEK293T Human Embryonic Kidney 293 T-anti-gen expressing cells Hi-C High resolution Chromatin/Chromo-som conformation capture HMBA HexaMethylen BisAcetamide hnRNP high nuclear RiboNucleoProtein Hox Homeobox HP1α/β/γ Heterochromatin Protein 1 al-pha/beta/gamma HPRT Hypoxanthine-guanine PhosphoRibo-syl Transferase hrs hours (see h) HS1/2 HepatoSplenomegaly 1/2 HSC Hematopoietic Stem Cell HTH Helix-Turn-Helix I IDH1/2 Isocitrate Dehydrogenase (NADP(+)) 1/2 IDR Intrinsically Disordered Region ieRNA intragenic eRNA Ig ImmunoGlobulin IGC Interchromatin Granule Clusters IGV Integrative Genome Viewer ING3/4/5 INhibitor of Growth 3/4/5 Inr Initiator consensus sequence of pro-moters IRF1/2/3/… Interferon Regulatory Factor 1/2/3/… IRS Intragenic RNA polymerase II Site ISWI Imitation SWItch ITD Internal Tandem Duplication ITD Internal Tandem Duplication ITGAM Integrin Subunit Alpha M J JADE protein encoded by gene (J) for Apop-tosis and Differentiation in Epithelia JARID2 Jumonji And AT-Rich Interaction Do-main Containing 2 JMJC JuMonJi-C domain JUN Jun Proto-Oncogene, AP-1 Transcrip-tion Factor Subunit JUNB Jun Proto-Oncogene, AP-1 Transcrip-tion Factor Subunit B K kb kilobase-pairs KD Knock-Down kDa kiloDalton KDM Lysine (K) De-Methylase KHPS1 reverse acronim of SPHK1 (antisense transcript) KIT V-Kit Hardy-Zuckerman 4 Feline Sar-coma Viral Oncogene KLF1 Kruppel Like Factor 1 KMT Lysine (K) MethylTransferases KO Knock-Out KRAB Krüppel associated box KRAS Kirsten RAt Sarcoma viral oncogene homolog L LAD Lamina-Associated Domain lcm least common multiple LDB1 LIM Domain Binding 1 LLPS Liquid-Liquid Phase Separation LMO2 LIM Domain Only 2 LMPP Lymphoid-primed MultiPoptent Pro-genitor lncRNA long non-coding RNA LOF Loss-of-function LPS LipoPolySaccharide LSD1 Lysine Specific Demethylase 1 LT Long Term LTR Long Terminal Repeat Luc Luciferase LucF Luciferase Firefly M m6A N6-methyladenin Mb Mega base-pairs mAb monoclonal antibody MAP3K14 Mitogen-Activated Protein Kinase Ki-nase Kinase 14 Mb mega base-pairs MBD1/2/3 Methyl CpG Binding Domain-contain-ing protein 1/2/3 mCherry monomer Cherry MCL1 Myeloid Cell Leukemia Sequence 1 (BCL2-Related) M-CSF Macrophage Colony-Stimulating Fac-tor MDS MyeloDysplastic Syndrome MeCP2 Methyl CpG binding protein 2 MEL Murine ErythroLeukemia MEP Megakaryocytes/Erythroid Progenitors miRNA micro RNA MLL1/2/3/… Mixed-Lineage Leukemia 1/2/3/… MOF Males absent On the First MORF MOZ-Related Factor Morrbid myeloid RNA regulator of Bim-induced death MOZ MOnocytic leukemia Zinc-finger pro-tein mRNA messenger RNA MS4A1 Membrane Spanning 4-Domains A1 (see CD20) mSIN3A synonimous of SIN3A (see SIN3A) MTA1/2/3 MeTastasis-Associated protein 1/2/3 MTase MethylTransferase MTF2 Metal Response Element Binding Tran-scription Factor 2 MYC MYC Proto-Oncogene, BHLH Transcrip-tion Factor MYST MOZ, Ybf2, Sas2, and TIP60 protein fam-ily N N Any nucleoside n number NA Not Avilable NAD Nucleolar-Associated Domain NAD Nicotineamide Adenine Dinucleotide NaN Not a Number NCOR1 Nuclear receptor CORepressor 1 NDR Nucleosome-Depleted Region NegC Negative regulator of Coupling NELF Negative ELongation Factor NF1 NFATC1 NF-κB Nuclear Factor kappa-light-chain-en-hancer of activated B cells NGS Next Generation Sequencing NPM1 Nucleophosmin 1 NPTN Neuroplastin NRAS Neuroblastoma RAS viral (V-Ras) onco-gene homolog nrb ns NS Nuclear Speckle NSD1/3 Nuclear Receptor Binding SET Domain Protein 1/3 nt NucleoTide(s) N-ter Amino-terminal domain NuRD Nucleosome Remodeling Deacetylase complex NURF NUcleosome Remodeling Factor RISC RNAi RNA-pol II RNase RNP2 RPB1 RPKM Rseb rt-PCR RT-qPCR RUNX1 Runt-Related Transcription Factor 1 TBP TATA-box Binding Protein Real-Time quantitative PCR (see PCR) TAT Trans-Activator of Transcription reverse transcription PCR (see PCR) methylation data Build-up TARID TCF21 Antisense RNA Inducing De-R-package for Simplified End-to-end T-ALL T-cell Acute Lymphoblastic Leukemia Reads Per Kilobase Million TALE Three Amino acid Loop Extension RNA Polymerase II Subunit B1 protein 1 alias of RNA-pol II (see RNA-pol II) TAL1 T-cell Acute Lymphocytic leukemia Ribonuclease TAF3 TBP-Associated Factor RNA polymerase II TAD Topologically Associated Domain RNA interference T RNA-induced silencing complex Not Significant RIP RNA ImmunoPrecipitation Nuclear RNA-binding protein RAD21 RAD21 Cohesin Complex Component RAM RARα Retinoic Acid Receptor alpha RASSF1 RB RBAP46/48 RB-Associated Protein 46/48 SWI/SNF SWItch/Sucrose Non-Fermentable Retinoblastoma SUZ12 SUppressor of Zeste 12 homolog ber 1 log 1 Ras Association Domain Family Mem-SUV SUppressor of Variegation SUV39H SUppressor of Variegation 3-9 Homo-Mus musculus Spi1 SPI1 Random Access Memory STAG1/2 STMN1 Stathmin 1 Homo sapiens SPI1 SPI1 STromal AntiGen 1/2 R ST Short Term Nuclear Factor of Activated T-Cells 1 SSFV Spleen Focus Forming Virus Neurofibromin 1 O OCT2 Organic Cation Transporter 2 Ortho-E Orthochromatic Erythroblast P P300 see EP300 p54rnb p54 nuclear RNA binding protein pAb ployclonal antibody padj p-value adjusted PCAF P300/CBP-Associated Factor PcG Polycomb Group PCG Protein-Coding Gene PCR Polymerase Chain Reaction PEL Purely Erythroid Leukemia PHD Plant HomoDomain-linked PHF19 PHD Finger Protein 19 PIC Pre-Initiation Complex PK Proteinase K PKA Protein Kinase A PML ProMyelocytic Leukemia nuclear body scaffold Poly-E Polychromatic Erythroblast POUHD (Pituitary-specific Pit-1 + Octamer tran-scription factor proteins OCT/2 + neural Unc-86 transcription factor) homeodo-S s seconds SAH S-AdenosilHomocysteine SAM S-AdenosilMethionine scRNA-seq single-cell RNA-seq SD Standard Deviation SDS Sodium Dodecyl Sulfate SEM Standard Error Mean seq sequencing SETD2/3 SET Domain Containing 2/3 SETDB1 SET Domain Bifurcated Histone Lysine Methyltransferase 1 SETMAR SET domain and MArineR transposase fusion Gene SETX Senataxin SF3B1 Splicing Factor 3B subunit 1 sgRNA single-guide RNA SHIP1 SH2 domain-dontaining Inositol 5'-Phosphatase 1 SHL SuperHelix Location SHP2 SH2 domain-dontaining protein tyro-sine Phosphatase 2 (alias PTPN11) shRNA short-hairpin RNA SIN3A SIN3 Transcription Regulator Family Member A SMC1A/3 Structural Maintenance of Chromo-somes 1A/3 TCF21 TransCription Factor 21 TCF3 V Nucleotide base codes Amino acids abbreviations TransCription Factor 3 (see also E2A) TCF7 TransCription Factor 7 (T-cell specific) TDG Thymine DNA Glycosylase TES VIM Vimentin vs Symbol Meaning Explanation versus A A Abbreviation One-letter Amino acid name Adenine Transcription End Site TET1/2/3 C C Cytosine Ten-Eleven Translocation methylcyto-W G G Guanine Ala A Alanine sine dioxygenase 1/2/3 TF WM Waldenström Macroglobulinemia T T Thymine (in DNA) Arg R Arginine Transcription Factor Tg Transgenic TIP60 WT Wild-Type U U Uracil (in RNA) Asn N Asparagine Tat-Iinteractive Protein of 60kDa TK Thymidine Kinase TLS Translocated in LipoSarcoma TOP1 Topoisomerase 1 TPM Transcripts Per Kilobase Million Tr Translocation domain TRP53 Transformation-Related Protein 53 TSS Transcription Starting Site U U2AF1 U2 small nuclear RNA Auxiliary Factor 1 uaRNA upstream antisense RNA UAS Upstream Activation Sequence URE Upstream Regulatory Element UTR M A or C Amino Asp D Aspartic acid X Xist R A or G Purine Cys C Cysteine X-inactive specific transcript XRN2 W A or T Gln Q Glutamine 5'-3' exoribonuclease 2 Y YEATS Yaf9, Enl, Af9, Taf14, and Sas5 YY1 Yin Yang 1 transcription factor Z ZnF Zinc Finger ZRSR2 S C or G Y C or T Glu E Glutamic acid Pyrimidine K G or T Gly G Glycine Keto V A or C or G His H Histidine Not T H A or C or T Ile I Isoleucine Not G D A or G or T Leu L Leucine Not C B C or G or T Lys K Lysine Not A N A or C or G or T Met M Methionine Any base Phe F Phenylalanine Zinc Finger CCCH-Type, RNA Binding Motif And Serine/Arginine Rich 2 Pro P Proline UnTranslated Region Pyl O Pyrrolysine Histone modifications annotation Ser S Serine main PP1/4 Protein phosphatase 1/4 pRB Retinoblastoma protein PRC1/2 Polycomb Repressive Complex 1/2 Pro-E SNP Single-Nucleotide Polymorphism snRNA Sec U Selenocysteine small nuclear RNA snRNP Thr T Threonine small nuclear RiboNucleoProtein SPHK1 Sphingosine Kinase 1 Trp W Tryptophan Pro-Erythroblasts PROMPT SPI1 SSFV (spleen focus forming virus) Pro-Tyr Y Tyrosine PROMoter uPstream Transcript P-TEFb Positive Transcription Elongation Fac-tor B PTM viral Integration oncogene 1 SPIB Val V Valine Spi-B transcription factor (SPI1/PU.1 re-lated) Asx B Aspartic acid or Asparagine Post-Translational Modification PTPN11 SPIC Spi-C transcription factor (SPI1/PU.1 re-Glx Z Glutamic acid or Glutamine Protein Tyrosine Phosphatase Non-re-ceptor type 11 (alias SHP2) PU.1 PUrine-rich box 1; synonimous of SPI1 PWWP ssDNA single-strand DNA Pro-Try-Try-Pro SRSF2 Ser (S) and Arg (R) rich Splicing Factor 2 (see SPI1) lated) SPT5 Xaa X Any amino acid Suppressor Of Ty 5 Homolog SRSF Serine/Arginine rich Splicing Factors Xle J Leucine or Isoleucine
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  H4K5/8/12/16[17]. Similarly, HBO1 interacts with ING4/5 and EAF6 through either JADE or BRPF. When the bridge between HBO1 and ING4/5-EAF6 is mediated by JADE, the complex has a specificity for the acetylation of H4K5/8/12, while if the scaffold is BRPF the acetylation specificity is for H3K14/K23[18].

	Furthermore, MOZ and MORF are able to acetylate H3K9/14, and both can form a complex with ING5
	and EAF6 through bridging by BRPF1 [19]. Finally, MOF catalyzes the H4K16 acetylation in both mice and
	human [20].
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145].

  

	, Group I pioneers stabilize a preferred rotational frame that exposes the target motif or
	induce local conformation changes in the nucleosome DNA [143]. Furthermore, Meers and colleagues
	propose that nucleosomes are required for the stabilization of certain pioneer TFs binding at target mo-
	Figure 15 | Classes of pioneer transcription
	factors
	(A) Group I pioneer TFs DBDs crystal struc-
	tures of FOXA3 (PDB: 1VTN), OCT4 (PDB:
	3L1P), SPI1/PU.1 (PDB: 1PUE), KLF4 (PDB:
	2WBS), GATA3 (PDB: 4HC9), and ASCL1
	(SMR: P50553). The DBD class is indicated
	under the protein name. HTH: Helix-Turn-
	Helix, bHLH: basic Helix-Loop-Helix, POUHD
	(Pituitary-specific PIT1 + Octamer tran-
	scription factor proteins OCT/2 + neural
	UNC86 transcription factor) homeodo-
	main; ZnF: Zinc Finger.
	(B) Group IIA TFs with scissor-like DBDs
	crystal structures and extended recogni-
	tion α-helices of cMYC/MAX (PDB: 1NKP),
	CEBPα (PDB: 1NWQ), USF1 (PDB: 1AN4),
	MYOG (SMR: P15173), and CREM (SMR:
	Q03060).
	(C) Group IIB TFs with immunoglobulin-like
	fold DBDs crystal structures of TBX1 (PDB:
	4A04), Brachyury (PDB: 1XBR), nuclear fac-
	tor kB (NF-kB) p50 subunit (PDB: 1SVC),
	and GAL4 (PBD: 3COQ).
	(D) TALE-PBC PBX1 (PDB: 1PUF) and UBX
	(PBD: 4UUS) crystal structures showing
	scissor-like binding in dimer form with
	HOX TFs showing kink in recognition α-hel-
	ices (blue arrow).

tifs for which they show a lower affinity (weak/degenerated motifs)

[START_REF] Meers | Pioneer factor-nucleosome binding events during differentiation are motif encoded[END_REF]

. It seems that this feature could be exploited by non-pioneer proteins. The latter indeed could associate with pioneers, which recognize partial motifs on nucleosome and tether their non-pioneer partners to neighboring motifs. This would facilitate the binding of the non-pioneer TFs, that would be otherwise impeded by the inaccessible chromatin [

[184]. Indeed

  

	, it has been shown that certain
	enhancers serve as template for the transcription of non-coding G-capped [185] RNAs called eRNAs, for
	"enhancer RNAs" [184,186]. These eRNA-producing enhancers exhibit a lower chromatin condensation,
	increased presence of active histone marks (e.g. H3K27ac, H3K4me1, H3K36me3, etc.) and transcriptional
	coactivators binding (e.g. CBP/P300, BRD4, etc.), as well as protection from repressive marks deposition
	(i.e., repressive histone marks and DNA methylation) [186-189].
	Furthermore, putative enhancers generating eRNA transcripts show a higher reporter activity com-
	pared to non-transcribing enhancers characterized only by histone marks (H3K4me1 and H3K27ac) [185].
	Interestingly, enhancers exhibiting a higher eRNAs transcription were associated to a stronger H3K4me3
	mark and higher gene activation potential [190].
	Elongation at enhancers, differently from canonical gene transcription, is characterized by a lower
	RNP2-pSer2 occupancy, low levels of H3K36me3 histone mark [191] and produced RNAs lack splicing
	events (only ~5% of eRNAs are spliced [185]). Presumably due to these features, eRNAs are unstable,
	displaying a premature termination and decay [192], and not abundant [193] (estimated to be repre-
	sented by ~0.5-20 copies per cell [

  in the transactivation and PEST domains[START_REF] Pongubala | Effect of pu.1 phosphorylation on interaction with nf-em5 and transcriptional activation[END_REF]. Several kinases are involved in the SPI1 phosphor-SPI1 phosphorylation affects its functionality by modulating its interaction with cofactors, activity or DNA binding. Furthermore, SPI1 has been observed to be acetylated by P300, both in vitro and in vivo, at lysine residues170, 171, 206 and 208 [286]. In particular, it has been suggested that SPI1 activity and binding can be promoted by the acetylation of the lysine residues 170 and 206-208, respectively[START_REF] Bai | Protein acetylation regulates both pu.1 transactivation and igκ 3' enhancer activity[END_REF].

ylation: CK2 [282], AKT [283], P38/MAPK [284], and NF-κB-inducing kinase (MAP3K14) [285].

  Data have been obtained from Pellin et al. (Nat. Comm., 2019) [273] and are available for inspection at https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/mouse_HPCs/basal_bone_marrow/full.

	Silencing of Spi1 in adult mice by the Cre-Lox inducible system clarified the role of SPI1 in the different
	lineages. This showed that SPI1 is required for HSCs maintenance [292], differentiation of HSCs into GMPs
	and CLPs, commitment of cells to lymphocyte differentiation (but not maturation), differentiation into
	macrophages and granulocytes and restriction of granulopoiesis [293-296].
	Mice with one or two hypomorphic alleles of Spi1 and expressing 20% and 2% of wild-type SPI1 pro-
	tein, respectively, were generated. This study showed that SPI1 regulates in a dose-dependent manner
	the transcription of genes of different hematopoietic lineages (reviewed elsewhere [297]). Indeed, the

degree of repression of T-cell genes and induction of B-cell and myeloid genes correlates with the level of Spi1 expression [298].

As previously discussed, Spi1 expression decreases from the MEP stage. However, Back and colleagues

[START_REF] Back | Visualizing pu.1 activity during hematopoiesis[END_REF] 

have shown that low SPI1 expression is required for self-renewal of immature erythroid progenitors during fetal erythropoiesis. This has not been shown for normal adult erythropoiesis. The study of adult Spi1 -/+ mice revealed impaired progenitor self-renewal only during stress erythropoiesis (anemia). These data suggest that a low level of Spi1 expression is required to maintain the pool of immature erythroid progenitors during fetal and adult stress erythropoiesis

[START_REF] Back | Visualizing pu.1 activity during hematopoiesis[END_REF]

.

Furthermore, SPI1 has been reported to be required for the differentiation of monocytes in osteoclasts by interacting with IRF8 and NFATC1, stimulating enhancer activity [299-301].

Table 2

 2 

). Recently, with the advent of new sequencing technologies, it emerged that also mutations in epigenetic modifiers, splicing factors and structural chromatin proteins are involved in the AML progression (Table

2

)

[START_REF] Dinardo | Mutations in aml: prognostic and therapeutic implications[END_REF]

.

Table 2 |

 2 Examples of recurrent AML mutations by functional group Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia survival, but not for differentiation (preleukemia stage). After a latency of 3 to 8 months, additional mutations in other genes lead to the leukemic phenotype. These studies suggest that minimal (not absent) SPI1 expression or activity promotes AML development in mice.

	Functional class	Specific example mutations
	Signaling and kinase pathway	FLT3, KRAS, NRAS, KIT, PTPN11/SHP2, NF1
	Epigenetic modifiers	DNMT3A, IDH1, IDH2, TET2, ASXL1, EZH2, MLL/KMT2A
	Nucleophosmin	NPM1
	Transcription factors	CEBPA, RUNX1, GATA2
	Tumor suppressors	TRP53
	Spliceosome complex	SRSF2, U2AF1, SF3B1, ZRSR2
	Cohesin complex	RAD21, STAG1, STAG2, SMC1A, SMC3
	From C.D. DiNardo & J.E. Cortes, Hematology Am. Soc. Hematol. Educ. Program (2016) [302].

Since SPI1, as discussed previously, is a hematopoietic TF whose expression is finely regulated in different lineages during differentiation, its LOF participates to the development of leukemia. Sequencing of the SPI1 gene in AML patients has been performed by several teams and has shown no mutations [303-306] or a low mutation frequency (7% of patients) [307]. Indeed, analysis of 628 AML patients revealed 10 mutations (1.5%) of which only 2 were bi-allelic, indicating that mutation of the SPI1 gene in AML is a rare event. Nevertheless, SPI1 LOF heterozygous mutations or deletions have been found in approximately 10% of MLL-translocated AMLs [308]. Other studies have shown decreased expression or activity of SPI1 in AMLs that express fusion proteins such as RUNX1-ETO [309], FLT3-ITD (Internal Tandem Duplication) [310], and PML-RARα [311] or carrying NPM1 mutations [312]. For instance, RUNX1-ETO binds to SPI1, inhibiting SPI1 activity [309]. SPI1 expression is strongly decreased in Acute Promyelocytic Leukemia (APL) cells expressing the PML-RARα fusion protein. Inhibition of SPI1 in APLs can be reversed by treatment with retinoic acid, resulting in granulocyte differentiation [311]. In a particular type of AML, it has been identified a Single-Nucleotide Polymorphism (SNP) located in the enhancer of Spi1 and resulting in the decreased Spi1 transcription and, indirectly, in a lower protein expression [313]. the development of AML [314]. The remaining 20% of SPI1 activity would be sufficient for progenitor Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Finally, using conditional knockouts (KOs), it has been shown that deletion of exon 5 of the Spi1 gene results in the development of AML [318]. Noteworthy, SPI1 plays a dual role in AML. Albeit reduced SPI1 activity is involved in the leukemic development, a minimal residual SPI1 activity is required for leukemic cells survival and stemness maintenance [319,320]. Based on this findings, specific pharmacological SPI1 inhibition has been proposed as potential therapeutic strategy aimed to induce leukemic cell death in AML patients [321].

Figure S1). Université Paris-Saclay
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  An additional 4 th step allows the user to verify the specificity of the antibody used. The tool is /github.com/BoevaLab/CHIPIN). The first three steps correspond to the first function of the package, called CHIPIN_normalize, described in sections 2.1-2.3. The additional step is executed by the second function of the package, called plot_expression, described in section 2.4.The output of our package consists of normalized .bigWig files which are directly viewable on the IGV software. The normalized profiles can be used as input into software for calling differential binding, e.g.,

	implemented	as	a	user-friendly	R	package	available	online	on	GitHub
	(https:/									

ure 1A).

HMCan-diff

[START_REF] Ashoor | HMCan-diff: a method to detect changes in histone modifications in cells with different genetic characteristics[END_REF]

.

Table 1 .

 1 Average percentage difference between average density curves (Figure

		Zone 1	Zone 2	Zone 3
	Before normalization	27.5%	34.75%	28.25%
	Quantile Normalization by CHIPIN	15.3%	1.8%	7.9%
	Linear Regression by CHIPIN	21%	4.5%	19.2%
	Same number of reads	7.5%	23%	6.5%
	LILY	6.5%	18%	6.7%
	ChIPseqSpikeInFree	29%	27%	29.5%

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Table 2 .

 2 Percentage difference between H3K27ac density curves (Figure

  CHIPIN uses as input .bigWig files that are generated by the majority of peak callers. However, in our validation study we gave preference to the HMCan software(Ashoor et al., 2013). Indeed, HMCan is a peak-caller that corrects for the GC-content and copy number biases and removes the background signal if an Input experiment is provided. The use of HMCan is strongly recommended for the comparison of cancer samples with differences in the copy number aberration profiles.

	122	Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia
	4. Discussion
		We provide a new R package, CHIPIN, for inter-sample or inter-condition normalization of ChIP-seq
	density signals, which is a mandatory step to enable comparison of transcription factor or histone mark
	binding intensities across biological conditions. We provide two choices of normalization methods: linear
	regression with non-zero intercept and quantile normalization. Both methods are more efficient than
	other published normalization approaches we tested (Figures 2-4).

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Our method was initially developed for ChIP-seq data and it can be used without any limitation to other density profiles such as those constructed for ATAC-seq or DNase hypersensitivity data. Recently, a study by

[START_REF] Reske | ATAC-seq normalization method can significantly affect differential accessibility analysis and interpretation[END_REF] 

demonstrated that the choice of the normalization method for the comparison of chromatin accessibility in different regions, from ATAC-seq experiments, was of crucial importance in helping avoid false biological interpretations. As it has been reported that promoter accessibility positively correlates with gene expression

[START_REF] Cao | Joint profiling of chromatin accessibility and gene expression in thousands of single cells[END_REF]

, using genes whose expression is constant across conditions/samples, as implemented in CHIPIN, represents an appropriate solution for normalizing ATACseq data.

  1 transcription factor in gene repression in erythroleukemia
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	SUPPLEMENTAL MATERIALS			
	Antibodies						
	Target	Host	Reference	Lot	Technique	Usage
	Anti-Goat-HRP	Rabbit	Dako, P0449	00053074	WB	1:10 000, 1h RT
	Anti-Mouse-HRP	Goat	Jackson, 115-035-003	144935	WB	1:40 000, 1h RT
	Anti-Rabbit-HRP	Goat	Jackson, 111-035-033	116154	WB	1:40 000, 1h RT
	Anti-Rabbit-HRP (Light-Chain Spe-cific) (D4W3E)	Mouse	Cell Signaling, 93702	3	WB	1:2000, 1h RT
	GATA1 [EPR17362] Rabbit	Abcam, ab181544		GR208183-2	ChIP	10µg per 30µg chromatin, Protein G agarose beads
	H3	Rabbit	Cell Signaling, 9715	ND	DOTBLOT	1:5000, O/N +4°C
	H3K27ac	Rabbit	Abcam, ab4729		GR225006-16	ChIP WB	2µg per 15µg chromatin, Protein G magnetic beads 1:5000, O/N +4°C
	H3K27me3	Rabbit	Cell Signaling, 9733	8	ChIP WB DOTBLOT	10µg per 30µg chromatin, Protein G magnetic beads 1:1000, O/N +4°C 1:1000, O/N +4°C
	H3K4me1	Rabbit	Abcam, ab8895		GR276935-1	ChIP	2µg per 15µg chromatin, Protein G magnetic beads
	H4	Rabbit	Abcam, ab10158		GR3231419-1	WB	1:5000, 1h30 RT
	HDAC1	Rabbit	Abcam, ab7028		GR3230011-7	CUT&Tag IP WB	5µg per 0.5×10 6 cells 12µg per 40×10 6 cells, Protein G magnetic beads 1:10 000, O/N +4°C
	HSC70 (K-19)	Goat	Santa Cruz, sc-1059	H1611	WB	1:1000, O/N +4°C
			Enzo LifeSci-			
	HSP90β	Mouse	ence,	ADI-	ND	WB	1:1000, O/N +4°C
			SPA-842				
	IgG	Rabbit	Abcam, ab171870		GR3228514-2	ChIP IP	same quantities and methods used for the target IP
	IgG	Rabbit	Cell Signaling, 2729	10	IP	same quantities and methods used for the target IP
	IgG	Rat	Santa Cruz, sc-2026	G1319	ChIP IP	same quantities and methods used for the target IP
	IgG2b	Mouse	Dako, X0944	00058068	ChIP	same quantities and methods used for the target IP
	Protein A-HRP	Recombi-nant	Pierce, 32400	OJ194200	WB	1:10 000, 1h RT
	RNA-pol II (N-20)	Rabbit	Santa Cruz, sc-899 X	ND	ChIP	5µg per 30µg chromatin, Protein A agarose beads
	SIN3A	Rabbit	Abcam, ab3479		GR3215134-7	IP WB	10µg per 40×10 6 cells, Protein G magnetic beads 1:5000, O/N +4°C
	SPI1/PU.1	Rabbit	Santa Cruz, sc-352 X	D1113 & D2910	ChIP DOTBLOT	10µg per 30µg chromatin, Protein A agarose beads 1:5000, O/N +4°C
	SPI1/PU.1*	Rabbit (serum)	Home-made	/	WB	1:2000, O/N +4°C
	* Moreau-Gachelin et al., "Spi-1/PU.1 transgenic mice develop multistep erythroleukemias", (1)
	ND = No Data						
							Université Paris-Saclay
							Espace Technologique / Immeuble Discovery
					Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Sequencing data available summary
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	Type	Target	Condition	# Rep.	Library	# Reads	Sequencer
		H3K27me3	SPI1+ SPI1-	2	50bp PE	70×10 6 (2x)	Hiseq 4000
		H3K27ac	SPI1+ / SPI1	2	50bp PE	35×10 6 (2x)	Hiseq 4000
		H3K27ac	SPI1+ DMSO SPI1+ Entinostat	2	100bp PE	50×10 6 (2x)	Hiseq 4000
		H3K4me3	SPI1+ SPI1-	2	50bp PE	50×10 6 (2x)	Hiseq 4000
	ChIP-seq	H3K4me1	SPI1+ SPI1-	2	100bp PE	25×10 6 (2x)	Hiseq 4000
		H3K36me3	SPI1+ SPI1-	2	100bp SE	35×10 6	Hiseq 4000
		RNA-pol II	SPI1+ SPI1	2	100bp SE	35×10 6	Hiseq 2500
		SPI1	SPI1+	2	50bp SE		SOLiD
		SPI1	SPI1+ SPI1-	2	100bp SE		Hiseq 2500
	CUT&Tag	HDAC1	SPI1+	1	50bp PE	10×10 6 (2x)	NovaSeq 6000
	ATAC-seq	Tn5 accessible DNA	SPI1+ SPI1-	2	42bp PE	50×10 6 (2x)	NextSeq 500
		mRNA	SPI1+ SPI1-	2	100bp PE	150×10 6 (2x)	Hiseq 2500
	RNA-seq	mRNA	SPI1+ DMSO SPI1+ Entinostat SPI1-DMSO	2	100bp PE	50×10 6 (2x)	Hiseq 4000
			SPI1-Entinostat				

Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France In gray are indicated samples that have not been published, while in blue those published in Ridinger-Saison (Nucleic Acid Research, 2012) (9). PE = Paired-End, SE = Single-End. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Table 3 |

 3 DESeq2 results table example

	geneName	baseMean	log2FC	lfcSE	stat	pvalue	padj
	Gnai1	1.180052	0.0349659 0.1636364 0.2136801 0.8307965 0.9996304
	Fcnaos	7.311786	-0.1039948 0.2802004 -0.3711443 0.7105300 0.9996304
	4833411C07Rik 1.013385	0.0017493 0.1547084 0.0113069 0.9909786 0.9996304
	Zfp575	1.331467	0.0039487 0.1716955 0.0229983 0.9816517 0.9996304
	Dbf4	14265.428220 0.2110297 0.0689833 3.0591406 0.0022197 0.0151558
	Spry2	1.013385	0.0017493 0.1547084 0.0113069 0.9909786 0.9996304
	Ecrg4	1.013385	0.0017493 0.1547084 0.0113069 0.9909786 0.9996304
	Gm19434	1.364727	-0.0658621 0.1727042 -0.3813577 0.7029378 0.9996304
	Gm26968	1.701271	-0.1244844 0.1859231 -0.6695482 0.5031458 0.9996304
	Pacc1	2156.951031	0.0323851 0.0849187 0.3813657 0.7029319 0.9996304
	12 The DESeq2 package is available at https://bioconductor.org/packages/release/bioc/html/DESeq2.html.

Table 4

 4 It is possible now to use the DE.status column to count the number of genes per each group (Table5):

	| RNA-seq table with differential expression status			
	geneName	baseMean	log2FC	lfcSE	stat	pvalue	padj	DE.status
	Gnai1	1.180052	0.0349659	0.1636364 0.2136801	0.8307965 0.9996304 UNRESPONSIVE
	Fcnaos	7.311786	-0.1039948 0.2802004 -0.3711443 0.7105300 0.9996304 UNRESPONSIVE
	4833411C07Rik 1.013385	0.0017493	0.1547084 0.0113069	0.9909786 0.9996304 UNRESPONSIVE
	Zfp575	1.331467	0.0039487	0.1716955 0.0229983	0.9816517 0.9996304 UNRESPONSIVE
	Dbf4	14265.428220 0.2110297	0.0689833 3.0591406	0.0022197 0.0151558 NULL
	Spry2	1.013385	0.0017493	0.1547084 0.0113069	0.9909786 0.9996304 UNRESPONSIVE
	Ecrg4	1.013385	0.0017493	0.1547084 0.0113069	0.9909786 0.9996304 UNRESPONSIVE
	Gm19434	1.364727	-0.0658621 0.1727042 -0.3813577 0.7029378 0.9996304 UNRESPONSIVE
	Gm26968	1.701271	-0.1244844 0.1859231 -0.6695482 0.5031458 0.9996304 UNRESPONSIVE
	Pacc1	2156.951031	0.0323851	0.0849187 0.3813657	0.7029319 0.9996304 UNRESPONSIVE
	RNAseq.summary.table <-						
	RNAseq %>%							
	group_by(DE.status) %>%						
	summarise(N = n()) %>%						
	rbind(c("Total", nrow(RNAseq)))					

Table 5

 5 

	| RNA-seq differential expression summary
	DE.status	N
	DOWN	38
	NULL	650
	UNRESPONSIVE 1292
	UP	20
	Total	2000

  Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 204 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia Alternatively, but based on a more time consuming algorithm, a fully R-based function, density.matrix, is available with this package (see Box 2).

Table 6 |

 6 Bed file example generated by build.bed

	chr	start	end	name	score strand
	chr2	61845 631000 peak_107 0	+
	chr9	36939 483312 peak_991 0	+
	chr11 37524 527980 peak_555 0	+
	chr11 74332 369786 peak_725 0	+
	chr19 31054 546552 peak_66	0	+
	chr20 62999 700011 peak_532 0	+
	chr21 38775 824792 peak_811 0	+
	chr21 61610 752944 peak_760 0	+
	chrX	48281 785150 peak_145 0	+
	chrY	81050 383700 peak_998 0	+

Table 7 |

 7 Example of read.computeMatrix.file result: metadata

	parameters	values
	upstream	1000,1000
	downstream	1000,1000
	body	0,0
	bin_size	50,50
	ref_point	center,center
	verbose	False
	bin_avg_type	Mean
	missing_data_as_zero	False
	min_threshold	null
	max_threshold	null
	scale	1.0
	skip_zeros	false
	nan_after_end	false
	proc_number	8
	sort_regions	keep
	sort_using	mean
	unscaled_5_prime	0,0
	unscaled_3_prime	0,0
	group_labels	Set1,Set2,Set3,Set4
	group_boundaries	0,75,143,417,606
	sample_labels	Sample1,Sample2
	sample_boundaries	0,40,80
	deeptools.matrix$data.table	

Table 8 |

 8 Example of read.computeMatrix.file result: matrix.data

	V1	V2	V3	V4	V5 V6 V7	V8	V9	V10
	chr13 111685405 111689405 Mier3	0	+ 156.864723 118.191927 104.092469 75.490723
	chr11 118467683 118471683 Engase	0	+ 0.000015	0.000015	0.000015	0.000015
	chr6	71734271	71738271	Reep1_r1	0	+ 0.601083	0.000015	0.000015	0.435271
	chr18 36346697	36350697	36348697	0	+ 5.499936	8.137200	9.460560	7.192461
	chr3	51228276	51232276	Noct	0	+ 15.221178	13.859749	9.442643	3.380604
	chr4	154925126 154929126 Tnfrsf14	0	-	36.957701	45.542877	52.227905	58.202850
	chr15 80621505	80625505	80623505	0	+ 3.835076	0.000015	0.000015	0.578498
	chr2	129371585 129375585 Il1bos	0	+ 0.000015	0.000015	0.000015	2.982840
	chr18 54420295	54424295	54422295	0	+ 0.932707	2.383863	5.459721	4.413559
	chr8	94963116	94967116	Adgrg1	0	+ 23.487551	26.805595	37.221242	46.493045
	deeptools.matrix$original.file.path					
	> [1] "/user/path/to/matrix.deepTools.gz"				

Table 10 |

 10 Example of CNV annotation tableNow it is possible to filter only the lines containing, in any position, the pattern "gain/loss" using the function grepl.data.frame (Table11).

	geneName patient_1 patient_2 patient_3 patient_4 patient_5 patient_6 patient_7 patient_8
	gene_H	NA	loss	loss	NA	gain	gain	NA	loss
	gene_K	gain	gain	gain/loss	NA	NA	NA	gain	loss
	gene_Q	gain	gain	loss	loss	loss	loss	NA	gain
	gene_V	loss	gain	gain/loss	loss	NA	gain/loss	gain	gain
	gene_B	gain	gain	loss	gain/loss	loss	loss	gain/loss	gain
	gene_O	gain	NA	loss	loss	loss	loss	NA	gain
	gene_U	loss	gain	loss	loss	loss	gain	loss	NA
	gene_U	loss	gain	loss	loss	loss	gain	loss	NA
	gene_H	NA	loss	loss	NA	gain	gain	NA	loss
	gene_M	gain	loss	gain	gain	NA	NA	loss	loss
	CNV.gain.loss <-dplyr::filter(.data = CNV.data,				
				Rseb::grepl.data.frame(data.frame = CNV.data,	
						pattern = "gain/loss"))	
	print(CNV.gain.loss)							

Table 11 |

 11 CNV annotation table filtered for the pattern ''gain/loss''The R-package have been published on GitHub at https://github.com/sebastian-gregoricchio/Rseb and a git-pages website is available at https://sebastian-gregoricchio.github.io/Rseb. At both these links it is possible to find the installation procedure, required dependencies, and the links for changeLog, manual and vignette (presented in this manuscript).

	geneName patient_1 patient_2 patient_3 patient_4 patient_5 patient_6 patient_7 patient_8
	gene_B	gain	gain	loss	gain/loss	loss	loss	gain/loss	gain
	gene_C	loss	gain	loss	gain/loss	NA	gain	gain	loss
	gene_D	gain	gain/loss	NA	gain	gain	gain	NA	gain
	gene_F	gain/loss	loss	loss	gain	gain	loss	gain	loss
	gene_K	gain	gain	gain/loss	NA	NA	NA	gain	loss
	gene_P	loss	NA	loss	loss	gain	gain/loss	gain	loss
	gene_R	loss	loss	gain/loss	gain	gain	gain	loss	gain
	gene_V	loss	gain	gain/loss	loss	NA	gain/loss	gain	gain
	6. Package information						
	6.1. Website							

1. Inter-sample next-generation sequencing data normalization

  Nowadays, a growing number of studies include NGS datasets obtained from disparate techniques.
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  Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 226 Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia binding site could be located in the gene body of another isoform or in the intergenic region of yet another one. For this reason, the integrated analysis of the levels of marks such as H3K4me3, RNP2 and H3K36me3 around each alternative TSS and/or gene body may improve the determination of the TSSs that are used for a specific gene transcription. Indeed, H3K4me3 and RNP2 signal levels at the TSS are positively corre-Additional experiments are required to definitely validate the activity of the informatically identified enhancers in this work. At least two approaches can be employed on specific putative enhancers: (1) enhancer excision, (2) enhancer epigenetic modulation. The first requires the removal of the enhancer, by introducing double strand cuts by CRISPR-Cas9 at the extremities of the enhancers. Nevertheless, this method may lead to occurrence of collateral effects that can bias the interpretation of the data. For instance, deletion of an enhancer can disrupt the 3D chromatin conformation or, in the case of intragenic enhancers, induce splicing impairment. The second strategy involves the alteration of the epigenetic landscape at the enhancer. Recently developed techniques allow to alter enhancer activity by enhancer

	lated to the level of gene transcription [167], while H3K36me3, in mammals, is associate to transcription
	elongation and thereby functions as marker of gene transcription [80,81].

CRISPR in/activation (enCRISPRi/a) where an epigenetic modifier, such as P300 or LSD1, is fused to a dead Cas9 (dCas9) and can be thereby recruited to the targeted enhancer in order to modulate its histone marks

[START_REF] Li | Interrogation of enhancer function by enhancertargeting crispr epigenetic editing[END_REF]

.

Despite the high potential of these techniques, they would validate the activity/gene association of only a small number of putative candidates. Therefore, an information that could corroborate with histone marks for the enhancer annotation would be the level and position of eRNAs expression. Indeed, as discussed in the introduction (paragraph 2.3.2.1), the equilibrate bidirectional expression of eRNAs is a good predictor of enhancer activity

[START_REF] Andersson | An atlas of active enhancers across human cell types and tissues[END_REF][START_REF] Ashe | Intergenic transcription and transinduction of the human β-globin locus[END_REF][START_REF] Lidschreiber | Transcriptionally active enhancers in human cancer cells[END_REF]

. Therefore, introduce data of nascent RNA-seq (e.g.

Table 12 |

 12 Comparison of features H3K27ac Down vs H3K27ac NotDown enhancers

	Localization	Feature	H3K27ac Down	H3K27ac NotDown
	SPI1 biding sites at Enhancer	H3K27ac HDAC1	↓ Reduced by SPI1 ↓ Reduced by HDAC1 ↑ High in presence of SPI1	↑ Increased by SPI1 ↓ Reduced by HDAC1 ↓ Low in presence of SPI1
		ATAC	↓ Slightly reduced by SPI1	↑ Increased by SPI1
		H3K27ac	↓ Reduced by HDAC1	↓ Reduced by HDAC1
	TSS of corresponding Promoters	ATAC RNP2	↓ Reduced by SPI1 ↓ Reduced by SPI1	↓ Reduced by SPI1 ≈ Unchanged by SPI1
		H3K27me3	↑↑ Strong increase by SPI1	↑ Slight increase by SPI1
	3.3.1.			

Mechanisms and models of SPI1-mediated repression 3.3.1.1. Genes repressed through HDAC1-dependent enhancers (H3K27ac Down )

  

Table 13 |

 13 Primers for ChIP quantification (qPCR) Regions are indicated as distance from the TSS (Transcription Starting Site) of the corresponding gene.

	Target region	Forward primer sequence (5'-3')	Reverse primer sequence (5'-3')
	LucF-TSS	GTGTTGGGCGCGTTATTTAT	TACGGTAGGCTGCGAAATGT
	GAPDH-TSS (human)	TTGCGTCGCCAGGTGAAGAC	ACCCCGCAGCGGCGCGAACAC
	Arhgap23+30kb	AGCACACCCAACCCTAA	GCAGCCTGACAAGTGTAAA
	Bcl2l11+5.6kb	ACACCAGTTGATCTTTGCACACGC	TCGGAGTCCCTGCTGACAATCAAT
	Alas2+2.4kb	CTAGGGAGTAGCCAGACTCTAAT	CCTGGCCATGAAGGCTAAA
	Gata1-2.2kb*	CACTAGCAGCTGGGTGGGTTA	TGCCGCTTGCCTTTGTAAG
	Nprl3-1.5kb	CTTATCTGTCCCGTCACTTG	CTCTTTCTTGGAGAGGAACAC
	Nprl3+21kb	ACACTGTCTCCAAGCTTATCC	GCACAGTCATGGAGTGTAGAT
	Ptp4a3+20kb	GAGGTGAATGTCACTAGCTCTG	TCTCTGGGATAAGCTCCTCTT
	* From Soler et al., Genes & Dev (2010) [417]	

Table 15 |

 15 Antibodies and relative usage

	Target	Host	Reference	Lot	Technique	Usage
	Anti-Goat-HRP	Rabbit pAb	Dako, P0449	00053074	WB	1:10 000, 1h RT
	Anti-Mouse-HRP	Goat pAb	Jackson, 115-035-003	144935	WB	1:40 000, 1h RT
	Anti-Rabbit-HRP	Goat pAb	Jackson, 111-035-033	116154	WB	1:40 000, 1h RT
	Anti-Rabbit-HRP					
	(Light-Chain Spe-	Mouse mAb	Cell Signaling, 93702	3	WB	1:2000, 1h RT
	cific) (D4W3E)					
	Anti-Rat-HRP	Goat pAb	Jackson, 112-035-003	144357	WB	1:40 000, 1h RT
	EED	Goat pAb	R&D Systems, AF5827	ND	WB	1:2000, O/N +4°C
	ERK1/2	Rabbit pAb	Cell Signaling, 9102	27	WB	1:1000, O/N +4°C
	EZH2	Rabbit pAb	ActiveMotif, 39901	27210001	ChIP	5µg per 15µg chromatin, Protein G magnetic beads
	EZH2	Mouse mAb	Cell Signaling, 3147	4	WB	1:1000, O/N +4°C
	EZH2	Rabbit pAb	Diagenode, C15410039-50	3	IP	10µg per 40×10 6 cells, Protein G magnetic beads
	GAL4	Rabbit pAb	Abcam, ab1396	GR320645-2	ChIP	5µg per 15µg chromatin, Protein G magnetic beads
	GATA1 (N-6)	Rat mAb	Santa Cruz, sc-265	I2908	WB	1:1000, O/N +4°C
	H3K27me3	Rabbit mAb	Cell Signaling, 9733	8	ChIP WB	10µg per 30µg chromatin, Protein G magnetic beads 1:1000, O/N +4°C
	H3K4me3	Rabbit pAb	ActiveMotif, 39159	01609004	ChIP	2µg per 15µg chromatin, Protein A magnetic beads
	H4	Rabbit pAb	Abcam, ab10158	GR3231419-1	WB	1:5000, 1h30 RT
	HDAC1	Rabbit pAb	Abcam, ab7028	GR3230011-7	WB	1:10 000, O/N +4°C
	HSC70 (K-19)	Goat pAb	Santa Cruz, sc-1059	H1611	WB	1:1000, O/N +4°C
	HSP90β	Mouse mAb	Enzo LifeScience, ADI-SPA-842	ND	WB	1:1000, O/N +4°C
	IgG	Rabbit	Cell Signaling, 2729	10	IP	same quantities and methods used for the target IP
	IgG	Rabbit	Diagenode, C15410206	RIG001I	IP	same quantities and methods used for the target IP
	IgG	Rabbit	Santa Cruz, sc-2027	E1512	IP	same quantities and methods used for the target IP
	LDB1/CLIM2 (C-9)	Mouse mAb	Santa Cruz, sc-365074 X	L1119	ChIP	15µg per 30µg chromatin, Protein G agarose beads
	Myc (Myc-Tag)	Mouse mAb	Santa Cruz, sc40	ND	WB	1:1000, O/N +4°C
	pan acetyl-Lys	Rabbit pAb	Cell Signaling, 9441	14	IP	10µg per 40×10 6 cells, Protein G magnetic beads
	RNA-pol II (N-20)	Rabbit pAb	Santa Cruz, sc-899 X	ND	ChIP WB	5µg per 30µg chromatin, Protein A agarose beads 1:1000, O/N +4°C
	SPI1/PU.1	Rabbit pAb	Santa Cruz, sc-352 X	D1113	IP	5µg per 40×10 6 cells, Protein G magnetic beads
	SPI1/PU.1 (D-19)	Goat pAb	Santa Cruz, sc-5949 X	F1110	WB	1:3000, O/N +4°C
	SPI1/PU.1*	Rabbit (serum)	Home-made	/	WB	1:2000, O/N +4°C
	SUZ12	Rabbit pAb	Abcam, ab12073	GR79631-1	ChIP	5µg per 15µg chromatin, Protein G magnetic beads
	SUZ12	Rabbit mAb	Cell Signaling, 3737	3	WB	1:1000, O/N +4°C

Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia

NURF, CHRAC and, ACF are the human homologues.

Bacterial protein that catalyzes ATP-driven homologous pairing and strand exchange of DNA molecules necessary for DNA recombinational repair. Catalyzes the hydrolysis of ATP in the presence of single-stranded DNA, the ATP-dependent uptake of single-stranded DNA by duplex DNA, and the ATP-dependent hybridization of homologous single-stranded DNAs [source: UniProt, ID P0A7G6].

The DMNT2 is an RNA methyltransferase.

MicroRNAs (miRNAs) are small endogenous single-stranded non-coding RNA molecules. They are polymers encoded by eukaryotic nuclear DNA that are approximately 20-22nt long and are primarily active in the regulation of gene expression at the transcriptional and post-transcriptional levels. miRNAs are incorporated into the RNA-induced silencing complex (RISC) and induce gene silencing by overlapping with complementary sequences present on target mRNA molecules. Such binding results in repression of translation or degradation of the target molecule (reviewed elsewhere[START_REF] Michlewski | Post-transcriptional control of mirna biogenesis[END_REF]).

The term "telomere" defines the terminal region of a chromosome composed of highly repeated DNA sequences that prevents the chromosome end deterioration or fusion of neighbor chromosomes.

It is highly recommended to provide as input a ChIP-seq density corrected for input/IgG/mock signal and copy number variation (obtained by HMCan [438], for instance).

A full list of the bed header parameters is available at https://genome.ucsc.edu/goldenPath/help/hgTracksHelp.html#TRACK.

The "classic" way to sort a bed file is to sort it by chromosome > start > end, but sometimes it is required a more extended sorting by score. Missed score sorting could lead to encounter errors in certain software.

Keep duplicated region would lead to the wrong computing of values, such as the score mean/median/sum, since the same region would be considered twice (or more times).

For more details on parameters visit computeMatrix manual page at https://deeptools.readthedocs.io/en/develop/content/tools/computeMatrix.html.

Results III -Rseb R-package

For more details on parameters visit the IGV batch parameters page (https://github.com/igvteam/igv/wiki/Batch-commands).

Multiple databases for analyzed ChIP-seq data are available online, such as CistromeDB (http://cistrome.org/db/#/) and ENCODE project (Human: https://genome.ucsc.edu/ENCODE/dataMatrix/encodeDataMatrixHuman.html, Mouse: https://genome.ucsc.edu/ENCODE/dataMatrix/encodeDataMatrixMouse.html). Furthermore, for Human data, it is possible to access to ENCODE data directly from the Integrative Genome Viewer (IGV) software [Select a Human genome, File > Load from ENCODE].
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ABSTRACT

Although transcription factors (TFs) were originally described as transcriptional activators, recent findings have shown that some TFs have the ability to repress transcription such as SPI1/PU.1, a major player in haematopoiesis whose alterations are associated with haematological malignancies. To investigate the repressive function of SPI1, we studied the mechanisms underlying gene repression in the erythroid lineage, in which SPI1 exerts an oncogenic function by blocking differentiation. We show that SPI1 represses genes by binding to active enhancers that are located in intergenic or gene body regions. HDAC1 acts as a cooperative mediator of SPI1-induced transcriptional repression by deacetylating SPI1-bound enhancers in a subset of genes, including those involved in erythroid differentiation. Enhancer deacetylation impacts on promoter acetylation, chromatin accessibility and RNA pol II occupancy. In addition to the activities of HDAC1, polycomb repressive complex 2 (PRC2) reinforces gene repression by depositing H3K27me3 at promoter sequences when SPI1 is located at enhancer sequences. Moreover, our study identified a synergistic relationship between PRC2 and HDAC1 complexes in mediating the transcription-repression activity of SPI1, ultimately inducing synergistic adverse effects on leukaemic cell survival. Our results highlight the importance of the mechanism underlying transcriptional repression in leukaemic development and its potential therapeutic implications. Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia (A) SPI1 expression was determined by immunoblotting of lysates of leukaemic cells treated for 48 or 72 h with or without doxycycline (dox) to induce the expression of Spi1 shRNA. HSC70 was used for loading control. (B) Heatmap of SPI1-normalized ChIP-seq reads performed in leukaemic cells treated (SPI1 -) or not (SPI1 + ) with dox, sorted according to the decreasing signal intensity in SPI1 + cells. (C) SPI1 ChIP-seq data were crossed with RNA-seq data to identify the percentage of genes that are bound by SPI1 among repressed (FCSPI1+/SPI1-≤ 0.67, P < 0.05), activated (FCSPI1+/SPI1-≥ 1.5, P < 0.05) or NoResp (0.9 ≤ FCSPI1+/SPI1-≤ 1.1, P ≥ 0.05) genes. (D and E) Top 10 enriched biological processes identified by DAVID functional analysis (P < 0.05) and ranked by pvalue (red scale) using repressed (D) or activated (E) genes that are bound (upper panel) or not (lower panel) by SPI1. (F) Enrichment of transcriptional categories in each genomic region compared to the total number of SPI1-bound genes in the indicated genomic region and for repressed or NoResp genes was computed using Fisher's test. * for P < 10 -2 , ** for P < 10 -3 . (G) UpSet plot representing the number of genes with SPI1 peaks at single or multiple genomic regions as indicated by the black dots. Horizontal stack plots show the number of genes with one peak in a specific region that are associated with additional peaks in other genomic regions. (H) Doughnut chart showing the percentage of active enhancers (with H3K27ac and H3K4me1 marks), inactive enhancers (only H3K4me1 mark) or nonenhancers (without H3K27ac or H3K4me1 marks) at SPI1-bound intergenic or gene body regions of SPI1-repressed genes.

SPI1 and HDAC1 cooperate to repress SPI1 target genes

The SPI1 protein does not contain any transcriptional repression domain (37) but interacts with several cofactors that may mediate its repressive activity. To identify putative SPI1 corepressors acting when bound to DNA, we performed SPI1 ChIP experiments followed by mass spectrometry (RIME) (38). We identified 58 proteins that were reproducibly immunoprecipitated with SPI1 and not in the IgG control (Supplementary Figure S2). In particular, FUS/TLS, a well-described interacting factor involved in SPI1 splicing activity (39,40), and the SWI/SNF complex, which is also known to interact with SPI1 (41), were recovered, validating the SPI1-RIME approach. Notably, we found peptides for two epigenetic factors involved in transcriptional repression, chromodomain helicase DNA binding protein (CHD4) and histone deacetylase 1 (HDAC1). HDAC1 plays a catalytic role as a deacetylase in 4 different complexes, namely, NuRD, including CHD4, and the SIN3A, CoREST and SHIP complexes (42).

We validated the interaction of SPI1 with HDAC1 in leukaemic cells engineered to produce Avi-tagged HDAC1 (Figure 2A). We also found that endogenous HDAC1 interacts with SPI1 (Supplementary Figure S2B).

Moreover, to verify that the interaction between SPI1 and HDAC1 was efficient at the chromatin, we performed SPI1 ChIP followed by western blotting coupled with HDAC1 or SPI1 antibodies and showed that they indeed formed a complex at chromatin (Figure 2B). The complex also includes SIN3A (Supplementary S2B). We ensured that HDAC1 expression was not affected by the level of SPI1 expression in erythroleukaemic cells at the RNA (Supplementary Figure S2C) or protein levels (Figure 2C).

HDAC1 plays a critical role in the suppression of gene transcription but can also upregulate specific gene transcription (43). To define whether HDAC1 is a mediator of SPI1 repressive activity on transcription, we analysed the consequences of inhibiting HDAC1 on the transcriptional control of SPI1 targets.

The leukaemic cells producing dox-inducible Spi1-shRNA were treated with dox for 48 h alone and with 6 h of treatment concomitant with a pharmacological inhibitor of HDAC1, entinostat (HDAC1i, Ent) (Figure 2C). The efficiency of entinostat was validated by the increase in H3K27 acetylation (Figure 2C). Importantly, the expression of HDAC1 was unaltered by entinostat treatment. RNA-seq was performed for the four following conditions: untreated leukaemic cells (SPI1 + Ent -), leukaemic cells inhibited for HDAC activity Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 143 Results IIa -Article №2 (SPI1 + Ent + ), leukaemic cells downregulated for SPI1 (SPI1 -Ent -), and leukaemic cells downregulated for SPI1 and inhibited for HDAC activity (SPI1 -Ent + ). Inhibition of HDAC1 activity increased the expression of 60% of repressed genes whose enhancers were bound by SPI1 (159 out of 264 genes), as deduced from the Venn diagram of SPI1-and HDAC1-repressed genes and illustrated by the violin plot of log2FC of gene expression (Figure 2D,2E, and Supplementary Table S3). We observed a strong association between HDAC1 repressed genes and those repressed by SPI1 (odds ratio of 6, Fisher exact test P ≃ 3.5×10 -35 ), consistent with coregulation by HDAC1 and SPI1 on a high fraction of repressed genes. Moreover, the derepression of transcription by knockdown of SPI1 was strong only if HDAC1 was active (Figure 2F, left panel), and the derepression by HDAC1 inhibitor was more efficient when SPI1 was overexpressed (Figure 2F, right panel). In other words, reducing the expression level of SPI1 and the absence of HDAC1 activity had little or no greater effect than when only one of the two proteins was inhibited. The Figure 2G presents this result for four representative repressed genes, Sox6, Alas2, Nprl3 and St3gal6. These results, showing that inhibition of HDAC1 activity alleviates the ability of SPI1 to repress genes on which it binds, suggested an epistatic interaction between HDAC1 and SPI1. In contrast, for SPI1-activated genes, SPI1 knockdown and reduction of HDAC1 activity triggered primarily opposite effects on gene regulation (Fig- ure 2H), with only 8% of SPI1-activated genes also being activated by HDAC1 (Figure 2I), showing that SPI1 gene activation is largely HDAC1-independent. The TMP195 inhibitor, which is efficient on HDAC4, -5, -7 and -9, had no consequence on gene expression in the presence or absence of SPI1 (Supplementary Figure S3).

Taken together, these results demonstrate that SPI1 interacts with HDAC1 at the chromatin and that both factors cooperate to repress SPI1 target genes. (FC_Entuntreated/treated ≤ 0.67 and P < 0.05, green) (D) or the SPI1-activated (FC_doxuntreated/treated ≥ 1.5 and P < 0.05, blue) and HDAC1activated (FC_Entuntreated/treated ≥ 1.5 and P < 0.05, green) (I) genes bound by SPI1 at active enhancers defined by RNA-seq experiments. RNA-seq data are from 3 independent experiments. (E and I) Violin plots showing the distribution of log2(FC) of SPI1repressed genes (green) (E) or of SPI1-activated genes (green) (H) and of the same genes after HDACi treatment (blue) bound by SPI1 at active enhancers. Filled and empty circles indicate the presence or absence (dox-treated for SPI1-or HDACi-treated conditions), respectively, of SPI1 or HDAC1/3 activity. (F) (Left) Violin plots comparing the distribution of log2(FC) of SPI1repressed genes bound by SPI1 at active enhancers in the presence of normal HDAC1 activity (filled circle, blue) with the FC of the same genes in the absence of HDAC1/3 activity (empty circle, violet). (Right) Violin plots comparing the distribution of log2(FC) of HDAC1-repressed genes bound by SPI1 at active enhancers in the presence of SPI1 overexpression (filled circle, blue) with the FC of the same genes in the absence of SPI1 (empty circle, violet). RNA expression was measured from 3 independent RNA-seq experiments of the four conditions described in (C). (G) Bar plots of the mean FC ± SEM of three RNA-seq experiments for the same comparison as those described in (E and F) illustrated for four SPI1-repressed genes bound at active enhancers.

SPI1 and HDAC1 induce histone deacetylation of active enhancers at SPI1 binding sites

We previously showed that SPI1 requires HDAC1 to repress a large portion of its target genes and that SPI1 represses genes primarily by binding to active enhancers. The next step of our study was to define whether SPI1 acts through HDAC1 at active enhancers of repressed genes to induce local deacetylation.

We performed ChIP-seq of the H3K27ac histone mark in leukaemic cells treated or not treated with dox.

To evaluate the ChIP efficiency and sensitivity, we verified that the H3K27ac ChIP-seq signal at the TSS of the genes in leukaemic cells was positively correlated with their expression level, as previously demonstrated (Supplementary Figure S4) (44).

To investigate whether the absence of H3K27ac at enhancers was attributable to the binding of SPI1 in repressed genes, we used ChromHMM to compare SPI1-bound enhancer statuses between leukaemic cells (SPI1 + , dox-untreated) and SPI1 knockdown cells (SPI1 -, dox-treated). Most of the inactive enhancers were not changed by SPI1 depletion (Supplementary Figure S5A), indicating that in most cases, SPI1 did not repress gene expression by completely inhibiting enhancers. This result was confirmed by the absence of H3K27ac signal around SPI1 peaks in both leukaemic cells and SPI1 knockdown cells (Figure 3A). Regarding active enhancers, the intensity of the H3K27ac signal was lower in the presence of SPI1 than when SPI1 was depleted (Figure 3A). This effect was observed for both regulatory regions, that is, gene bodies and intergenic regions (Supplementary Figure S5B andC). In contrast, for SPI1-activated genes, H3K27ac profiles were opposite, exhibiting an increase in the H3K27ac intensity at TSS and at SPI1-bound enhancers in the presence of SPI1 (Supplementary Figure S5D).

To better identify specific active enhancers for which SPI1 strongly restrains activity through deacetylation, we calculated the differential H3K27ac signal intensity between dox-treated (SPI1 -) and untreated cells (SPI1 + ) at SPI1-bound enhancers. We divided the repressed genes into two categories according to the modulation of H3K27ac by SPI1 at bound enhancers: enhancers with reduction of H3K27ac signal intensity by SPI1, "H3K27ac Down " (FCH3K27ac SPI1 + /SPI1 -≤ 0.67) and enhancers with no reduction of H3K27ac signal intensity, "H3K27ac NotDown ", including enhancers unchanged and with increased H3K27ac signal by SPI1 (FCH3K27ac SPI1 + /SPI1 -≥ 1; see methods for more details) (Figure 3B). While acetylation of SPI1-bound enhancers was differently modified for the two groups, i.e., reduced or faintly increased by SPI1, at TSS, H3K27ac differential of enhancers bound by SPI1, FC ≥ 1.5 for H3K27ac Down and FC < 1 for H3K27ac NotDown . Profiles centred on SPI1 peak summits at enhancers or at TSSs of the same genes are shown. (F) Replicate independent experiment as shown in Figure 3D: Density plot profiles of H3K27ac normalized signal in untreated (DMSO, red) or Entinostat-treated (for 6 h at 3 µM, green) cells for SPI1-repressed genes whose enhancers are bound by SPI1. Profils centred on SPI1 peak summits at enhancers or at the TSS of genes for the same groups of genes as in (D) are shown. (G) Heatmap of publicly available SIN3A or EP300 ChIPseq signal in MEL cells (19) 

SUPPLEMENTARY FIGURES

Supplementary

SPI1 is required to maintain gene repression

The previous results showing that SPI1 represses the LucF expression by a mechanism that involves PRC2, put together with the knowledge that PRC2 is often required for the maintenance of the genes repression [61,65,73-78], led us to wonder whether SPI1 binding at the LucF promoter is necessary only for the repression initiation of its target gene and the venue of PRC2 would maintain the gene silencing independently of SPI1.

To address this question, we induced the expression of SPI1-WT by 9h of treatment with Dox, then Dox was retrieved from the cell culture and the levels of luminescence and H3K27me3 deposition at the LucF TSS up was followed for 6 days upon Dox withdrawal (Figure 43).

We first checked that SPI1-WT expression was decreased upon Dox removal at the protein level (Figure 43A). SPI1 level of expression and its occupancy at the LucF TSS were indeed decreasing over time, as observed by western blot and ChIP-qPCR experiments, respectively (Figure 43B). As expected, upon 9h of dox treatment, expression of SPI1-WT construct induced a repression of the luciferase expression (Figure 43C) accompanied by a deposition of the H3K27me3 histone mark at the LucF promoter (Figure 43D). In the days following the Dox withdrawal, the Luciferase repression and H3K27me3 were progressively reverted until to reach, at 6 days after Dox removal, a status equivalent to the untreated cells (Figure 43C-D). 

Representation of the RNA-seq data

Two simple representations for RNA-seq data are the MA-plot (Figure 49) and the volcano-plot (Figure 50, Figure 51). The first allows to visualize the Fold Change expression as function of basal expression of each gene, while the second the FC expression depending on the significance of the FC computation.

MA-plot

The MA-plot (Figure 49) helps to estimate the difference between two samples plotting the Fold Change expression of a gene as function of its expression among all the samples (all the replicates of both conditions compared, defined by "baseMean" column in the DESeq2 output table ).

Different colors could be used depending on the DE.status column that has been just added to the RNAseq table (Table 4) 

Volcano-plot

To plot the Fold Change as function of the p-value it is possible to use the function volcano. -"reference-point" to center all the regions on a specific position; -"scale-regions" to re-size all the regions in order to make correspond the extremities of the regions; • scoreFileName: a vector with the full path to the signal file(s);

• regionsFileName: a vector with the full path to the regions file(s);

• outFileName: the full path for the output matrix archive (.gz);

• upstream|downstream: to indicate the number of bases to consider before (upstream)/after (downstream) the reference-point/region-extremities depending on the mode used;

• binSize: the window size by which each region will be subdivided and for each of which the scores will be calculate;

• computeMatrix.deeptools.command: the path to the computeMatrix script (here an example for conda installed deepTools).

computeMatrix.deeptools( mode = "reference-point", scoreFileName = c("path/to/signal_1.bw", "path/to/signal_3.bw"), regionsFileName = c("path/to/regions_1.bed", "path/to/regions_2.bed", "path/to/regions_3. bed"), outFileName = "/path/to/matrix_file.gz", upstream = 2000, #bp downstream = 2000, #bp binSize = 50, #bp referencePoint = "center", smartLabels = T, missingDataAsZero = T, computeMatrix.deeptools.command = "/home/user/anaconda3/bin/computeMatrix", quiet = T)

Score matrix from deepTools can be used directly (full path) to generate density plots or can be read by the function read.computeMatrix.file which returns a list composed of a data.frame containing the matrix metadata (bin size, regions size, sample_names, region_names, etc., Table 7) and the scores table (Table 8). To plot the signals it ca be used this list as well as the path of the source matrix.gz archive.

matrix <-read.computeMatrix.file(matrix.file = "/path/to/matrix_file.gz")

An example of deepTools matrix is available with the package: 

Quantification of the signal differences

With the density profiles it is possible to qualitatively estimate the difference of signal between two or more groups of regions or samples over the same region type. Albeit sometimes the difference between two datasets is obvious, other cases might require a more precises quantification and statistical evaluation of the difference.

Therefore, below in this section three different methods to infer and visualize the difference between two samples will be explored: the density summary, the area difference and the correlation plot.

All these methods import a score matrix generated, for instance, by deepTools or by the density.matrix function.
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Results III -Rseb R-package Noteworthy, in all cases it is possible to carry out the analyses narrowing down the range on which compute the scores by specifying the range to use in the "subset.range" parameter without the need to re-compute the matrix.

Statistics of the signal

Both the two analyses that will be addressed in the next paragraphs, beside the graphics, provide a table with the p-values for the comparisons. Indeed, two types of comparisons could be carried out:

• region-by-region: in this case each score of one signal over a single region is compared with the score of another signal on the same region in a paired-test.

• group-by-group/sample-by-sample: in this case all the scores on all the regions for one group/sample can be compared with those of another group/sample in an un-paired test.

For both this two methods a t-test (parametric) or Wilcoxon-test (non-parametric) could be automatically performed, whereas a test on the distributions cold be manually performed by Kruskal-Wallis test using the values stored in the data.table in the output.

Density summary

The first type of representation is generated by the function plot.density.summary which shows, through a violin plot, the distribution of the scores over each region in a given group/sample. An option allows to add a mean symbol with the corresponding SD/SEM. Furthermore, the statistical comparison could be added directly above each violin plot either as "stars" or in numeric format. Similarly to a boxplot, on each violin plot three lines indicate the 25 th , 50 th and 75 th percentile of the data distribution, respectively.

Since the original number of single regions in each group could not be the same, it is preferable to use as score on which compute the analyses the sum of the score over each region (equivalent to the area under the curve of a density profile for one single region).

The output of this function is composed of a list of single plots (Figure 54A), as well as a multiple plot (multiplot, Figure 54B) with the distribution of the score of the different samples per each group or alternatively the scores on different regions per each sample or group. The output list provides a summary plot with all the region groups for each sample (Figure 55A), or alternatively all the samples for each region group (Figure 55B). Finally, also a table with all the comparisons with the respective significance is available (Table 9).
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Here an example of the output list structure and how to generate it: 

Density differences

In this section, two methods to represent the difference of signal between two conditions region-byregion will be described. Both methods, that involve the generation of a correlation/scatter plot and an area/line plot, can be computed by the function plot.density.differences. Also in this case the input of the function is a score matrix generated by computeMatrix.deeptools or density.matrix and it is possible to narrow to a specific range the final plot by the option "subset.range" without the need to recompute the matrix.

Signal correlation

One method by which it is possible to visualize the difference between two samples is to correlate the signal for each given region in the two conditions, generating in this way a correlation/scatter plot (Figure 56). Dots corresponding to regions with no difference between two conditions will lie on the diagonal/bisector line (defined by the equation E = ), while regions with a signal difference will be placed in the half-quadrant of one or the other axis (the two conditions) depending on which condition has a stronger signal on the given region.

To generate this kind of plots it is possible to use the function as described below. 

Signal difference

As already mentioned above, another way to quantify the difference between two signals is literally the "difference", intended as subtraction, between the signal over a region (equivalent to the area under the curve in a density profile but for only one region) in one condition and another. This could be computed region-by-region by the function plot.density.differences, but in this case instead of the population shift the regions are ranked by the value of the area/signal subtraction (Figure 57). Then the closest to 0 ("no difference") rank position is calculated and its value subtracted to all the rank positions. In this way on the plot it is possible to know the number of regions with a negative (lower signal) or positive (Sample 1) compared to those that have an enrichment of the other compared signal (Sample 2), secondly setting the axis to the same ranges it is possible to observe whether de differences between two samples for a region set compared to another are wide or rather narrowed around the 0 (no difference between the samples signal), beside eventual outliers that could distort the mean in the density profile. Wontakal and colleagues, in murine embryonic stem cell-derived erythroid progenitors (ES-EP), individuated a subset of genes responsible for the erythroid differentiation [START_REF]A core erythroid transcriptional network is repressed by a master regulator of myelo-lymphoid differentiation[END_REF]. These genes, referred as "core erythroid gene network", are characterized by the co-binding of the 3 major TFs involved in erythroid differentiation: GATA1, KLF1 and TAL1/SCL. The authors showed that in the early erythroid progenitors, SPI1 and GATA1 are co-expressed. In particular, SPI1 binds and represses a fraction of the core erythroid genes, controlling the progression of erythroid differentiation. To identify whether SPI1 also represses genes of erythroid differentiation in the TgSpi1 mice, we performed similar analyses in erythroleukemic cells derived from TgSpi1 mice. The intersection of genes bound respectively by GATA1, TAL1//SCL, KLF1 and SPI1 (Figure 58A) shows that 77.5% (183 out of 236) of genes belonging to the core erythroid gene network (CEGN, 183+53) are bound by SPI1. We calculated that SPI1 binds CEGN genes with a probability four folds higher compared to the random (Fisher test: odd-ratio 4.3, P < 2.2×10 -16 ).

Moreover, analyses of the RNA expression of the 183 CEGN genes bound by SPI1, upon 72h of SPI1 knockdown, revealed that SPI1 is responsible for the repression of 82% of these genes (FoldchangeSPI1-/SPI1+ ≥ 1.5 and padj < 0.05, Figure 58B). Using a Fisher test, we show that there is four times more chance than random that SPI1 represses a gene from the CEGN (Fisher test: odd-ratio 4.2, P ≈ 6×10 -4 ). Interestingly, Gene Ontology analyses (Figure 1D from "Article №2"), showed that, among genes that are repressed and bound by SPI1, there is a strong enrichment of erythroid genes. Then, to define whether HDAC1 is together with SPI1 at enhancers of repressed genes, we used the CUT&Tag approach to detect the HDAC1 occupancy at the chromatin. The latter is a crosslink-free technique that does not require cell lysis and DNA shearing, thereby keeping the cells in a status assimilable to the physiological one. This approach, performed in a condition of SPI1 expression, allowed us to establish that HDAC1 occupies enhancers at SPI1-binding sites.

Interestingly, the level of HDAC1 at the SPI1-binding site is stronger in H3K27ac Down enhancers than in H3K27ac NotDown enhancers when SPI1 is present (Figure 61). These results corroborate with the hypothesis that HDAC1 has minor effects on the H3K27ac NotDown enhancers.

We then dissected the features of these two subsets of enhancers and corresponding regulated genes. The SPI1-induced deacetylation of the H3K27ac Down enhancers was accompanied by a compaction of the chromatin at the SPI1 binding sites and a condensation at the associated promoters. We also observed a reduction of RNP2 at promoters when SPI1 is bound to these enhancers. In contrast, the H3K27ac NotDown group of enhancers, whose activity is increased by SPI1 occupancy, displayed a higher chromatin accessibility in the presence of SPI1 and no differences in the RNP2 promoter occupancy, although the corresponding promoters still showed chromatin condensation, compatible with the reduction of their transcription rate.

Furthermore, motif enrichment analyses revealed that H3K27ac Down enhancers showed, besides the SPI1 motif, an enrichment of the GATA1 motif in vicinity of the SPI1-binding site, while the H3K27ac NotDown enhancers displayed a high enrichment of ETS-family TFs motifs of class different from the SPI1 one. In particular, ETS1 motif was highly enriched.

My group has previously demonstrated that PRC2, known to control the methylation of H3K27 [67],

interacts physically and functionally with SPI1 and participates in the repression of the Bcl2l11 gene expression in erythroleukemic cells derived from TgSpi1 mice [START_REF] Ridinger-Saison | Epigenetic silencing of bim transcription by spi-1/pu.1 promotes apoptosis resistance in leukaemia[END_REF]. We identified that SPI1 requires its DNA binding domain (ETS domain) to interact with EZH2 (catalytic subunit of PRC2).

Comparing the H3K27me3 signal level as a function of the SPI1 expression level at the promoter of genes regulated by enhancers bound by SPI1, we observed that the differential of H3K27me3 signal in the presence and absence of SPI1 was stronger at the TSS of genes associated to H3K27ac Down enhancers This could explain why, in certain cases (e.g., EZH2 and HDAC1), immunoprecipitation of the same target in human is more efficient than in mouse. Therefore, more specifically for this work, the low efficiency of HDAC1 immunoprecipitation could be partially explained by the higher chromatin condensation of the erythroleukemic cells that are represented by more differentiated cells than the embryonic stem-cells.

As discussed in the previous paragraph, given the impossibility to perform the HDAC1 ChIP, we resorted to the CUT&Tag approach in order to define the HDAC1 chromatin occupancy. The advantage of using this technique is the fact that the cells are maintained in a condition assimilable to the physiological one. However, so far, this method is not suitable for inter-sample normalization. Indeed, both spike-inlike and sequencing-depth normalization approaches have been reported to be not effective for a correct inter-sample normalization [START_REF] Meers | Peak calling by sparse enrichment analysis for cut&run chromatin profiling[END_REF]. The spike-in approach, in this case, relies on the addition of tagmented chromatin of E. coli, for instance, to the cleaved DNA in the two conditions to compare and then, similarly to the spike-in method used for ChIP experiments, evaluate the number of bacterial reads in the two samples. The exogenous chromatin does not allow to consider, for instance, eventual loss of cells during the experimentation or other technical biases. Moreover, the sequencing depth normalization is not adapted for the CUT&Tag. Indeed, this technique shows an extremely low background compared to ChIP, and employment of a sequencing depth normalization method would lead to estimate a scaling factor based only on the "real" signal due to the background absence. This implies that we cannot compare the HDAC1 signal in the presence or not of SPI1 using the CUT&Tag approach.

Alteration of GATA1 acetylation

SPI1 was reported to be recruited by GATA1 and to prevent its acetylation by CBP/P300 [374] (Figure 36C). The GATA1 acetylation is required for its stabilization to DNA and promote its transcriptional transactivating ability [START_REF] Boyes | Regulation of activity of the transcription factor gata-1 by acetylation[END_REF][START_REF] Lamonica | Acetylation of gata-1 is required for chromatin occupancy[END_REF]. We found an enrichment of GATA1 motif at the SPI1-bound H3K27ac Down enhancers and that most of these enhancers carry both the SPI1 and GATA1 motifs (Supplementary Figure S7A from "Article №2"), suggesting that these two TFs bind both to DNA. We investigated whether the inhibition of GATA1 acetylation by SPI1 is involved in the SPI1-mediated repression of genes regulated by H3K27ac Down enhancers. A first hypothesis is that SPI1 leads to GATA1 deacetylation by recruiting HDAC1 in proximity of DNA-bound GATA1. This deacetylation would induce 
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FANCA deficiency promotes leukemic progression by allowing the emergence of cells carrying oncogenic driver mutations
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ABSTRACT

Leukemia is believed to be caused by the clonal evolution of a cell that gradually accumulates mutations/genomic rearrangements, allowing unrestrained cell growth. However, recent identification of potential leukemic mutations in healthy human hematopoietic clones revealed that additional events are required to expand the mutated clones for overt leukemia progression. Here, we assessed the functional consequences of deleting the Fanconi anemia A (Fanca) gene, which encodes a key DNA damage response protein, in Spi1/Pu.1 transgenic mice that develop preleukemic erythroproliferative syndrome. We revealed that loss of FANCA function increases SPI1-associated disease penetrance and favors leukemic progression without increasing the mutational load of leukemic clones. FANCA deficiency favors the emergence of leukemic clones with mutations in known oncogenes, such as Kit or NRas. Moreover, loss-of-function of FANCA promotes transcription of genes encoding proteins involved in receptor/ligand signaling pathways, including NOTCH WNT, that improve proliferative capacity. We brought evidence that the altered transcriptional landscape due to FANCA depletion is not a consequence of leukemic transformation or oncogenic mutations but rather fuels the leukemic process. Collectively, our data provide evidence that the expansion of cells carrying oncogenic mutations is fostered by a favorable intracellular environment that represents a targetable vulnerability of leukemia.
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RESULTS

FANCA deficiency exacerbates TgSpi1-associated hematologic disorder.

To add insight into the process of leukemic initiation and progression, we crossed Fanca +/-(FA +/-) mice 16 with transgenic mice constitutively expressing a Spi1 transgene (TgSpi1) 25 and backcrossed the first generation (F1) of TgSpi1FA +/-mice with Fanca +/-mice to obtain TgSpi1FA -/-mice (Figure 1A). The lack of Fanca expression was verified by RT-qPCR, and the overexpression of SPI1 was confirmed by immunohistochemistry (Supplementary Figure S1A andB).

All mice appeared healthy at birth without congenital malformations or growth retardation. At later ages, TgSpi1FA +/+ , TgSpi1FA +/-and TgSpi1FA -/-mice developed anemia and splenomegaly, leading to their death.

However, although 67% of the TgSpi1FA +/+ mice died within 10 months from birth (median survival of 115 days), all of the TgSpi1FA -/-mice died within this time frame (median survival of 67 days) (Figure 1B; Supplementary Figure S1C). TgSpi1FA +/-mice present with intermediary behavior, with a median survival of 105 days, and 20% of the animals were still alive at 10 months of age. None of the wild-type Fanca +/+ (WT, FA +/+ ) and Fanca -/-(FA -/-) mice developed a disease, clearly demonstrating that the pathology requires the unrestrained expression of SPI1. At death, TgSpi1FA +/+ and TgSpi1FA -/-mice showed a similar severity of anemia with a reduction in both the hemoglobin and hematocrit levels (Figure 1C andD). TgSpi1FA +/+ and TgSpi1FA -/-mice displayed a high number of total blood cells (>100 x10 3 /μL) (Figure 1E) and comparable splenomegaly (Figure 1F and G) with disrupted splenic architecture (Figure 1H). All these parameters indicate that their death occurs at a similar level of disease progression.

Taken together, our data demonstrate that FANCA loss-of-function accelerates the progression of the hemopathy associated with the unrestrained expression of SPI1 and allows for full disease penetrance.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France TgSpi1FA -/-and TgSpi1FA +/+ mice and from 3-to 4-month-old FA +/+ and FA -/-mice. Histograms indicate the mean±SEM from 6 to 13 individual mice according to the groups. Statistical analysis was carried out using the Mann-Whitney test. (F) Histograms indicate the mean±SEM of spleen weight of moribund TgSpi1FA -/-and TgSpi1FA +/+ mice and from 3-to 4-month-old FA +/+ and FA -/-mice from 4 to 15 individual mice according to the groups. (G) Representative images of the spleens of the mice with the 4 genotypes. Scale bar, 1 cm. (H) Hematoxylin and eosin-stained splenic sections of moribund TgSpi1FA -/-and TgSpi1FA +/+ mice and from 3-to 4-month-old FA +/+ and FA -/-mice. Magnification, 200X.

Lack of FANCA does not modify the lineage specificity of leukemic cells associated with SPI1 overexpression.

To shed light on how loss of FANCA function leads to the observed acceleration and full penetrance of SPI1-associated disease, we characterized the nature of hematopoietic populations contributing to the disease. At death, the proportion of CD4 + CD8 -and CD4 -CD8 + T cells in the bone marrow (BM) was similar in all genotypes, while myeloid, CD11b + Gr1 + , and B lymphoid, CD19 + B220 + , cells were equally reduced in TgSpi1FA +/+ and TgSpi1FA -/-mice as in non-TgSpi1, FA +/+ and FA -/-mice (Supplementary Figure S2).

Subsequently, we profiled erythroid subpopulations according to CD71 and Ter119 cell-surface markers and to the forward scatter (FSC) parameter 30,31 . FACS analysis identified the following six cellular subpopulations: CD71 -Ter119 -(I); CD71 + Ter119 -(II, colony-forming unit erythroid, CFU-E); CD71 + Ter119 Med (III, pro-erythroblasts, Pro-E); and the three Ter119 High subpopulations (IV) CD71 + FSC High or basophilic, CD71 + FSC Low or polychromatic, and CD71 -FSC Low or orthochromatic cells (Figure 2A andB). Compared to FA +/+ and FA -/-mice, which show similar profiles, TgSpi1FA +/+ and TgSpi1FA -/-mice displayed an increased proportion of CFU-E progenitors in their BM, to more than 50% of the total cell count. This is at the expense of basophilic, polychromatic and orthochromatic erythroblasts, indicating erythroid differentiation blockage consistent with the observed anemia (Figure 2B andC). Altered erythroid differentiation was also evident in the spleen, with a clear accumulation of CFU-E progenitors in TgSpi1 mice (Figure 2C). Similar populations were found between TgSpi1FA +/+ and TgSpi1FA -/-mice.

In conclusion, the proliferating blasts had an erythroid lineage origin in both TgSpi1FA +/+ and TgSpi1FA -/- mice. Thus, accelerated death and full penetrance of the TgSpi1-associated disease were not due to additional or alternative consequences on myeloid, B or T lymphoid cells due to FANCA loss of function.
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FANCA loss of function favors the emergence of leukemic TgSpi1 clones with oncogenic mutations.

To add insight into the causes of EPO independence and tumorigenicity associated with loss of FANCA function, we performed whole-exome sequencing (WES) analysis of blasts isolated from the spleen of 5

TgSpi1FA +/+ and 9 TgSpi1FA -/-mice presenting with anemia and splenomegaly.

WES analysis demonstrated that the number of small mutations (<200 bp) with a variant allele frequency (VAF) above 15% (Supplementary Table S1) and of copy number variation (CNV) (>200 bp) (Supplementary Table S2 and Table S3) per spleen was comparable between TgSpi1FA +/+ and TgSpi1FA -/-mice (Figure 4A andB). We identified a mean of 11.8 nonsilent mutations (range 8-20) for TgSpi1FA +/+ and 11.2 (range 7-17) for TgSpi1FA -/-. Qualitatively, the type (transversion vs transition) as well as the single nucleotide variant (SNV) and indels resulting in protein variations (missense, nonsynonymous, splice site, stop-gain, frameshift and nonframeshift indels) were similar between TgSpi1FA +/+ and TgSpi1FA -/-cells (Figure 4C, D andE). Hence, even though TgSpi1FA -/-leukemic cells displayed higher levels of 53BP1 foci, DNA damage accumulation, chromosome breakage and intracellular radical oxygen species (ROS) than TgSpi1FA +/+ preleukemic cells (Supplementary Figure S4), expected features of the lack of a functional FANCA protein, they did not show a clearly increased level of genetic instability.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France We compared the list of the 128 identified variants (Supplementary Table S1) to a comprehensive list of 1081 "cancer genes" obtained combining the Catalog of Validated Oncogenic Mutations of the Cancer Genome Interpreter (CGI) database and the Cancer Gene Census (CGC) of the COSMIC database. Twentythree genes with pathogenic variants were identified as "cancer genes" (Figure 5 and Supplementary Figure S5). The Figure 5 also includes a variant of Fgd2, which is not considered to be a cancer gene in the CGI and CGC databases but has been repeatedly found mutated (at least 5 times) in the cancer samples recorded in the COSMIC database. Fifteen genes out of the 23 were also reported in human erythroleukemia 37-38 .

Mutations in the Fgfr3, Ptpn11, Smad4 and Trp53 genes were identified in both genotypes, excluding that observed variants were directly responsible for the EPO independency and tumorigenicity of the TgSpi1FA -/-blasts.

The JAK2 V617F mutation, which has been associated with myeloproliferative disorders and EPO hypersensitivity 39 , was identified exclusively in blasts of TgSpi1FA +/+ mice, including #445 and #451, with VAF values of 28% and 18%, respectively. JAK2 Y931C is another mutation conferring gain of function 40 and was found in #474 mice. However, none of the JAK2 mutations conferred per se a proliferative advantage allowing their in vivo clonal selection.

Interestingly, mutations in Flt3, Fgd2, Nras and Kit were identified exclusively in TgSpi1FA -/-cells. All of these genes are key oncogenes in leukemia. The KIT D818Y (#26, #57, #92 and #223) and NRAS Q61H (#28)

mutations have been shown to confer growth factor independency and tumorigenicity 41,42 .

Our results show that the somatic mutation rate is similar between TgSpi1FA +/+ and TgSpi1FA -/-mice, but specific mutations in known oncogenic targets were identified when cells lacked FANCA. Considering the stochasticity of the mutational process, these data suggest that FANCA deficiency favors the selection of oncogenic mutations known to favor cell overgrowth. This hypothesis predicts that the oncogenic mutations identified in TgSpi1FA -/-leukemic cells, i.e., in the Kit or Nras genes, are present in the cell population issued from the spleen of the TgSpi1FA +/+ mice in low-prevalence subclones. Searching for variants with low VAF in the preleukemic splenic cells from TgSpi1FA +/+ mice, we indeed found KIT D818Y

(mice #445 VAF 1.9%) and NRAS Q61H or G60V mutations (mice #479, VAF 2.1% and mice #138 VAF 1.6%, respectively). However, EPO-independent or tumorigenic cells were never isolated from the spleen cell populations issued from the mice displaying active FANCA, even when maintained in culture for several months.

Altogether, our results indicate that loss of FANCA function establishes a favorable cellular environment for the selection of genes with oncogenic or loss of function mutations.
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FANCA deficiency modifies the transcriptomic profile of TgSpi1 cells.

We analyzed whether FANCA loss of function may contribute to the selection of leukemic clones by modifying transcriptomic profiles. To exclude interference due to EPO signaling, we performed RNA-seq on TgSpi1FA +/+ preleukemic and TgSpi1FA -/-leukemic blasts cultured in the presence of EPO. To distinguish the consequences of leukemogenesis from those directly due to FANCA depletion, we compared the differentially expressed genes (DEGs) to those identified between preleukemic and leukemic TgSpi1 blasts that express WT Fanca 25 . In this model, serial blood transfusions in TgSpi1 mice lowered circulating EPO levels in anemic mice, establishing selective pressure allowing in vivo expansion of rare cells with KIT D818Y or D814Y gain-of-function mutations 25,41 .

We identified 1395 DEGs between TgSpi1FA -/-and TgSpi1FA +/+ cells, with 1044 genes transcriptionally upregulated and 351 downregulated in leukemic TgSpi1FA -/-cells (Figure 6A, upper volcano plot and Supplementary Table S4). Between the leukemic and preleukemic TgSpi1 blasts expressing FANCA, only 320 were differentially expressed, with [START_REF] Zofall | Chromatin remodeling by isw2 and swi/snf requires dna translocation inside the nucleosome[END_REF] S5). These data show that leukemogenicity due to the lack of FANCA was associated with a large modification of the transcriptomic landscape, mostly with increased gene expression. Comparison of the DEGs identified between the preleukemic TgSpi1FA +/+ versus leukemic TgSpi1FA -/-cells to those retrieved in the preleukemic vs leukemic TgSpi1 cells revealed only 14 common genes (Figure 6A), including 11 downregulated (left Venn diagram) and 3 upregulated (right Venn diagram) in the leukemic cells. These data suggest that the altered transcriptomic landscape observed in FANCA deficient leukemia cells is not a consequence of leukemic transformation but that it rather fuels the leukemic process.

We next sought to identify enriched pathways in leukemic cells using functional enrichment analysis and protein association network recovery. KEGG and Reactome pathway analyses using STRING and Gene

Ontology enrichment analyses with DAVID uncovered transcriptional misregulation in "cancer", "Ephrin" and several tyrosine kinases signaling pathways as the most significantly enriched pathways in the TgSpi1FA -/-leukemic cells (Supplementary Tables S6 andS7). We then used the Markov clustering (MCL) algorithm of STRING to visualize the functional interactions between the 1128 DEG-encoding proteins identified in the TgSpi1FA -/-leukemic cells compared to their Fanca +/+ nonleukemic counterparts. The STRING tool constructs a global protein network, including direct (physical) as well as indirect (functional) interactions of proteins 43 , and recognizes several clusters embedded in a relatively large network. Notably, we found membrane-associated receptors/ligands, including the WNT/FZD, NOTCH, EPHRIN, and TAM signaling pathways (Supplementary Figure S6A). A large number of genes encoding proteins from the Rho GTPase family were also deregulated. We validated the differential expression of 8 genes by performing RT-qPCR in TgSpi1FA +/+ preleukemic and TgSpi1FA -/-leukemic cells (Supplementary Figure S7).

To examine whether Notch, Ephrin signaling pathway and/or receptors of the RTK subfamily TAM, AXL, MERTK were indeed required for proliferation of TgSpi1FA -/-leukemic cells, we inhibited the γ-secretase activity that is required for efficient activity of these pathways 44,45 , using the inhibitor LY411575 (Supplementary Figure S7B). Cell proliferation was indeed diminished in a dose dependent-manner.

In conclusion, we show that FANCA depletion in TgSpi1 mice triggers the global activation of genes encoding proteins involved in receptor/ligand signaling pathways, sustaining cellular proliferation.

Using GSEA, we observed that compared with TgSpi1FA +/+ preleukemic cells, TgSpi1FA -/-leukemic cells were significantly depleted for functional annotations related to erythroid differentiation, including GATA1 target genes and heme synthesis-related genes (Figure 6B). We used a gene set of highly expressed genes in megakaryocyte-erythroid progenitors (MEPs) compared to CFU-E progenitors described in Haemopedia 46 . MEPs are predominantly erythroid progenitors that give rise to CFU-E 47 . Interestingly, we found that MEP-highly expressed genes relative to the CFU-E signature in TgSpi1FA -/- leukemic cells were upregulated compared to those in TgSpi1FA +/+ preleukemic cells (Figure 6C). Notably, Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 277 Annexes none of the previous pathways enriched in the KEGG, Reactome, Gene Ontology or GSEA databases were enriched in DEGs identified between leukemic and preleukemic TgSpi1 cells that expressed WT FANCA.

Together, these results show that the absence of FANCA increases genes that are expressed in more immature cells than in WT cells, generating contradictory/conflicting signals in cells that are hierarchical and precisely defined during different time points of differentiation. They suggest that the lack of FANCA generates a transcriptomic profile that may interfere with the terminal erythroid differentiation ability.

To test this hypothesis, we analyzed the consequences of FANCA knockdown on erythroid differentiation recovery induced by Spi1 downregulation. We transduced TgSpi1-shSpi1-A2B preleukemic cells derived from TgSpi1FA +/+ mice, which express a doxycycline (dox)-inducible shRNA against Spi1 28 , with an shRNA targeting Fanca (Supplementary Figure S8A andB). Erythroid differentiation was examined according to CD71 and FSC using flow cytometry (Supplementary Figure S8C). As expected, decreased SPI1 expression in TgSpi1-shSpi1-A2B cells triggered their re-entry into the erythroid terminal differentiation program, as deduced from the reduction in the CD71 marker, in the forward scatter (FSC) (Figure 6D and Supplemen- tary Figure S8C) and in hemoglobin synthesis 28 . Compared to CTRL shRNA in the presence of dox, knockdown of FANCA reduced the progression towards erythroid differentiation, as shown by the decreased proportion of polychromatic and orthochromatic erythroblasts (Figure 6D and Supplementary Figure S8C).

These data demonstrate that depletion of FANCA impairs the optimal and efficient achievement of terminal erythroid differentiation.

Collectively, these results indicate that the loss-of-function of FANCA promotes transcription towards basal improvement of proliferative capacity and immature features of cells, and this is associated with selection of cells that are dependent on KIT and RAS signaling to survive. 

DISCUSSION

It is now clear that leukemia arises from progressive accumulation of mutations resulting in the presence of multiple competing clones harboring different mutations. However, a high number of oncogenic mutations can also be found in the genomes of healthy cells 7 and few of them will contribute to leukemia, suggesting the crucial role of still poorly defined mechanisms of clonal selection that increase the fitness of a preleukemic clone to progress towards overt leukemia.

Herein, we provide unexpected evidence that deficiency in the DDR protein FANCA fosters leukemic progression without increasing the rate of mutations but by selecting cells with oncogenic variants. Our data suggest that transcriptional control of nonmutated genes encoding proteins of multiple signaling pathways may favor the propensity of a clone carrying oncogenic driver(s) to expand and thus, to support leukemogenesis (Figure6E).

Comparing the behavior of the TgSpi1FA +/+ mice to that of the TgSpi1FA -/-mice, we demonstrated that FANCA loss of function accelerates anemia, splenomegaly and death associated with the unscheduled expression of SPI1 and allows for full disease penetrance. Although FANCA is required for hematopoietic stem cell (HSC) maintenance and for the optimal differentiation of at least some hematopoietic lineages 16,34,48,49 , its absence did not aggravate either the differentiation block or the BM abnormalities associated with SPI1 overexpression. Clones that emerged in the absence of FANCA are hyperproliferating progenitors able to grow in the absence of cytokines, such as stem cell factor (SCF) or EPO, and to give rise to tumors in recipient mice; these events were observed in less than 20% of the cells derived from TgSpi1 mice expressing WT Fanca.

WES analysis validated that EPO independence and/or tumorigenicity in TgSpi1FA -/-blasts was associated with activating or loss-of-function mutations in the usual suspected genes, including Kit, Nras or Trp53. Considering the similar mutational load observed in the TgSpi1FA -/-and TgSpi1FA +/+ cells and the stochasticity of the mutational events, it seems difficult to hypothesize that the absence of FANCA preferentially induces mutations in particular oncogenes or tumor suppressors. The results suggest that the absence of FANCA must be associated with changes in the intracellular or extracellular environment, which favors the expansion and selection of cells with oncogenic mutations. In agreement with this hypothesis, we identified oncogenic mutations with extremely low VAFs of the Kit or Nras genes in the preleukemic blasts from TgSpi1FA +/+ mice. These mutated cells were not selected in the presence of FANCA and did not expand when engrafted in mice.

Although we cannot exclude a non-cell autonomous effect, we provide experimental evidence that FANCA deficiency exerts a direct biological effect on leukemic cells that is not a consequence but a cause of the leukemic state. Comparing two models of leukemic progression carrying the same oncogenic mutations, one in the presence and one in the absence of FANCA, RNA-seq analysis revealed that the transcriptomic landscape of TgSpi1FA -/-leukemic cells was extremely divergent, not only from that of preleukemic TgSpi1FA +/+ cells but also from that of TgSpi1FA +/+ leukemic cells. Transcriptome analysis of TgSpi1FA -/-leukemic cells revealed a specific upregulation of complex gene networks known for their strong association with leukemia development. In particular, several membrane receptors/ligands or downstream signaling pathways, including WNT/β-catenin, NOTCH and RTK signaling, were transcriptionally up-or downregulated in Fanca-deleted leukemic cells. These targets were not differentially expressed between preleukemic and leukemic cells that expressed WT FANCA, indicating that transcriptomic deregulation is not a consequence of transformation but a direct consequence of FANCA loss of function.

Our data validate and extend several disconnected observations suggesting unscheduled activation of the WNT/β-catenin pathway in Fancc -/-mice 50 or the overexpression of Jagged1 (a Notch ligand) in FANCA - /-or FANCC -/-cells 51 . Unscheduled WNT/β-catenin and NOTCH activation has been described as synergistically involved in AML progression 52 . Here, in TgSpi1FA -/-cells, we identified overexpression of RNAs encoding several receptors that transduce canonical and noncanonical WNT/β-catenin (Frizzled/Lpr5, Vangl2, Celsr2, Ptk7) or NOTCH (Notch1) signaling as well as overexpression of RNAs of several of their key effectors, targets, ligands or partners, including Src, Fyn, Yap1, Jag1 and 2, Aph1a and b (components of the γ-secretase), Hes7 and Hey2. NOTCH signaling, which activation is attested by the upregulation of its targets Hey2 and Hey7, depends on the γ-secretase activity 44 that is positively regulated by the APH1 proteins (APH1a and b) whose RNAs are also upregulated in TgSpi1FA -/-leukemic cells.

γ-secretase activity is not only responsible for the activation of NOTCH signaling but also targets several RTKs 45 , including the Eph-ephrin signaling pathway effectors EPHB2, EPHB4 and EFNB1, as well as the three receptors of the RTK subfamily TAM, AXL, MERTK and TYRO3, whose RNAs are all overexpressed in TgSpi1FA -/-cells. Our data reveal that tumorigenic TgSpi1FA 
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SUPPLEMENTAL DATA Methods

Real-time quantitative PCR (RT-qPCR)

For RT-qPCR using TaqMan, 150 ng of RNA was used to prepare cDNA using Superscript IV Reverse Transcriptase (Life Technologies). qPCR was performed on 5 ng of cDNA in duplicate on the 7500 RT-PCR System (Applied Biosystems) using TaqMan Gene Expression Assays (Applied Biosystems) (Spi1, Mm00488142_m1; Polr2α, Mm00839493_m1; Gapdh, Mm99999915_g1; FancA, Mm01243365_m1). For RT-qPCR using SYBR Green, 500 ng of RNA was reverse-transcribed using a RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific), and qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) on 6.25 ng of cDNA. For the two methods, the mRNA levels were normalized to the Polr2α and/or Gapdh mRNA levels (2 -ΔCt ; ΔCt =CtGene-CtPolr2a or CtGapdh), and the fold change (FC) was calculated relative to the indicated control by the comparative Ct method using the formula 2 -ΔΔCt .

Western blotting

Analysis of cell extracts by Western blotting was performed as described previously 1 . Primary antibodies against phospho-pAKT (Cell Signaling, 4060), AKT (Cell Signaling, 4685), phospho-STAT5 (Cell Signaling, 9351), STAT5 (Santa Cruz, SC835), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (E10) (Cell Signaling, 9106), p44/42 MAPK (Erk1/2) (Cell Signaling, 9102), SPI1 (Santa Cruz,, and HSC70 (Santa Cruz, SC1059) were used for immunostaining. Specific peroxidase-conjugated secondary antibodies (Jackson Laboratory) were used to detect protein expression by an LAS-4000 imager (GE Healthcare) using an enhanced chemiluminescence kit (Pierce). Images were cropped using Photoshop software (Adobe Systems France).

Blood sample analysis

Peripheral blood was collected from mice via their submandibular vein into EDTA-coated tubes, and cells were counted on an MS9-5 hematology counter (Melet Schloesing Laboratory).

Immunohistochemistry

Following fixation of the mouse femurs or spleens in 4% paraformaldehyde, paraffin sections (4μm thick) were treated with xylene and then rehydrated. Heat-induced epitope retrieval was achieved with pH 6 citrate buffer at 98°C for 30 min. Endogenous peroxidase activity was quenched by 3% H2O2 for 10 min. The sections were placed on coverslips (Shandon) and incubated with blocking serum then with a rabbit anti-SPI1 antibody (Cell Signaling, clone 9G7, dilution 1/75) in blocking serum (1/10) for 1 hr. Detection was performed using the Rabbit PowerVision kit (ImmunoVision Technologies), and the signal was revealed with DAB peroxidase substrate solution. Cell nuclei were counterstained with Mayer's hematoxylin solution, and finally, the sections were dehydrated and mounted (Diamount). Bone marrow or spleen sections from each animal were scanned using a virtual slide system (VS120, Olympus) with a 20X objective lens.

Immunofluorescence

Cells were cytospinned on poly-L-lysine-coated slides or on glass Laboratory-Tek slides (Thermo Scientific) coated with SuperFibronectin (Sigma-Aldrich) and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, permeabilized in 0.5% Triton X-100 in PBS for 10 min and blocked with 3% BSA Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France in PBS containing 0.05% Tween-20 for 20 min. For indirect immunofluorescence experiments, incubations with the primary antibody rabbit anti-53BP1 (Abcam) were performed overnight at 4 °C, followed by incubations for 1 h with Alexa 592-conjugated secondary antibodies (Molecular Probes, Invitrogen) at room temperature and in the dark. Slides were air-dried and mounted using Fluoromount G (Southern Biotech) with DAPI. Images were captured using an Axiocam Mrm camera (Carl Zeiss) connected to an Axio observer Z1 microscope (Carl Zeiss) with a 63x/1 oil immersion objective. Acquisitions were made using Axiovision software (Carl Zeiss). The images were then imported in ImageJ, pseudocolored and merged using the same software.

Metaphase chromosome staining

Erythroid blast cells were incubated with colcemid (0.1μg/mL) for 3 hours at 37°C, and metaphase spreads were obtained using standard procedures as previously described 2 . Briefly, cells were incubated in hypotonic solution (0.075 M KCl) for 15min at 37°C, and the reaction was stopped by adding freshly prepared fixative solution (3:1 methanol/glacial acetic acid), followed by spreading on SuperFrost Plus slides (Thermo Scientific). Fluorescence in situ hybridization (FISH) analysis was performed according to the manufacturer's protocol (Telomere PNA FISH Kit/Cy3, Dako). Metaphases from each sample were blindly scored for chromosome deletions, gaps, fragments and fusions.

Cell transplantation into immunodeficient recipient mice

Transplantation was performed with 10 7 cells from splenic cells derived from splenomegaly of sick mice into Swiss nude mice as previously described 3 (three mice per assay).

Virus production

For lentiviral production, HEK293T cells (Thermo Scientific) were plated in 100-mm poly-L-lysine-coated plates (BD Biosciences) with DMEM complete media (containing 10% FBS, 1% L-glutamine and penicillinstreptomycin) (Life Technologies). The plasmid mixture was prepared for cotransfection following the manufacturer's protocol for the Lipofectamine 2000 transfection reagent (Life Technologies). The cotransfection mixture consisted of a plasmid containing shRNA Fanca (pGIPZ lentiviral shRNA Fanca, Thermo Fisher Scientific, V3LMM_438296, AACACAACGAACTGAAACT) with packaging helper virus plasmids. One day after transfection, the medium was changed to fresh DMEM complete medium for virus production. Forty-eight hours posttransfection, lentivirus-containing supernatants were retrieved by filtering through 0.45μm cellulose acetate filters and concentrated using ultracentrifugation.

Lentiviral Transduction

TgSpi1FA +/+ erythroblasts were plated at a concentration of 10 6 cells/mL in complete media supplemented with EPO (1 U/mL) and transduced with viral particles. Eight hours later, the cells were diluted to a concentration of 10 5 cells/mL. Forty-eight hours postinfection, GFP-positive cells were sorted using a FACSAria instrument (BD Biosciences) and expanded in complete media supplemented with EPO (1 U/mL) for future experiments.

Primers for RT-qPCR

The following primers (Eurogentec) were used for qPCR using SYBR green: GAPDH (forward 5'-CAT-CAC-TGC-CAC-CCA-GAA-GAC-TG-3' and reverse 5'-ATG-CCA-GTG-AGC-TTC-CCG-TTC-AG-3'); EphB4 (forward 5'-GTG-CTG-GAC-TAC-GAG-GTC-AAG-T-3' and reverse 5'-TAC-CTG-GAC-CAG-ATA-GCT-GGC-T-3'); Fyn (forward 5'-CAG-TTG-ACT-CCA-TCC-AGG-CAG-A-3' and reverse 5'-CAC-GGA-TGG-AAA-GTG-AGT-AGG-C-Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 287 Annexes 3') ; Jag1 (forward 5'-TGC-GTG-GTC-AAT-GGA-GAC-TCC-T-3' and reverse 5'-TCG-CAC-CGA-TAC-CAG-TTG-TCT-C-3'); Jag2 (forward 5'-CGC-TGC-TAT-GAC-CTG-GTC-AAT-G-3' and reverse 5'-TGT-AGG-CGT-CAC-ACT-GGA-ACT-C-3'); Notch1 (forward 5'-GCT-GCC-TCT-TTG-ATG-GCT-TCG-A-3' and reverse 5'-CAC-ATT-CGG-CAC-TGT-TAC-AGC-C-3'); Lrp5 (forward 5'-CCT-CAC-CAT-TGA-TTA-TGC-CGA-CC-3' and reverse 5'-GAT-CGT-CAG-CTA-TCA-CCA-TGC-G-3'); Fzd6 (forward 5'-GTA-TCT-CTG-CGG-TCT-TCT-GGG-T-3' and reverse 5'-CTC-ACA-GGA-CTC-TTG-CAG-CAC-T-3') ; Vangl2 (forward 5'-GCA-TCC-TTC-AGC-ACC-TGG-AGT-T-3' and reverse 5'-TCG-CTC-ACC-AAG-GTC-CAC-TGT-T-3').

RNA-seq

RNA-seq libraries were generated from 300 ng of total RNA with the Illumina® TruSeq® RNA Sample Preparation Kit v2 (Part Number RS-122-2001). One hundred base-pair paired-stranded reads were sequenced on an Illumina HiSeq 4000 system with multiplex sequencing. Sequencing was performed to obtain at least 2x50x10 6 reads for each sample. Sequence reads were mapped onto the mm10/GRCm38 assembly of the mouse genome using STAR v2.5.3a 4 . Gene expression was quantified using htseq-count v0.6.1p1 5 with gene annotations from Ensembl release 98. Statistical analysis was performed using R (3.3.2). Read counts were normalized across samples with the median-of-ratios method proposed by Anders and Huber 6 to make these counts comparable between samples. Differential gene expression analysis was performed using the method proposed by Love et al. 7 and implemented with the Bioconductor package DESeq2 version 1.16.1. P-values were adjusted for multiple testing using the Benjamini and Hochberg method. Pathway analyses were performed using DAVID 8 and STRING v11 with the highest confidence interaction score (0.9). Biological processes (BP) pathways are shown from analyses using DAVID and KEGG and Reactome pathways from analyses using STRING. Enrichment analyses were performed using gene set enrichment analysis (GSEA) v4.1 9 . All gene sets in MSigdb v7 have been investigated from RNA-seq data comparing TgSpi1FA +/+ and TgSpi1FA -/-samples 10 . The MEP gene signature was generated by selecting the top 200 upregulated genes in MEPs (FC>2; P<0.05) compared to CFU-E progenitors using the Haemosphere atlas of gene expression 11 .

Whole-exome sequencing

Genomic DNA was isolated from cells using the QiAamp DNA Micro Kit (Qiagen). Two hundred nanograms of genomic DNA was sheared with the Covaris E220 system (LGC Genomics/Kbioscience). DNA fragments were end-repaired, extended with an 'A' base on the 3' end, ligated with paired-end adaptors with the Bravo Platform (Agilent) and amplified (ten cycles). Exome-containing adaptor-ligated libraries were hybridized for 40 h with biotinylated oligo RNA baits using SureSelect Mouse All Exon (Agilent) and enriched with streptavidin-conjugated magnetic beads. The final libraries were indexed, pooled and sequenced using the onboard cluster method as paired-end sequencing (2x100 bp reads) on an Illumina HiSeq 2000 sequencer on the Gustave Roussy genomic platform.

Bioinformatics analysis of Whole-Exome Sequencing

Whole-exome sequence reads were mapped to the mouse genome build mm9 by using the Burrows-Wheeler Aligner MEM algorithm (BWA version 0.7.10) 12 with the following parameter: -A 2. For compatibility with the Genome Analysis Toolkit (GATK), the read group ID was attached to every read in the resulting alignment file (bam file) with the -R parameter, and shorter split hits were marked as secondary with -M. The duplicate reads were removed by Picard MarkDuplicates (version 1.119 -"Picard Toolkit" 2019, Broad Institute, GitHub Repository. http://broadinstitute.github.io/picard/) using a position sorted Deciphering the mechanisms of SPI1/PU.1 transcription factor in gene repression in erythroleukemia bam file. Alignments around indels have been corrected using GATK 3.2 RealignerTargetCreator followed by GATK IndelRealigner. Base quality score recalibration (BQSR) was performed with GATK BaseRecalibrator followed by GATK PrintReads. In the first pass of the BQSR method, the parameter -knownSites was used to specify one database of known polymorphic sites: dbSNP128. Samtools version 0.1.18 13 was used to generate mpileup files from bam files obtained in previous steps using the following parameters: -A -B -q 20.

Detection of Single Nucleotide Variant

Somatic short variant (SNV and indel) calling was performed using Varscan somatic version 2.3.7 14 in tumor samples with DNA from the mouse tail as a reference sample with the following parameter: -minvar-freq 0.1. Only variants with a P value <0.0001 were kept. ANNOVAR program version 141112 was used to annotate variants 15 . In this tool, the relevant transcripts are reported based on the refGene database 16 . The presence of the variant in dbSNP128 and/or in FVBNJ and DBA2J strains from Mouse Genome Project Release 1211 was added to the annotations 17 . We excluded synonymous SNVs, polymorphisms (SNPs) as defined in dbSNP 128, variants located in intergenic, intronic, untranslated regions and noncoding RNA regions.

Selection of Single Nucleotide Variant

The selection of functional variants reported in Figure 5 was performed by searching the mutated candidates among the comprehensive list of "cancer genes", including the Catalog of Validated Oncogenic Mutations of the Cancer Genome Interpreter (CGI) database 18 and the Cancer Gene Census of the COSMIC (v92) database 19 . If mutated genes were not found in these two categories, we selected the genes if the mutations were observed at least 5 times among the curated database of somatic mutations of COSMIC 20 . All variants were confirmed through visualization with IGV (2.3.88).

Detection of Copy Number variation (CNV)

CNV was identified with Control-FREEC version 9.1 (from pileup files generated using samtools v0.1.18) with the following parameters: breakPointThreshold = 0.8, breakPointType=2, degree = 1, minCNAlength = 1, noisyData = TRUE, ploidy = 2, readCountThreshold = 50 21 .

CNV details for each sample are described in Supplementary Table S3. Supplementary Table S2 presents the gain and loss of genomic DNA in each gene. When both were found in the same gene, they are indicated as gain+loss.

Data and Code availability

High-throughput data generated are provided in Gene Expression Omnibus under accession number GSE164411. Scatter dot plots represent the flow cytometry analysis of markers for populations enriched in CD4 + T lymphocytes (CD4 + CD8 -) (A), CD8 + T lymphocytes (CD4 -CD8 + ) (B), granulocytes (CD11b + Gr1 + ) (C) and B lymphocytes (CD19 + B220 + ) (D) from whole bone marrow of from 3-to 4-month-old FA +/+ and FA -/-mice and moribund TgSpi1FA -/-and TgSpi1FA +/+ mice. Histograms indicated the mean±SEM. Statistical analysis was carried out using the Mann-Whitney test.

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Supplementary Fig. S3: Fanca deletion is not directly responsible for EPO independence. (A) Representative immunoblot of whole-cell extracts from TgSpi1FA +/+ and TgSpi1FA -/-EPO-dependent cells cultured with EPO analyzed with anti-pSTAT5, total STAT5, anti-pAKT, total AKT, anti-pERK1/2 and total ERK antibodies. (B) RT-qPCR of Fanca mRNA in TgSpi1FA +/+ preleukemic cells derived from three independent sick mice 7 days postinfection with virus expressing shRNA against Fanca (shFanca) or scrambled shRNA (shCTRL) (mice #445, #479, #138). Histograms represent the mean fold change of two experiments relative to their respective control shRNA ± SEM, calculated from the 2 -ΔΔCt values (ΔCt, Ctgene-CtGapdh). (C) Preleukemic cells isolated from the spleens of sick TgSpi1FA +/+ mice infected with shCTRL (blue line) or shFanca (shFA, red line) were seeded 7 days post-infection at 5x10 4 cells/mL in liquid medium with (+EPO, full line) or without EPO (-EPO, dashed line). Living cells were counted on the days indicated using the trypan blue exclusion test. Data are mean ±SEM of 3 independent experiments. 
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Supplementary Tables

Supplementary Table S1. Single nucleotide variants (<200 bp) were called as described in the methods for preleukemic (TgSpi1FA +/+ ) and leukemic (TgSpi1FA -/-) primary cells derived from the spleens of sick mice identified by exome sequencing. Identification number of mice is indicated. The official name corresponds to the accession name of RNA corresponding to the genes (NCBI). Variant allele frequencies (VAFs) are indicated. S2. Copy number variation (>200 bp) called using Control-FREEC in preleukemic (TgSpi1FA +/+ ) and leukemic (TgSpi1FA -/-) primary cells derived from the spleens of sick mice identified by exome sequencing. Identification numbers of mice are indicated for each mouse analyzed. Genes located in X and Y chromosome were excluded. For each gene, gain or loss or gain/loss or NA (no gain or loss) status are indicated. S3. Copy number variation (>200 bp) called using Control-FREEC in preleukemic (TgSpi1FA +/+ ) and leukemic primary cells derived from the spleens of sick (TgSpi1FA -/-) mice identified by exome sequencing. All CNVs are reported, and the positions are indicated for each mouse. S4. Comparison of the transcription levels between TgSpi1FA -/-leukemic (3 independent mice, #26, #28, #39) and TgSpi1FA +/+ preleukemic (4 independent mice, #138, #445, #451, #479) cells cultured in the presence of EPO. Linear FC; linear fold change of leukemic TgSpi1FA -/-versus preleukemic TgSpi1FA +/+ . S5. Comparison of the transcription levels between TgSpi1FA +/+ leukemic (3 independent mice) and TgSpi1FA +/+ preleukemic (4 independent mice) cells cultured in the presence of EPO. Linear FC; linear fold change of leukemic versus preleukemic cells. S6. Pathway analysis using DAVID (GO_Biological Processes, BP, P<0.001) and STRING (KEGG or Reactome, P<0.05) are shown with the gene names differentially expressed for each enriched pathway. S7. Comparison of the expression of genes encoding receptor tyrosine kinase (RTK), NOTCH and WNT families between TgSpi1FA -/-leukemic (3 independent mice, #26, #28, #39) and TgSpi1FA +/+ preleukemic (4 independent mice, #138, #445, #451, #479) cells cultured in the presence of EPO. Differential expression of genes is indicated in blue for equally expressed genes, pink for upregulated genes and green for downregulated genes in TgSpi1FA -/-leukemic cells.
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