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Resumé

La régulation des gènes chez les vertébrés implique une multitude de régulateurs et de mécanismes cellulaires destinés à orchestrer des interactions complexes contr ôlant les réponses cellulaires et constituant la base de l'établissement de l'identité cellulaire. La régulation transcriptionnelle est considérée comme le premier niveau pour moduler l'expression génique. Pour augmenter le niveau de transcription basal des gènes, les promoteurs doivent interagir avec des regions génomiques activatrices comme les amplificateurs. Les gènes qui contr ôlent l'identité cellulaire sont fréquemment associés avec des regions très riches en amplificateurs, appelées super-amplificateurs. Les super-amplificateurs sont très sensibles aux changements de concentration des protéines qui leur sont liées et ils présentent une haute inter-connectivité au niveau de la chromatine. Également, les super-amplificateurs sont souvent organisés dans le noyau cellulaire en tant que régions isolées délimitées par des protéines architecturales, telles que le facteur de liaison à CCCTC (CTCF). Considérant les réseaux complexes que les superamplificateurs peuvent former avec leurs gènes cibles, il existe l'hypothèse qu'ils peuvent participer à la formation des agrégats par séparation de phase. D'autre part, CTCF possède des fonctions pléïotropiques qui dépendent des sites de liaison à l'ADN et du type d'interactions de la chromatine dans lesquelles il est impliqué. En plus de conférer une isolation aux régions génomiques des super-amplificateurs, CTCF est important pour l'isolation des domaines structurels dans les génomes et pour la formation de boucles d'ADN. Pour ces raisons, les superamplificateurs et CTCF sont considérés comme des acteurs centraux de l'organisation tridimensionnelle du génome ayant un impact direct sur la régulation de l'expression génique.

x Abstract Gene regulation in vertebrates involves a multitude of regulators and cellular machineries to orchestrate complex interactions that control cellular responses and are the basis to establish cell identity. Transcriptional regulation is considered as the first layer to modulate the expression level of a gene. In order to achieve efficient transcription, promoters have to interact with enhancers. Cell identity genes tend to be associated with clusters of enhancers, referred as super-enhancers, which are highly sensitive to changes in concentration of their binding proteins and display high chromatin interconnectivity. Super-enhancers are frequently organized in the nucleus as insulated neighborhoods delimited by architectural proteins, such as, the CCCTC-binding factor (CTCF). Considering the complex networks that super-enhancers can form with their target genes, it has been hypothesized that they can participate in the formation of phase separated foci. On the other hand, CTCF has pleiotropic functions that depend on their binding sites and on the type of chromatin interactions in which it is involved. Besides conferring insulation to super-enhancer neighborhoods, CTCF is important for the insulation of structural domains in general and in the formation of DNA loops. For these reasons, both super-enhancers and CTCF are considered as central players in the genome organization that directly impact the regulation of gene expression.

Even though the functions of super-enhancers and CTCF have been extensively investigated in mammalian genomes, the conservation of their functions in the genomes of phylogenetically distant vertebrates from mammals has remained largely unexplored. Here, to gain insight into their functional conservation, analyses of super-enhancers and CTCF in zebrafish were performed. Super-enhancers annotated in zebrafish show high cell and tissue specificity, and the main difference identified when compared to mouse and human super-enhancers is their distribution relative to transcription start sites. Conservation analyses indicate that superenhancers do not have higher sequence conservation than typical enhancers. Nevertheless, by restricting the analysis to those super-enhancers that are located in close proximity to orthologs in zebrafish, mouse and human, it is possible to identify a subset of super-enhancers that have higher sequence conservation than the rest. Comparison of the expression patterns driven by constitutive regions of two super-enhancers associated with orthologs enabled the identification of regions controlling similar expression patterns in spite of no evident sequence conservation. Regarding CTCF, analyses of the small fraction of CTCF binding regions that overlap promoters indicate a correlation between the abundance of CTCF and gene expression, which could be explained by blockage of nucleosome deposition at those promoters. Importantly, in contrast to the observed distribution of CTCF around contact domains in mammalian genomes, CTCF is not enriched at boundaries of domains in zebrafish embryos.

In summary, these results show evidence of conserved and divergent functions of gene regulators throughout vertebrate evolution and set a precedent for studies of genome organization in zebrafish. Future integration of super-enhancer annotations and CTCF binding regions will be important to analyze the contribution of these and additional regulators in this intricate process. xi 1. Introduction

Gene regulation enters biology spotlight

Vertebrates are a subphylum of Chordata characterized by the presence of a backbone or spinal column, and as multicellular organisms, they represent mosaics of cell types. Understanding what mechanisms and regulators control cellular fate and lead to the observed variety of morphologies and physiologies has been one of the longstanding questions in biology. One of the first hypothesis to explain this phenomenon was that fate depends on the presence of a given set of genes, thus, non-essential genes for a cell type would have to be lost during differentiation. However, this hypothesis was discarded in light of the results obtained by nuclei transplantation experiments in frog eggs. In these experiments the nucleus of a differentiated cell from the intestine epithelium was injected into enucleated eggs giving rise to normal adult frogs. The fact that nuclei of differentiated cells are able to resume normal development indicates that those cells have all the genes required to form different specialized cell types and that non-expressed genes are not permanently inactivated. Moreover, the results of these experiments suggested a role of cytoplasmic components in the regulation of gene expression [START_REF] Gurdon | Transplanted nuclei and cell differentiation[END_REF]. This first indication that the genome was the major commonality between different cell types of an organism was confirmed through sequencing of whole genomes, and it applies to almost all healthy somatic cell types with clear exceptions, such as, cells from the immune system which genomes undergo recombination of specific loci [START_REF] Market | V(D)J recombination and the evolution of the adaptive immune system[END_REF]. In consequence, it was concluded that if there are no major differences in terms of gene content, what generates the myriad of cells types is the precise regulation of genes. Initial understanding of gene regulation was gained through studies of enzymatic induction in bacteria. Importantly, those studies demonstrated the existence of regulatory sequences and gene products that could impact the expression of other genes [START_REF] Pardee | The role of the inducible alleles and the constrtutive alleles in the synthesis of beta-galactosidase in zygotes of Escherichia coli[END_REF][START_REF] Jacob | Genetic regulatory mechanisms in the synthesis of proteins[END_REF]. In contrast to bacteria, eukaryotic cells are more complex structures in which the genome is confined to a nucleus and packed by histones constituting nucleosomes that arrange into chromatin fibers. Therefore, gene expression in vertebrates and other eukaryotes is influenced by more layers of regulation than in bacteria, and these regulatory events occur both in the nucleus and in the cytoplasm. In this work I have focused on the first regulatory layer of gene expression that is transcriptional regulation, and in particular, on mechanisms and regulators controlling initiation and maintenance of transcription.

Transcriptional regulation

Gene transcription in eukaryotes can be orchestrated by three protein complexes named RNA polymerase I, II and III (Pol I, Pol II and Pol III) that undergo the main steps of initiation, elongation and termination to synthesize different classes of RNAs. Detailed structural analyses of these protein complexes have determined that, in contrast to their mechanisms of elongation that are conserved, the mechanisms that trigger initiation of transcription differ. Substantial differences are mainly observed by comparing the structures of Pol I and Pol II, and it has been hypothesized that these differences may explain the evolution of three polymerases in eukaryotes to regulate different target genes [START_REF] Engel | Distinct Mechanisms of Transcription Initiation by RNA Polymerases I and II[END_REF]. While Pol I and Pol III transcribe genes of noncoding RNAs, most of the RNAs in a eukaryotic cell, including messenger RNAs (mRNAs), are transcribed by Pol II. Comparative analysis of the yeast and human Pol II structures during transcriptional initiation have revealed that these complexes are conserved in eukaryotes [START_REF] Hantsche | ScienceDirect Conserved RNA polymerase II initiation complex structure[END_REF].

To initiate transcription, polymerases have to interact with basal, or general, transcription factors that recruit them to flanking sequences of the transcription start sites (TSSs), known as core promoters, to assemble the preinitiation complex. In the case of Pol II, the factors with which it interacts are denoted as transcription factors for Pol II (TFII) and their loading occurs in sequential order. First, TFIID recognizes and binds distinctive sequence motifs of the core promoter and in combination with TFIIB and TFIIA, it induces DNA bending which favors the loading of Pol II pre-bound to TFIIF and TFIIE. After formation of the complex, the factors mediate unwinding of DNA that enables Pol II to scan the sequence and find the TSS to initiate transcription. When the newly synthesized RNA reaches a critical length and the Pol II carboxy-terminal domain (CTD) has been phosphorylated by TFIIH, the initiation complex dissociates and Pol II strengths its interaction with DNA to start the loading of the elongation complex [START_REF] Alberts | Molecular Biology of the Cell[END_REF][START_REF] Engel | Distinct Mechanisms of Transcription Initiation by RNA Polymerases I and II[END_REF]. The initiation complex also comprises the co-activator complex Mediator that stabilizes the interactions between Pol II and the basal transcription factors. Furthermore, it has been determined that Mediator has additional functions during transcriptional regulation. For instance, based on current evidence it has been proposed that Mediator first interacts with distal regulatory sequences to be next used as a bridge between those sequences and core promoters, where it facilitates the assembly of the initiation complex and later its disassembly by stimulating TFIIH kinase activity [START_REF] Jeronimo | The Mediator Complex: At the Nexus of RNA Polymerase II Transcription[END_REF]. Finally, Mediator participates in alleviating Pol II pausing that occurs in most promoters after the initial extension of RNA to tenths of nucleotides [START_REF] Jeronimo | The Mediator Complex: At the Nexus of RNA Polymerase II Transcription[END_REF][START_REF] Mayer | Pause & go: from the discovery of RNA polymerase pausing to its functional implications[END_REF].

As mentioned, basal transcription factors bind to core promoters in order to initiate transcription. Nevertheless, transcription mediated solely by core promoters is not efficient and additional regulatory sequences, known as cis-regulatory elements, have to contribute increasing the levels of basal transcription [START_REF] Wittkopp | Cis-regulatory elements: Molecular mechanisms and evolutionary processes underlying divergence[END_REF]. The main regulatory elements and their mechanisms of action are described in the following sections.

Promoters

In general, promoters are defined as the sequences surrounding the TSSs including the core promoter and its upstream sequence (proximal promoter). Based on the presence of a single or multiple TSSs, promoters can be classified into focused or dispersed promoters, respectively. The selection of a specific TSS within dispersed promoters is partially mediated by nucleosome positioning [START_REF] Forrest | A promoter-level mammalian expression atlas[END_REF].

Core promoters frequently contain sequence motifs that are recognized by the basal transcription factors. These motifs include the TATA box that is located ∼30 bp upstream of the TSS and conserved throughout eukaryotes, the Initiator motif that overlaps TSSs and TFIIB recognition elements, among others [START_REF] Decker | Transcription Regulation at the Core: Similarities Among Bacterial, Archaeal, and Eukaryotic RNA Polymerases[END_REF][START_REF] Haberle | Eukaryotic core promoters and the functional basis of transcription initiation[END_REF]. It should be noted that sequence motifs are not present in all core promoters, for instance, only a small percentage of mammalian core promoters contain the TATA box [START_REF] Gershenzon | Synergy of human Pol II core promoter elements revealed by statistical sequence analysis[END_REF] and the presence of several motifs within a single core promoter might be contra produc-tive in the disassembly of the initiation complex. This observation supports a model in which different combinations of motifs influence the factors that bind to the core region, conferring a similar regulation than the one mediated by differential usage of σ factors in bacteria [START_REF] Decker | Transcription Regulation at the Core: Similarities Among Bacterial, Archaeal, and Eukaryotic RNA Polymerases[END_REF]. Also, sequence analyses of the promoters of housekeeping genes and genes involved in vertebrate development have depicted CpG islands as an additional characteristic of these promoters [START_REF] Deaton | CpG islands and the regulation of transcription[END_REF].

At the chromatin level, active promoters are distinguished by high abundance of two chromatin marks, tri-methylation of lysine 4 on histone H3 (H3K4me3) and acetylation of lysine 27 on histone H3 (H3K27ac) [START_REF] Barski | High-Resolution Profiling of Histone Methylations in the Human Genome[END_REF]). Notably, promoters of genes that play important functions in development are often found in a poised state in pluripotent cells. This state is delineated by bivalent enrichment on the active mark H3K4me3 and the repressive mark trimethylation of lysine 27 on histone H3 (H3K27me3) [START_REF] Azuara | Chromatin signatures of pluripotent cell lines[END_REF][START_REF] Bernstein | A Bivalent Chromatin Structure Marks Key Developmental Genes in Embryonic Stem Cells[END_REF]. Given the lack of a consensus sequence at core promoters, efforts to identify active promoters have relied on mapping 5' ends of RNA and nascent RNAs, as well as, on mapping active histone marks by chromatin immunoprecipitation followed by sequencing (ChIP-seq) [START_REF] Forrest | A promoter-level mammalian expression atlas[END_REF][START_REF] Danko | Identification of active transcriptional regulatory elements from GRO-seq data[END_REF]Guenther et al. 2007). Although there is high correlation between the presence of certain chromatin marks and active transcription, the functionality of these marks at promoters remains elusive and no causal correlation has been established [START_REF] Haberle | Eukaryotic core promoters and the functional basis of transcription initiation[END_REF]. In addition, active promoters have a well define nucleosome organization in which core promoters appear as nucleosome free regions [START_REF] Mavrich | Nucleosome organization in the Drosophila genome[END_REF]Valouev et al. 2011), however, an alternative explanation for this observation is that active promoters are enriched on unstable histone variants, as it has been determined in human cells [START_REF] Jin | H3.3/H2A.Z double variantcontaining nucleosomes mark "nucleosome-free regions" of active promoters and other regulatory regions[END_REF].

In contrast to core promoters, proximal promoters are not mainly bound by the basal transcription factors, but rather by specific transcription factors that enable the binding of coactivators. In consequence, proximal promoters are often considered as proximal enhancers as their features more closely resemble those of enhancers, described below.

Enhancers

Enhancers are cis-regulatory elements that boost the expression of their target genes irrespectively of their location relative to promoters, being able to act at long distances from their target promoters. This definition was derived from the seminal discoveries reached by transfecting the rabbit β-globin gene into HeLa cells using vectors carrying simian virus 40 (SV40) DNA, of which a 72 bp region become the first enhancer identified [START_REF] Banerji | Expression of a β-globin gene is enhanced by remote SV40 DNA sequences[END_REF]; for a historical review of the discovery of enhancers see [START_REF] Schaffner | Enhancers, enhancers -From their discovery to today's universe of transcription enhancers[END_REF]. Soon after the identification of viral enhancers, cellular enhancers were also characterized denoting another of their characteristics, tissue specificity [START_REF] Banerji | A lymphocyte-specific cellular enhancer is located downstream of the joining region in immunoglobulin heavy chain genes[END_REF]. Enhancers have been identified in a large number of organisms and they outnumber protein coding genes (Creyghton et al. 2010;Aday et al. 2011;[START_REF] Shen | genome[END_REF]Villar et al. 2015;Visel et al. 2009). In eukaryotes with compact genomes, such as yeast, most of the transcriptional regulation occurs at promoters, nevertheless, gene expression can also be influenced by additional features encoded in the sequence, including 3' untranslated regions (UTR) and codon biases [START_REF] Schikora-Tamarit M À | Promoter Activity Buffering Reduces the Fitness Cost of Misregulation[END_REF]. Importantly, by analyzing the transcriptional regulation of one of the closest unicellular organisms to metazoan it was determined that enhancers with distal activity are an innovation related to multicellularity [START_REF] Sebé-Pedr Ós | The Dynamic Regulatory Genome of Capsaspora and the Origin of Animal Multicellularity[END_REF]).

Enhancers activate their target genes by recruiting transcription factors (TFs) that bind to short DNA motifs, transcription factor binding sites (TFBSs). In turn, TFs interact with coactivators, including Mediator, which participate in the remodeling of chromatin to facilitate transcription initiation [START_REF] Roeder | Transcriptional regulation and the role of diverse coactivators in animal cells[END_REF]. The content and distribution of TFBSs within enhancers is commonly known as the enhancer grammar and the first models to describe the association of TFs within enhancers are based on it. The enhanceosome model describes enhancers in which TFs act by direct cooperativity constraining sequence variation, as they have to recognize their TFBSs in a strict order. On the other hand, the billboard model describes enhancers in which cooperativity of TFs is indirect and therefore, they can buffer variations in their TFBSs. While these two independent models are supported by experimental data, the current vision of TF interactions within enhancers points towards a unifying model, in which cooperativity of TFs can be direct or indirect in different regions of the same enhancer and thus, sequence constraints are not uniform along the enhancer [START_REF] Long | Review Ever-Changing Landscapes: Transcriptional Enhancers in Development and Evolution[END_REF]. It is generally accepted that TF cooperativity facilitates chromatin remodeling of enhancers to achieve nucleosome eviction leaving TFBSs exposed. An alternative mechanism that has been proposed to guide the recognition of TFBSs within enhancers, relies on the functions of "pioneer" TFs. These TFs can prime enhancers to be later bound by additional TFs and become active. Nevertheless, only few pioneer TFs have been identified and the mechanism enabling subsequent binding of TFs remains unclear [START_REF] Calo | Modification of Enhancer Chromatin: What, How, and Why?[END_REF][START_REF] Levine | Looping Back to Leap Forward: Transcription Enters a New Era[END_REF]. As suggested for promoters, the presence of unstable histone variants could also mediate the accessibility of TFBSs in enhancers [START_REF] Calo | Modification of Enhancer Chromatin: What, How, and Why?[END_REF].

Conserved noncoding elements in the genome are enriched on elements showing enhancer functionality. Indeed, the first efforts to systematically identify enhancers genome-wide were guided by sequence conservation and they demonstrated that highly conserved noncoding elements can be enhancers mainly associated with developmental genes [START_REF] Nobrega | Scanning human gene deserts for long-range enhancers[END_REF][START_REF] Bejerano | Ultraconserved elements in the human genome[END_REF][START_REF] Woolfe | Highly Conserved Non-Coding Sequences Are Associated with Vertebrate Development ed. Sean Eddy[END_REF][START_REF] Pennacchio | In vivo enhancer analysis of human conserved non-coding sequences[END_REF]. This type of approach has even been applied to identify conserved enhancers between species in the two distant animal clades of deuterostomes and protostomes (Clarke et al. 2012). However, most enhancers show low conservation at the sequence level (Villar et al. 2015) and growing evidence suggests that among enhancers, active enhancers during development tend to have higher sequence conservation. For example, comparison of evolutionary conservation of active enhancers identified in three tissues during mouse development determined that the most conserved enhancers showing the highest sequence constraints are those active during early embryogenesis (Nord et al. 2013). Also, demethylated regions overlapping active enhancer marks during the phylotypic stage (i.e. they stage at which organogenesis starts and animals have the highest resemblance to other species) in zebrafish and mouse have higher sequence conservation that equivalent regions identified at earlier time points (blastula or gastrula stages) or in adult tissues, suggesting constraints in the enhancers that contribute to the establishment of the body plan in vertebrates (Bogdanović et al. 2016). Analyses of enhancers at specific loci have illustrated that although overall sequence conservation of an enhancer could be low, it is possible to identify conserved small regions/TFBSs flexibly arranged within the enhancer that can confer functional conservation (Hare et al. 2008;[START_REF] Rastegar | The words of the regulatory code are arranged in a variable manner in highly conserved enhancers[END_REF]. This observation has been challenged at the genome-wide level by comparing shared enhancers between Drosophila melanogaster and other four Drosophila species, concluding that significant differences in the sequence conservation of shared and non-shared enhancers between species are only detectable when analyzing specific TFBSs instead of whole enhancer regions [START_REF] Arnold | Quantitative genome-wide enhancer activity maps for five Drosophila species show functional enhancer conservation and turnover during cis-regulatory evolution[END_REF]). In addition, comparative analyses of sequence conservation of enhancers and promoters in 20 mammalian genomes have determined that enhancers have more rapid evolution than promoters and suggest that new enhancers are preferentially born by exaptation (i.e. a new adaptation relative to the original function) of ancient DNA sequences rather than by expansion of repeats (Villar et al. 2015). As such, notwithstanding the well documented examples of enhancers with high sequence conservation, it is possible to conclude that most enhancers have low sequence conservation, generally restricted to small sequences that most likely correspond to TFBSs. . Representation of a DNA loop formed by the interaction of a promoter and its specific enhancer. Adapted by permission from RightsLink: Springer Nature from [START_REF] Shlyueva | Transcriptional enhancers: From properties to genomewide predictions[END_REF] After the discovery of enhancers and in view of the fact that they can exert their functions distantly from their target genes, it was proposed that enhancer-promoter communication is established via DNA looping. This idea was derived from observations of the lac operator functions in Escherichia coli [START_REF] Oehler | The three operators of the lac operon cooperate in repression[END_REF]). However, it had not been possible to test this hypothesis until the development of two techniques: chromatin conformation capture (3C) and DNA fluorescence in situ hybridization (FISH). 3C works by crosslinking chromatin to obtain a snapshot of the interactions at a given time, followed by digestion, religation and amplification of specific pairs of loci of interest to calculate the frequency of interactions between those genomic regions [START_REF] Dekker | Capturing chromosome conformation[END_REF]. In contrast, FISH relies on fluorescent probes to bind chromatin loci, thus enabling to measure distances between loci and test for colocalization using microscopy. Importantly, high-throughput versions of the 3C technique started being applied to identify long-range interactions in human cells as part of the ENCODE project [START_REF] Dunham | An integrated encyclopedia of DNA elements in the human genome[END_REF]. The original identification of long-range interactions between 1% of the human genome showed that enhancer-promoter interactions were enriched among the interactions identified, and together with promoter-promoter interactions, they have the highest cell type specificity [START_REF] Sanyal | The long-range interaction landscape of gene promoters[END_REF]). For instance, even genes that have common expression in different cell types can interact with a completely distinct set of enhancers according to the cell type (Kieffer-Kwon et al. 2013). As mentioned above, Mediator has been proposed to act as a bridge between enhancers and promoters and, therefore, to participate in the stabilization of DNA loops. In addition, cohesin is another protein complex known to be involved in DNA looping, see Figure 1 [START_REF] Kagey | Mediator and cohesin connect gene expression and chromatin architecture[END_REF]). However, enhancer-promoter communication is not necessary a one-to-one mechanism [START_REF] Sanyal | The long-range interaction landscape of gene promoters[END_REF]. This can be exemplified by the determination that transcriptional bursting of two promoters controlled by a single enhancer can occur concomitantly in Drosophila embryos [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF].

Besides their general low sequence conservation, an emerging hallmark of enhancers is active transcription from these loci. The transcripts generated from enhancers are referred as enhancer RNAs (eRNAs), they are transcribed bidirectionally by Pol II, but in contrast to mR-NAs, they are not polyadenylated, rarely spliced and exosome-sensitive [START_REF] Rothschild | Lingering Questions about Enhancer RNA and Enhancer Transcription-Coupled Genomic Instability[END_REF]. Interestingly, transcription of eRNAs is highly correlated with enhancer activity [START_REF] Kim | Widespread transcription at neuronal activity-regulated enhancers[END_REF][START_REF] Andersson | An atlas of active enhancers across human cell types and tissues[END_REF]. Despite this correlation, their functions remain largely elusive and one plausible explanation for their transcription is that they are byproducts of active chromatin regions. However, there are indications that eRNAs could in fact participate in enhancer-mediated regulation. For example, targeted reduction in the levels of an eRNA transcribed from one of the enhancers controlling the expression of Nanog and Dppa3 in mouse embryonic stem cells (mESCs) leads to a decrease in the interaction frequency of the enhancer and Dppa3 and in the expression of this gene, suggesting that this eRNA could function as a loop stabilizer [START_REF] Blinka | Super-Enhancers at the Nanog Locus Differentially Regulate Neighboring Pluripotency-Associated Genes[END_REF]. Future investigation should shed light into the impact of these molecules on enhancer activity and analyze if eRNAs could exert their functions in trans, contrarily to what could be inferred from their short lifetimes.

Identification of enhancers

In spite of the low sequence conservation of enhancers, it is possible to identify a fraction of enhancers solely by the sequence. Indeed, there are algorithms that take advantage of short regions of sequence conservation to predict functionally conserved regulators within noncoding sequences based on pair-wise comparisons of distant vertebrate genomes (Taher et al. 2011). Nevertheless, most of the analyses aiming to identify enhancers genome-wide are currently based on high-throughput sequencing approaches.

Given that enhancers are enriched on TFBSs, one strategy to identify them is to map the binding regions of TFs by ChIP-seq (Whyte et al. 2013;Siersbaek et al. 2014). The disadvantages of this strategy are that since TFs act cooperatively within enhancers, several ChIP-seq assays are required to identify regions of TFBS enrichment and previous knowledge about the TFs binding to enhancers in a particular tissue or cell type is needed. For these reasons, the identification of chromatin marks that label enhancers [START_REF] Barski | High-Resolution Profiling of Histone Methylations in the Human Genome[END_REF]Heintzman et al. 2009) was fundamental to facilitate their annotation. Hence, it is possible to systematically annotate enhancers by performing ChIP-seq with specific antibodies against certain chromatin marks (Nord et al. 2013;Vermunt et al. 2014;Bogdanović et al. 2012) or against the chromatin modifiers that deposit them (Visel et al. 2009). The most frequently used chromatin marks to identify enhancers are H3K27ac that besides labelling active promoters it also labels active enhancers, and mono-methylation of lysine 4 on histone H3 (H3K4me1) that labels poised enhancers (Creyghton et al. 2010;Rada-Iglesias et al. 2011).

Alternative methods to identify enhancers include, but are not restricted to, assay for transposase accessible chromatin with high throughput sequencing (ATAC-seq), mapping of differentially methylated regions, and reported based methods, such as, self-transcribing active regulatory region sequencing (STARR-seq) [START_REF] Arnold | Genome-Wide Quantitative Enhancer Activity Maps Identified by STARR-seq[END_REF]Lee et al. 2015;[START_REF] Quillien | Robust Identification of Developmentally Active Endothelial Enhancers in Zebrafish Using FANS-Assisted ATAC-Seq[END_REF]. Although the last method concomitantly identifies functional enhancers, it had been difficult to implement it in organisms with bigger genomes than the one of Drosophila until later adaptations to analyze specific regions [START_REF] Vanhille | High-throughput and quantitative assessment of enhancer activity in mammals by CapStarr-seq[END_REF]. In addition, STARR-seq was recently coupled with ChIP-seq to add the spatiotemporal information that could not be retrieved from the original protocol and identify functional enhancers in human ESCs (hESCs) [START_REF] Barakat | Functional Dissection of the Enhancer Repertoire in Human Embryonic Stem Cells[END_REF].

Considering that every approach has some disadvantages, the ideal strategy to identify enhancers in vertebrate genomes is to combine several methods to obtain highly reliable annotations. Nonetheless, approaches based exclusively on profiling of chromatin marks can provide a first insight into the enhancer landscape of a given tissue or cell type for further refinement.

Differences between promoters and enhancers

Approximately 2-3% of promoters in mouse and human cells are able to enhance expression of distal genes [START_REF] Dao | Genome-wide characterization of mammalian promoters with distal enhancer functions[END_REF]. Therefore, if promoters can act as enhancers, enhancers can trigger transcription and chromatin marks like H3K27ac are enriched at promoters and enhancers, the vision of two different types of regulators is questioned. It has already been underlined that proximal promoters are usually considered as proximal enhancers of their gene, however, the differences between core promoters and enhancers had remained unclear until few years ago. Identification and comparison of transcriptional initiation sites within enhancers and promoters in human cell lines determined that these sites are largely indistinguishable. The features that were tested to assess similarity were: bidirectional transcription, spacing between the +1 nucleotides, binding of TFs in the central spacer, presence of well-positioned nucleosomes surrounding the TSSs, and Pol II and TFIID enrichment. In spite of having a common architecture at transcription initiation sites, the clear difference between promoters and enhancers is the stability of their transcripts that can be quantified using GRO-seq (global run-on sequencing coupled with enrichment for nascent RNAs with 5' caps) and CAGE (cap analysis of gene expression) data. Whereas the sense transcript at promoters is highly stable, the upstream antisense transcript (uaRNA) is equally unstable than eRNAs, see Figure 2 [START_REF] Core | Analysis of nascent RNA identifies a unified architecture of initiation regions at mammalian promoters and enhancers[END_REF]. The difference in stability may be related to the presence of splice sites and early polyadenylation signals that stabilize or destabilize transcripts, respectively. It can be then hypothesized that unidirectionality in transcript stability at promoters is an acquired feature [START_REF] Haberle | Eukaryotic core promoters and the functional basis of transcription initiation[END_REF]. In line with this hypothesis, emergence of novel promoters from exaptation of enhancers has been identified in the primate and rodent lineages, and its emergence is associated with biased increase in GC content and splicing motifs [START_REF] Carelli | Repurposing of promoters and enhancers during mammalian evolution[END_REF].

Promoters that have been identified as functional enhancers exhibit particular features in comparison to the rest of promoters. For instance, they are associated with higher levels of H3K4me1, H3K27ac and p300, which is the acetyltransferase that deposits H3K27ac [START_REF] Dao | Genome-wide characterization of mammalian promoters with distal enhancer functions[END_REF]. Ergo, enhancer activity can be used to identify a sub-classification of promoters rather than being a descriptive feature of promoters.

Consequently, a more complete definition of promoters could be: promoters are defined as the sequences surrounding TSSs capable of recruiting basal transcription factors and coactivators to trigger productive transcription of their associated gene or, less frequently, to enhance expression of distal genes.

Super-enhancers

Enhancer analyses in mESCs revealed that important genes in the specification of pluripotency are in close proximity to clusters of enhancers. To systematically identify and characterize these clusters, nearby enhancers that had been identified by enrichment of master TFs (Sox2, Oct4 and Nanog) were stitched and ranked based on Mediator ChIP-seq signal, as it is known that Mediator is enriched at enhancers. The ranking based on Mediator signal showed that most of the signal is accumulated by 231 enhancer clusters, whose constituent enhancers have higher abundance of TF ChIP-seq signal than enhancers outside these clusters. Therefore, the 231 clusters were named super-enhancers to distinguish them from the rest of stitched enhancers, referred as typical enhancers (Figure 3A). Super-enhancers are larger than typical enhancers and are preferentially associated with pluripotency genes in mESCs. Moreover, superenhancers are highly sensitive to perturbations in the levels of the proteins enriched on their constituent enhancers, as inferred from early and high significant reduction of the expression of super-enhancer associated genes after depletion of Oct4 and Mediator (Figure 3B) (Whyte et al. 2013). Besides having enriched TF and Mediator signal, mESC super-enhancers are also enriched on Pol II, chromatin remodelers and trait-associated single nucleotide polymorphisms (SNPs) (Hnisz et al. 2013). Importantly, it was shown that the best ChIP-seq signal that could more reliable identify super-enhancers when used on its own is the H3K27ac mark (Hnisz et al. 2013). Super-enhancers are not unique gene regulators in mESCs. Indeed, soon after their characterization, super-enhancers were also identified in a large number of cells and tissues including oncogenic cell lines (Lovén et al. 2013;Hnisz et al. 2013). Strikingly, these analyses determined that super-enhancers tend to be associated with cell identity genes (Hnisz et al. 2013). For this reason, and considering the high sensitivity of super-enhancers to perturbations in the levels of their binding factors, it was hypothesized that modifying the levels of these factors could affect the establishment of super-enhancers and trigger changes in cell identity (Lovén et al. 2013). Thus, factors binding to super-enhancers in oncogenic cell lines are potential therapeutic targets (Lovén et al. 2013;[START_REF] Minzel | Small Molecules Co -targeting CKIα and the Transcriptional Kinases CDK7/9 Control AML in Preclinical Models[END_REF]. Importantly, newly developed small molecules inhibiting the casein kinase 1A1 can also target the catalytic subunits of TFIIH and a transcription elongation factor, leading to the collapse of acute myeloid leukemia super-enhancers, which show enrichment of these factors. As such, treatment using these small molecules triggers a synergistic mechanism of p53 activation, following casein kinase 1a1 inhibition, and inactivation of oncogenes associated with super-enhancers that results in the elimination of leukemic stem cells and relieve of disease signs in leukemia mouse models [START_REF] Minzel | Small Molecules Co -targeting CKIα and the Transcriptional Kinases CDK7/9 Control AML in Preclinical Models[END_REF].

Apart from their original described characteristics, posterior analyses of super-enhancers have revealed additional characteristics. For instance, it has been shown that in contrast to constitutive enhancers within typical enhancers, those located within super-enhancers are enriched on small regions (∼250-400 bp) highly bound by several TFs denoted as epicenters or hotspots (Siersbaek et al. 2014;Adam et al. 2015). This characteristic supports the idea that super-enhancers may represent more than simple clusters of enhancers. Analysis of epicenters in hair follicle stem cells in vivo and in vitro showed the high dynamism of super-enhancers, given that when cells are exposed to a new microenvironment, only a small fraction of them maintains their super-enhancer status. Interestingly, super-enhancers that are constant in different conditions can present shifts in the epicenters that are used within the super-enhancer region (Adam et al. 2015). These results suggest a mechanism by which TFs could be reusing pre-established active chromatin regions to achieve fast modulation of cell identity. Moreover, the only hair follicle stem cell TF gene that maintains its association with a super-enhancer both in vivo and in vitro codes for the TF SOX9. Strikingly, this TF is able to induce the establishment of hair follicle stem cell super-enhancers when expressed ectopically, indicating that pioneer TFs can also participate in super-enhancer establishment (Adam et al. 2015).

As already mentioned, super-enhancers have been involved in oncogenesis. In B cell lymphomas it is frequent to observe translocations of oncogenes promoted by the activation-induced cytidine deaminase (AID). Characterization of off-target AID regions in mouse and human B cells have determined that they accumulate at super-enhancers that overlap exons. These super-enhancers favor antisense transcription that generates regions susceptible to AID activity, explaining why translocated regions in B cell lymphomas commonly include lineage specific genes [START_REF] Meng | Convergent transcription at intragenic super-enhancers targets AID-initiated genomic instability[END_REF]. Another mechanism by which super-enhancers promote oncogenesis is by inducing the overexpression of oncogenes. An example of this mechanism occurs in cases of T cell leukemias, in which mutations upstream of the Tal1 TSS lead to formation of MYB TFBSs. Binding of MYB to these sites induces the formation of a super-enhancer that results in Tal1 overexpression, demonstrating that formation of super-enhancers can be triggered by a single nucleation site (Mansour et al. 2014). Also, in proliferating lymphoblastoid cell lines generated by Epstein-Barr virus infection, super-enhancers are established by cooperative binding of pathogen and host TFs, increasing the expression of the MYC and BCL2 oncogenes that leads to high proliferation and survival [START_REF] Zhou | Epstein-barr virus oncoprotein super-enhancers control B cell growth[END_REF].

Strikingly, super enhancers can also stimulate the processing of primary microRNA transcripts by recruiting the microprocessor complex through cooperative activity of their enhancer constituents [START_REF] Suzuki | Super-Enhancer-Mediated RNA Processing Revealed by Integrative MicroRNA Network Analysis[END_REF]. Given the functions of super-enhancers in regulation of gene expression, genome stability, oncogenesis and RNA processing, it is congruent that they play a central role in regulatory circuitries that respond to signaling pathways and consequently modify cell identity programs [START_REF] Hnisz | Convergence of Developmental and Oncogenic Signaling Pathways at Transcriptional Super-Enhancers[END_REF][START_REF] Lin | Active medulloblastoma enhancers reveal subgroup-specific cellular origins[END_REF]Saint-André et al. 2016). Nevertheless, characterization of super-enhancer has been mainly restricted to mammalian genomes and the evolution of these regulators had not been investigated.

The described characteristics and functions of super-enhancers highlight their importance in the establishment of cell fate. However, to have a comprehensive understanding of their mechanisms of action it is necessary to analyze them considering the actual nuclear context, in which genomes are organized in three-dimensional (3D) space. The next section summarizes the current understanding of the 3D genome organization and its strong relationship with super-enhancers and other cis-regulatory elements.

3D genome organization in vertebrates and distant eukaryotes

As already mentioned, the development of 3C and FISH techniques was essential to enable the identification of interactions between enhancers and promoters. More broadly, these techniques offered the possibility to study the 3D genome organization. 3C-based methods have been the preferred choice to identify genomic regions with high frequency of interaction, and FISH is commonly used as an orthogonal method to support 3C results by testing colocalization of loci.

Identification of chromatin interactions

All 3C-based techniques rely on a first step to crosslink chromatin that is generally performed using formaldehyde, which forms covalent bonds between interacting chromatin regions at ∼2 Å distances [START_REF] Hoffman | Formaldehyde crosslinking: A tool for the study of chromatin complexes[END_REF]. Chromatin is then sheared by restriction enzymes or sonication, and the sheared chromatin is ligated to generate fragments composed of interacting loci [START_REF] Dekker | Capturing chromosome conformation[END_REF]. These are the common steps that are shared between 3C and all its derived techniques, but each of them has additional steps to interrogate different interactions, as seen on Figure 4 that summarizes how libraries are generated with the more frequently used techniques. In contrast to 3C, all of these techniques use sequencing instead of qPCR to identify interactions in the generated libraries. In circularized 3C (4C), the fragments follow a second round of digestion and ligation, generating small circles that are amplified using primers for a specific region ("the viewpoint"). Therefore, 4C gives information about the interactions of one region and the rest of the genome. A closely related method to 4C is Capture-C, in which the fragments are also re-digested but they are then directly amplify using sequencing primers. The amplified fragments are then captured using specific biotinylated oligonucleotides for one or several viewpoints. For 3C carbon copy (5C) libraries, the ligated fragments are hybridized with primers designed to cover one region of interest. The primers contain sequencing adaptors, thus enabling the amplification for sequencing. Hence, 5C can identify all chromatin interactions within a specific region of interest. 3C can also be coupled with immunoprecipitation by pooling the sheared fragments using one antibody and filling the sonicated ends with biotinylated nucleotides that will be used to captured the ligated fragments after decrosslinking [START_REF] Denker | The second decade of 3C technologies: Detailed insights into nuclear organization[END_REF]. This method is called chromatin immunoprecipitation analysis by paired-end tag sequencing (ChIA-PET) and currently, there is also an improved protocol that follows the same principle (HiChIP) to identify interactions mediated by specific proteins [START_REF] Mumbach | HiChIP: Efficient and sensitive analysis of protein-directed genome architecture[END_REF]. Finally, the 3C-based techniques that permit the interrogation of all interactions in the genome are Hi-C, Micro-C and DNase Hi-C. In contrast to Hi-C in which chromatin is sheared using restriction enzymes, in Micro-C and DNase Hi-C, chromatin is sheared using MNase and DNase, respectively. For these techniques, ligation is performed using biotinylated nucleotides, enabling the specific recovery of ligated fragments after one round of sonication. In addition, there are modified versions of Hi-C that introduce one extra step to capture regions of interest as for Capture-C [START_REF] Denker | The second decade of 3C technologies: Detailed insights into nuclear organization[END_REF]. For the ease of implementation and the genome-wide data generated by Hi-C, this method has been largely applied to study genome organization in multiple organisms (Lazar-Stefanita et al. 2017;Lieberman-Aiden et al. 2009;Dixon et al. 2012;Vietri Rudan et al. 2015;[START_REF] Sexton | Three-dimensional folding and functional organization principles of the Drosophila genome[END_REF]. Of note, the improved protocol used to perform Hi-C is referred as in situ Hi-C, because crosslinking is carried out in intact nuclei before cell lysis (Rao et al. 2014), which is the current standard followed by other techniques, such as, HiChIP [START_REF] Mumbach | HiChIP: Efficient and sensitive analysis of protein-directed genome architecture[END_REF].

Analysis and visualization of information generated by the 3C-based techniques here described changes according to the extent of interactions identified. In the case of Hi-C and other methods that focus on the detection of interactions genome-wide, the information is generally represented as symmetric heat maps of chromosomes, referred as contact maps, which are binned in non-overlapping windows of fixed size. The resolution of the contact map is then equal to the size of the window used to generate it. In a contact map, each cell then reflects the interaction frequency between two loci, as such, the cells closer to the diagonal represent the interactions at shortest linear distances. The interaction frequencies are computed using the valid pairs of sequencing reads that are identified by applying strict filters to keep only the pairs originating from distant fragments that were ligated (Servant et al. 2015). In order to obtain normalized interaction frequencies different methods have been developed to process the raw number of valid pairs. One of the more commonly used methods for its ease of computation is the ICE (iterative correction and eigenvector decomposition) method that is implemented under the assumption that all loci in a genome should have equal visibility [START_REF] Imakaev | Iterative correction of Hi-C data reveals hallmarks of chromosome organization[END_REF].

Orthogonal methods to 3C

Although 3C-based techniques and FISH aim to identify chromatin interactions, their results are not interchangeable because they provide different measures as a proxy to identify interactions. In the case of the 3C-based techniques, their results are averages of cell populations that reflect probabilities in the frequency of interaction that depend on proximity. On the other hand, FISH is used to measure distances in space in single cells. In consequence, it is logical to infer that most of the discrete interactions between loci that are identified by 3C-based techniques are presented only in a subpopulation that deviates from the average that can be calculated from hundreds of distances measured in single cells [START_REF] Dekker | Mapping the 3D genome: Aiming for consilience[END_REF][START_REF] Fudenberg | FISH-ing for captured contacts: Towards reconciling FISH and 3C[END_REF]. Therefore, it is not surprising to observe discrepancies between the results obtained by these methods, indeed, it has been shown with polymer models that dynamism of interactions is one of the potential causes of discrepancy [START_REF] Fudenberg | FISH-ing for captured contacts: Towards reconciling FISH and 3C[END_REF]. While these arguments emphasize the need to design appropriate validation experiments (Giorgetti and Heard 2016), they also urge for additional orthogonal methods that could confirm and expand the conclusions obtained with 3C-based techniques and FISH.

Importantly, during the last years, three orthogonal methods to Hi-C and FISH have been developed. First, CLING (CRISPR/Cas9 live cell imaging), as indicated by its name, is an imaging technique capable of identifying interacting loci in living cells by exploiting the CRISPR (clustered regularly interspaced short palindromic repeats) system and a non-catalytic CRISPRassociated protein 9 (dCas9). To visualize regions, three single guide RNAs (sgRNAs) containing MS2 or PP7 repeats are designed to target each of the regions of interest. Subsequently, tagged fluorescent proteins modified to recognize the repeats present in the sgRNAs are recruited to the loci bound by the sgRNA-dCas9 complexes enabling their detection. CLING enables the identification of punctuate inter-chromosomal interactions that are not easily identified by Hi-C, this might be a consequence of inter-chromosomal contacts occurring at longer distances than those permitting fixation by crosslinking (Maass et al. 2018b). The second method, split-pool recognition of interactions by tag extension (SPRITE), has the advantage of overcoming the limitations imposed by proximity ligation. The first steps also include crosslinking and shearing of chromatin like in Hi-C, however, instead of ligating the complexes, they are split in 96-well plates and ligated to unique tags for each well. The complexes are then pooled and the process is repeated iteratively to increase the probability of generating unique barcodes for each complex. These barcodes are used after sequencing to cluster the reads corresponding to DNA and RNA molecules from each complex. By applying SPRITE in mESCs, two hubs of interacting regions have been identified involving active or inactive chromatin regions exclusively. Interestingly, the active hub localizes to nuclear speckles, while the inactive hub localizes to the nucleolus, these type of interactions with nuclear bodies have not been identified by only applying Hi-C [START_REF] Quinodoz | Higher-Order Inter-chromosomal Hubs Shape 3D Genome Organization in the Nucleus[END_REF]. The third method, genome architecture mapping (GAM), is based on cryosectioning of cells followed by laser dissection of nuclei to obtain fine sections from which DNA is extracted. Extracted DNA from each section is then used to build libraries that are sequenced by whole genome amplification. Reads from each library represent the regions that were in proximity in a given nucleus, hence, by combining the co-segregation of pair loci (i.e. presence or absence of specific pairs) of all libraries, it is possible to infer preferred interactions. GAM performed using ∼400 sections of mESC nuclei showed that interactions between enhancers and active genes are one of the most frequently identified categories of interactions. Importantly, given that all DNA for each section is used to build the libraries, GAM also enables the identification of more complex interactions, such as triplets. Indeed, it was determined that interactions between structural domains containing super-enhancers are enriched among the triplets identified, highlighting the role of super-enhancers in the organization of the 3D genome [START_REF] Beagrie | Complex multienhancer contacts captured by genome architecture mapping[END_REF]. For the moment, these methods have already proved to be useful for the analysis of the 3D genome organization and in the next years they will be instrumental to understand this organization. Importantly, SPRITE and GAM have confirmed the main principles of genome organization in terms of the domain structures that were originally characterized by 5C and Hi-C (Lieberman-Aiden et al. 2009;Dixon et al. 2012;Nora et al. 2012).

Principles of 3D genome organization

The chromatin fiber is not stochastically distributed within the cell nucleus and during interphase each chromosome is preferentially segregated in defined volumes called chromosome territories, which can overlap with their neighboring territories and cause chromatin intermingling (Maass et al. 2018a). In line with previous low-throughput methods, the interchromosomal distances calculated with the first low-resolution human Hi-C data confirmed the distribution of chromosomes in territories and the fact that small chromosomes interact more frequently with each other. The latter could be explained by the colocalization of these chromosomes at the center of the nucleus (Lieberman-Aiden et al. 2009). Preferential interactions between chromosomes according to their sizes have also been observed in mouse fibroblast and sperm cells [START_REF] Battulin | Comparison of the three-dimensional organization of sperm and fibroblast genomes using the Hi-C approach[END_REF]. Importantly, by calculating the Pearson correlation on contact maps, it is possible to observe a sharp plaid pattern, indicating compartmentalization of the genome in two types of domains (A and B) dependent on the chromatin state (Figure 5A). Loci localized into A compartment domains show high positive correlation with gene density, gene expression and accessibility, indicating that these loci are active chromatin regions. In contrast, loci corresponding to B compartment domains show anti-correlation with chromatin accessibility and decay of their interaction frequencies occurs at longer distances, suggesting that these loci have higher compaction and are inactive chromatin regions (Lieberman-Aiden et al. 2009). A and B compartment domains have also been associated with early and late replicating regions in the genome (Dixon et al. 2012). Furthermore, analyses of high resolution Hi-C data in human cells have determined that, according to enrichment of different chromatin marks and replication timing, A and B compartment domains can be further subdivided in at least six classifications in total (Rao et al. 2014).

Inspection of Hi-C and 5C contact maps of Drosophila embryos and mouse and human cell lines at resolutions ∼100 kb shows the presence of squares along the diagonal (or triangles when only the upper/lower triangular of the contact map is displayed), which are indicative of the existence of discrete regions of self-interacting chromatin in bulk cell populations [START_REF] Sexton | Three-dimensional folding and functional organization principles of the Drosophila genome[END_REF]Dixon et al. 2012;Nora et al. 2012). These regions are referred as topologically associating domains or contact domains, examples are depicted in Figure 5B. Interestingly, comparison of contact domains and polytene bands in Drosophila have determined that although there is not an exact correspondence between these two features, contact domains coincide with polytene bands, whereas inter-bands coincide with chromatin regions between contact domains [START_REF] Ulianov | Active chromatin and transcription play a key role in chromosome partitioning into topologically associating domains[END_REF]. In mESCs, it has been calculated that ∼91% of the genome is covered by contact domains identified by Hi-C and importantly, the boundaries of these domains showed enrichment on certain genomic features. For instance, housekeeping genes, transfer RNA (tRNA) genes and chromatin marks associated with active transcription, including H3K4me3 and tri-methylation of lysine 36 on histone H3 (H3K36me3) are among the features enriched at boundaries (Dixon et al. 2012). Notably, it was shown that binding sites of the CCCTC-binding factor (CTCF) are also enriched at contact domain boundaries indicating a role of its insulating activity in the formation of boundaries. However, since CTCF sites are also present at other genomic locations, additional factors or characteristics are necessary to form a boundary (Dixon et al. 2012;Nora et al. 2012). Expression analysis also determined that genes located within the same contact domain have correlated expression indicating that these regions establish confined volumes that favor interactions of genes with their regulatory elements (Nora et al. 2012;[START_REF] Symmons | The Shh Topological Domain Facilitates the Action of Remote Enhancers by Reducing the Effects of Genomic Distances[END_REF]. Indeed, this was first confirmed by showing that the deletion of a boundary leads to the formation of ectopic interactions between domains (Nora et al. 2012).

Contact domains are relatively stable between different cell types of the same organism (Dixon et al. 2012[START_REF] Dixon | Chromatin architecture reorganization during stem cell differentiation[END_REF]Rao et al. 2014;[START_REF] Ulianov | Active chromatin and transcription play a key role in chromosome partitioning into topologically associating domains[END_REF] and even between different species (Dixon et al. 2012;Vietri Rudan et al. 2015). In line with the observed conservation of contact domains between species, it has been recently determined that rearrangement breakpoints in vertebrate genomes relative to the human genome are enriched at boundaries, but depleted within contact domains. Therefore, it can be hypothesized that there are selective pressures that favor the conservation of contact domains as whole genomic blocks, which may be selectively maintained to preserve interactions between genes and their regulatory elements [START_REF] Krefting | Evolutionary stability of topologically associating domains is associated with conserved gene regulation[END_REF]). This hypothesis is also supported by the fact that transposons are depleted within contact domains in the human genome that coincide with large blocks of conserved noncoding elements [START_REF] Harmston | Topologically associating domains are ancient features that coincide with Metazoan clusters of extreme noncoding conservation[END_REF]. Conservation of contact domains is congruent with previous results showing that gene misregulation can be caused by exposure to non-canonical regulators, as consequence of modifications in contact domains that possibly lead to detrimental effects for an organism [START_REF] Ibn-Salem | Deletions of chromosomal regulatory boundaries are associated with congenital disease[END_REF][START_REF] Lupiá Ñez | Disruptions of topological chromatin domains cause pathogenic rewiring of gene-enhancer interactions[END_REF][START_REF] Franke | Formation of new chromatin domains determines pathogenicity of genomic duplications[END_REF][START_REF] Symmons | The Shh Topological Domain Facilitates the Action of Remote Enhancers by Reducing the Effects of Genomic Distances[END_REF]. For example, in humans it has been characterized that duplications around the SOX9 loci can generate aberrant phenotypes, such as, sex reversal and Cooks syndrome, but these effects are not observed in all humans with duplications. By using 4C, it was determined that only duplications expanding contact domain boundaries can establish new contact domains in duplicated regions. To characterize the consequences of new contact domains, mouse models were generated with equivalent duplications that those present in human patients. Analysis of capture Hi-C data showed that when duplications expand both the Kncj2 loci (closest upstream gene of Sox9) and Sox9 enhancers, mice gain a contact domain and recapitulate defects observed in Cooks syndrome patients. The defects are due to the formation of ectopic contacts between Kncj2 and the enhancers, leading to changes in the expression pattern of this gene. In contrast, when duplications expand only the Sox9 enhancers, no changes in expression are detected, as enhancers stay confined in their newly established contact domain [START_REF] Franke | Formation of new chromatin domains determines pathogenicity of genomic duplications[END_REF]. Whereas the overall landscape of contact domains between different cell types is shared, other levels of the genome organization are more dynamic and correlate with the establishment of different transcriptional programs. It has been shown that during differentiation of hESCs, ∼40% of the genome switches from compartment domain (A to B, B to A), implying that although the genomic regions of contact domains are stable, they can uniformly modify their chromatin state that translates to shifts in compartment domain association [START_REF] Dixon | Chromatin architecture reorganization during stem cell differentiation[END_REF]. Contact domains shifting from compartment domains have also been identified during senescence of human fibroblasts [START_REF] Criscione | Reorganization of chromosome architecture in replicative cellular senescence[END_REF] and by comparison of 21 human cell types and tissues [START_REF] Schmitt | A Compendium of Chromatin Contact Maps Reveals Spatially Active Regions in the Human Genome[END_REF]). In addition, the intra-domain interactions of contact domains can also be rewired, demonstrating the dynamism within contact domains between different cell types [START_REF] Dixon | Chromatin architecture reorganization during stem cell differentiation[END_REF](Dixon et al. , 2012;;[START_REF] Bonev | Multiscale 3D Genome Rewiring during Mouse Neural Development[END_REF]. In particular, DNA loops between enhancers and promoters account to a fraction of the rewired interactions that occur within contact domains [START_REF] Ji | 3D Chromosome Regulatory Landscape of Human Pluripotent Cells[END_REF][START_REF] Bonev | Multiscale 3D Genome Rewiring during Mouse Neural Development[END_REF]) and cell-type specific loop domains correlate with regions showing differential gene expression between cell types (Rao et al. 2014). In a contact map, loop domains can be visualized as discrete peaks of high interactions between loci that show lower interactions with the intervening adjacent loci (Figure 5C). However, not all loop domains are cell-type specific, as comparison of loop domains identified in eight human cell types showed that these domains can also be conserved, including loops between enhancers and promoters (Rao et al. 2014). Altogether, these results indicate that punctuate chromatin interactions correlate with differences in transcriptional programs that do not have a global impact in the distribution of contact domains, but they are reflected in the chromatin state of domains.

Establishment of structural domains

Given that contact domains appear as stable units in genomes, it has been of high interest to investigate how and when they become established. One of the processes in which the dynamics of contact domains have been studied is embryonic development. Early development is marked by the maternal to zygotic transition during which the maternal transcriptome is degraded and the zygotic genome becomes activated. Synchronous mice and Drosophila embryos before and after this transition have been used to analyze the dynamics of contact domains by Hi-C. These studies have shown that contact domains are not clearly defined before the genome activation [START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF][START_REF] Ke | 3D Chromatin Structures of Mature Gametes and Structural Reprogramming during Mammalian Embryogenesis[END_REF], and although some contact domains are present in the minor activation of the genome in Drosophila embryos, the number of contact domains and their insulation values increase during development [START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF]). In addition, chemical inhibition of transcription do not interfere with the establishment of contact domains, but there is an increase in the inter-interactions of contact domains and a decrease in the intra-interactions [START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF]. Contrary to transcriptional activation, DNA replication has been shown to be necessary to establish contact domains [START_REF] Ke | 3D Chromatin Structures of Mature Gametes and Structural Reprogramming during Mammalian Embryogenesis[END_REF]Nora et al. 2017).

In spite of its apparent minor impact in the establishment of contact domains during the maternal to zygotic transition, transcription does exert an impact on the 3D genome organization. For instance, during differentiation of mESCs to neural progenitor cells, the regions that have increase transcriptional activity also become more structurally complex [START_REF] Zhan | Reciprocal insulation analysis of Hi-C data shows that TADs represent a functionally but not structurally privileged scale in the hierarchical folding of chromosomes[END_REF]. This relationship between transcription and structural complexity is in line with a previous study showing that regions containing escapee genes in the inactive X chromosome in mouse cells maintain their organization in contact domains (Giorgetti et al. 2016). Nevertheless, a causal relationship between transcription and genome organization could not be directly established as it is unclear if transcription is guiding the organization within those regions, or if the chromatin is organized in a permissive conformation that enables transcription. Strikingly, by analyzing post-mitotic human macrophages infected with influenza A virus a direct ef-fect of transcriptional elongation in the 3D genome organization has been recently determined [START_REF] Heinz | Transcription Elongation Can Affect Genome 3D Structure[END_REF]. In these cells, a viral protein guides transcriptional elongation by Pol II and read-through of transcription termination sites of highly induced genes after infection. Read-through transcription leads to decompaction of these loci and shifts from B compartment domain to A compartment domain. Decompaction is explained by disruption of DNA loops mediated by cohesin and anchored at CTCF sites, as chemical inhibition of elongation causes cohesin accumulation and strengths the interactions between loop anchors. Also, analysis of cohesin binding after elongation inhibition suggests that cohesin is evicted from chromatin during transcription rather than displaced concomitantly with transcription. Importantly, the effect of transcriptional elongation in the 3D genome organization is also observed in nonviral stimulated cells and during steady-state transcription [START_REF] Heinz | Transcription Elongation Can Affect Genome 3D Structure[END_REF]. Interestingly, although transcription can influence the stability of DNA loops, induction of transcription is not enough to increase insulation in specific loci to form contact domain boundaries in mESCs [START_REF] Bonev | Multiscale 3D Genome Rewiring during Mouse Neural Development[END_REF].

Of note, contact domains are only detectable during interphase. Analyses of the genome organization at different stages of the cell cycle in synchronous human cells determined that compartment and contact domains are lost during mitosis [START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF]. Also, the decay of the frequency of interactions by linear distance is not in agreement with the expected from a fractal globule polymer, as observed during interphase (Lieberman-Aiden et al. 2009), but rather with the decay expected from an equilibrium globule polymer [START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF]. Major reconfiguration of the genome during the cell cycle has also been observed in the unicellular eukaryote Saccharomyces cerevisiae (Lazar-Stefanita et al. 2017). For these reasons, the cell cycle is considered as the major determinant of the 3D genome organization (Nagano et al. 2017). Indeed, by analyzing single cell Hi-C data of mouse cells it was shown that contact domains are more insulated during the G1 phase, whereas the compartmentalization of the genome is more evident at G2 phase, suggesting that the mechanisms that establish contact and compartment domains are uncoupled (Nagano et al. 2017). Importantly, single cell Hi-C data of mice oocytes have led to the conclusion that contact domains are not fixed blocks present in all cells, but they rather represent the average regions of preferential interactions occurring in individual cells [START_REF] Flyamer | Single-nucleus Hi-C reveals unique chromatin reorganization at oocyte-to-zygote transition[END_REF]. This can explain why deletions at contact domain boundaries do not necessary cause collapsing of adjacent domains [START_REF] Franke | Formation of new chromatin domains determines pathogenicity of genomic duplications[END_REF].

CTCF and cohesin are enriched at contact domain boundaries [START_REF] Ji | 3D Chromosome Regulatory Landscape of Human Pluripotent Cells[END_REF]Dixon et al. 2012;[START_REF] Van Bortle | Drosophila CTCF tandemly aligns with other insulator proteins at the borders of H3K27me3 domains[END_REF]Dowen et al. 2014). Indeed, CTCF ChIA-PET loops recapitulate contact maps obtained by high resolution Hi-C of human cells, contrary to loops identified by Pol II ChIA-PET, which are smaller than CTCF loops and generally contained within them [START_REF] Tang | CTCF-Mediated Human 3D Genome Architecture Reveals Chromatin Topology for Transcription[END_REF]. Strikingly, it was determined that anchors of contact domains and loop domains are mainly observed between loci containing CTCF sites in convergent orientation; therefore, there is enrichment of divergent CTCF sites at boundaries of contact domains (Rao et al. 2014;Guo et al. 2015;Vietri Rudan et al. 2015;[START_REF] De Wit | CTCF Binding Polarity Determines Chromatin Looping[END_REF][START_REF] Tang | CTCF-Mediated Human 3D Genome Architecture Reveals Chromatin Topology for Transcription[END_REF]. In contrast, CTCF sites are generally found in tandem orientation within contact domains, see Figure 6 [START_REF] Tang | CTCF-Mediated Human 3D Genome Architecture Reveals Chromatin Topology for Transcription[END_REF]. Also, it has been shown that deletions of CTCF sites at boundaries enable the formation of ectopic interactions between enhancers and promoters of adjacent contact domains (Nora et al. 2012;[START_REF] Lupiá Ñez | Disruptions of topological chromatin domains cause pathogenic rewiring of gene-enhancer interactions[END_REF][START_REF] Hnisz | Insulated Neighborhoods: Structural and Functional Units of Mammalian Gene Control[END_REF][START_REF] Ji | 3D Chromosome Regulatory Landscape of Human Pluripotent Cells[END_REF]Dowen et al. 2014). Genomic inversions of CTCF sites of converging pairs, which are less invasive genetic modifications and preserve binding of CTCF and cohesin, have also confirmed that the orientation of CTCF sites is relevant in the establishment of chromatin interactions [START_REF] De Wit | CTCF Binding Polarity Determines Chromatin Looping[END_REF]Guo et al. 2015). For these reasons, CTCF is considered as a major regulator of the 3D genome organization in mammals. Although CTCF is conserved in Metazoa (Heger et al. 2012), its central role in genome organization determined in mammals cannot be extrapolated to all organisms belonging to the Metazoa clade. For instance, contact domains annotated by high resolution Hi-C data from Drosophila cells have indicated that although architectural proteins are enriched at their boundaries, CTCF binding is only present in the vicinity of ∼28% of them and CTCF sites do not have a preferred orientation. In contrast, contact domain boundaries coincide with loci with high levels of transcriptional activity, assessed by GRO-seq, independently of the abundance of architectural proteins. Strikingly, modelling of Hi-C maps exclusively using GRO-seq data shows high correlation with the actual Hi-C maps. Even though transcription is considered a major determinant of genome organization in Drosophila, architectural proteins in general can also be involved in its organization, although to a lesser extent, as loci separated by more sites bound by these proteins have lower interaction frequencies (Rowley et al. 2017). These results are in agreement with previous modelling simulations suggesting that genome organization in Drosophila is based on activity rather than on architectural proteins [START_REF] Ulianov | Active chromatin and transcription play a key role in chromosome partitioning into topologically associating domains[END_REF]. Major dependence on transcription was also suggested for other non-mammalian eukaryotes including Caenorhabditis elegants and Arabidopsis thaliana by modelling of contact maps with RNA sequencing (RNA-seq) data (Rowley et al. 2017). Contrary, human GRO-seq data is not enough to recapitulate Hi-C contact maps and the domains that are observed by modelling with GRO-seq data correspond to compartment domains, while models based on CTCF ChIPseq data only represent the distribution of contact domains. In consequence, only the maps modelled by GRO-seq data combined with CTCF ChIP-seq data have high concordance with actual contact maps in human (Rowley et al. 2017). Besides indicating that CTCF roles in human and other eukaryotes are different, these results also highlight that two independent modes can act to organized the genome in structural domains.

Despite the growing evidence indicating that deletions of CTCF sites at contact domain boundaries can enable the formation of ectopic enhancer-promoter interactions, the impact of CTCF and cohesin depletion in the genome organization remained unexplored due to their essentiality in mammals [START_REF] Fedoriw | Transgenic RNAi reveals essential function for CTCF in H19 gene imprinting[END_REF]). However, inducible depletions of CTCF and the loader and one subunit of cohesin were recently achieved by conditional depletion using the degron system in mouse cells. These studies determined that when CTCF or cohesin related proteins are degraded, contact and loop domains are vanished as the insulation of domains decreases. Furthermore, this process is accompanied by an increase of genome compartmentalization [START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF]Nora et al. 2017;[START_REF] Schwarzer | Two independent modes of chromatin organization revealed by cohesin removal[END_REF]. Congruent with this, it was previously shown that although chromatin marks labelling inactive regions align with contact domains, the lack of such marks does not affect the establishment of contact domains in the X-inactivation center in mouse cells (Nora et al. 2012). In consequence, these results support the notion that the 3D genome organization in mammals is regulated by two modes, one that is dependent of CTCF and cohesin and participates in the formation of contact and loop domains and another that occurs independently of CTCF and cohesin to establish active and inactive chromatin domains. The models explaining the two modes of genome organization that have been proposed, tested and supported by simulations and experimental data are described below.

Phase separation model

The model that has been suggested to explain the establishment of compartment domains is based on analyses of super-enhancers interactions and the substantial differences observed between A and B compartment domains relative to histone modifications (Lieberman-Aiden et al. 2009;Rao et al. 2014;Whyte et al. 2013;Lovén et al. 2013). In general this model, called phase separation, establishes that chemical reactions occurring during the interaction of protein and nucleic acids can lead to the formation of isolated multi-molecular assemblies resembling membraneless organelles [START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF]. Phase separated states in cells have already been determined, for example, the heterochromatin protein 1 (HP1) that forms liquid-droplets in vitro can be assembled in foci that follow the dynamics of phase separated compartments in Drosophila embryos and mouse cells, indicating that phase separation mediates the establishment of heterochromatin [START_REF] Strom | Phase separation drives heterochromatin domain formation[END_REF]. Also, characterization of DNA isolated from nuclear ribonucleoprotein complexes in mESCs has shown that these DNA sequences correspond to the loci of highly expressed genes and super-enhancers, which supports the formation of assemblies to facilitate gene regulation [START_REF] Baudement | High-salt -recovered sequences are associated with the active chromosomal compartment and with large ribonucleoprotein complexes including nuclear bodies[END_REF].

In mESCs, ∼84% of the super-enhancers are organized in insulated neighborhoods demarked by cohesin binding (Dowen et al. 2014). Furthermore, super-enhancers participate in complex interactions with multiple target genes simultaneously [START_REF] Novo | Long-Range Enhancer Interactions Are Prevalent in Mouse Embryonic Stem Cells and Are Reorganized upon Pluripotent State Transition[END_REF], show spatial colocalization [START_REF] Beagrie | Complex multienhancer contacts captured by genome architecture mapping[END_REF] and selective depletion of one of the cohesin subunits leads to the formation of large cliques of super-enhancer loci [START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF]. Similarly to the compartmentalization mediated by HP1, it has been shown that two proteins enriched on mESC super-enhancers, Mediator subunit 1 (MED1) and BRD4, also form foci with liquiddroplets dynamics (Cho et al. 2018b;[START_REF] Sabari | Coactivator condensation at super -enhancers links phase separation and gene control[END_REF], and these foci can colocalize with super-enhancers [START_REF] Sabari | Coactivator condensation at super -enhancers links phase separation and gene control[END_REF]). In addition, in vitro assays in human cells showed that MED1 foci also compartmentalize BRD4 and Pol II [START_REF] Sabari | Coactivator condensation at super -enhancers links phase separation and gene control[END_REF].

By focusing on super-enhancers it is possible to illustrate how phase separation can mediate genomic compartmentalization [START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF]. When enhancer-promoter communication is established, the molecules found at these loci (i.e. DNA, nucleosomes, eRNAs, Pol II, the splicing machinery. . . ) have the potential to form interactions (Figure 7A), hence, this can be extrapolated to all the constituent enhancers of a super-enhancer and their target genes. In a simple model, each molecule can be define as a "chain", where each chain can be reversible modified at specific residues to enable interactions between chains. The number of modified residues defines the valency and its dynamics vary according to an equilibrium constant describing the presence or absence of interactions, the phase separated state is reached when chains engage in a critical number of interactions (Figure 7B). Super-enhancers can be then considered as assemblies of a higher number of chains (N) than typical enhancers. Thus, by performing simulations using two different number of chains representing super-enhancers and typical enhancers, and fixed equilibrium constant and valency values it is possible to observe that super-enhancers reach maximum transcriptional activity (i.e. phase separated state, as the size of the largest chain cluster equals the total number of chains) faster than typical enhancers. In addition, cooperative binding of super-enhancer complexes should then be higher than the one of typical enhancer clusters, as reflected by the Hill coefficient that is directly dependent on the number of chains (Figure 7C). An interesting observation from this simulation is that there is a critical valency value at which super-enhancers cluster more rapidly until reaching saturation, whereas transcriptional activity of typical enhancers increases more smoothly [START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF]. Therefore, the existence of this critical value explains why super-enhancers are highly sensible to perturbations in the concentration of potential modifiers of the valency, such as BRD4 (Lovén et al. 2013;[START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF].

Besides providing a framework that can explain the concomitant regulation of multiple target genes by an enhancer, phase separation also explains how cell fate can be established without the need of special molecules, but just by adjusting the concentrations of common regulators [START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF]).

Loop extrusion model

Loop extrusion is a model by which loop-extruding factors and boundary elements control the organization of polymer fibers. Once the loop-extruding factors are loaded in a polymer, they slide on it until they encounter boundary elements, see Figure 8 (Sanborn et al. 2015;[START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF]. Based on the distribution of cohesin subunits and CTCF binding sites in the genome (Rao et al. 2014), it has been proposed that they act as the extruders and boundary elements, respectively [START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF][START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF]. Indeed, simulated contact maps generated applying the loop extrusion model with CTCF ChIP-seq data and considering the orientation of CTCF sites show high correlation with Hi-C contact maps, and the formation of contact domains [START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF]. Also, loop extrusion simulations of chromatin interactions in individual cells predict that contact domains emerge when the signal of preferential interactions in a population of cells is averaged, as confirm using single cell Hi-C data [START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF][START_REF] Flyamer | Single-nucleus Hi-C reveals unique chromatin reorganization at oocyte-to-zygote transition[END_REF].

Additional evidence that CTCF and cohesin are involved in formation of loops was found by analyses of interacting proteins and regulatory subunits of cohesin. For instance, depletion of WAPL and PDS5 causes stabilization of cohesin on DNA and the formation of longer loops [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF][START_REF] Wutz | Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL, and PDS5 proteins[END_REF][START_REF] Gassler | A mechanism of cohesin -dependent loop extrusion organizes zygotic genome architecture[END_REF], whereas, the SCC2/SCC4 cohesin loader is important for loop processivity [START_REF] Haarhuis | The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension[END_REF]. Furthermore, loop extrusion can also favor the formation of strong regions of interaction visualized on a Hi-C contact map as stripes perpendicular to the diagonal. This type of signal can emerge when one of the extruding subunits is directly bound close to a boundary element and the second subunit has to slide until it finds another boundary element. In mouse B cells these strong interactions have been observed and interestingly, 66% of the super-enhancers are engaged in this type of inter- action, suggesting a mechanism by which super-enhancers could establish interactions with their distant target genes [START_REF] Vian | The Energetics and Physiological Impact of Cohesin Extrusion[END_REF]).

Additional regulators of genome organization

As it has been described above, there are several regulators of the 3D genome organization. Specifically in mammals, loops can be formed by enhancer-promoter communication, superenhancers establish neighborhoods to regulate their target genes and CTCF interacts with cohesin to strength chromatin interactions and participate in the formation of contact and loop domains. However, it is possible that additional regulators play roles in the genome organization, including the example that has already been mentioned of an eRNA that is involved in the interaction of the Dppa3 promoter and its enhancer [START_REF] Blinka | Super-Enhancers at the Nanog Locus Differentially Regulate Neighboring Pluripotency-Associated Genes[END_REF].

Besides eRNAs, other classes of noncoding RNAs have also been associated with genome organization, such as, long noncoding RNAs (lncRNAs) that are similar to mRNAs but do not have protein coding potential [START_REF] Marchese | The multidimensional mechanisms of long noncoding RNA function[END_REF]. For example, the inactivation of one copy of the X chromosome in mammals that leads to major structural changes in the chromosome is initiated by the Xist lncRNA (Da [START_REF] Rocha | Novel players in X inactivation: Insights into Xist-mediated gene silencing and chromosome conformation[END_REF]. LncRNAs can also mediate inter-chromosomal interactions, as an illustration, it has been reported that Firre lncRNA participates in the establishment of interactions between its own locus and two loci in another chromosomes [START_REF] Hacisuleyman | Topological organization of multichromosomal regions by the long intergenic noncoding RNA Firre[END_REF]. Interestingly, DNase Hi-C data of human cell lines have shown that lncRNA promoters can interact with super-enhancers [START_REF] Ma | Fine-scale chromatin interaction maps reveal the cis-regulatory landscape of human lincRNA genes[END_REF], while these interactions could be merely to regulate the transcription of lncRNAs, their existence raises the idea that lncRNAs might have specific functions within the multi-molecular assemblies formed by super-enhancers.

In congruence with their proposed roles in genome organization, whole lncRNA loci are lo-cated within anchors of large DNA loops formed in the inactive human X chromosome (Rao et al. 2014) and more extensively, it has been identified that lncRNAs are enriched at contact and loop domain boundaries in the genomes of mouse and human [START_REF] Amaral | Genomic positional conservation identifies topological anchor point (tap)RNAs linked to developmental loci[END_REF][START_REF] Tan | cis-Acting Complex-Trait-Associated lincRNA Expression Correlates with Modulation of Chromosomal Architecture[END_REF]. Interestingly, enrichment at boundaries is stronger for those lncRNAs transcribed from analogous genes in mouse and human syntenic regions [START_REF] Amaral | Genomic positional conservation identifies topological anchor point (tap)RNAs linked to developmental loci[END_REF]). However, lncR-NAs enriched at contact domains coincide with chromatin marks characteristic of enhancers [START_REF] Tan | cis-Acting Complex-Trait-Associated lincRNA Expression Correlates with Modulation of Chromosomal Architecture[END_REF], which hinders the analysis of lncRNA functions. For instance, analyses of two lncRNAs, which appear to impact the expression of neighboring genes based on deletions of whole lncRNA loci, enabled to conclude that the functional regions can be narrowed to the enhancers contained within those loci, whereas the transcripts per se are not necessary to regulate gene expression [START_REF] Groff | In Vivo Characterization of Linc-p21 Reveals Functional cis -Regulatory DNA Elements[END_REF][START_REF] Paralkar | Unlinking an lncRNA from Its Associated cis Element[END_REF]. Nonetheless, even if a lncRNA transcript does not have an apparent function, lncRNA loci can impact gene expression by enhancer hijacking. This mechanism has been observed in human cells, where the promoter of the PVT1 lncRNA competes with the MYC promoter to interact with the enhancers overlapping the PVT1 locus. Although the lncRNA does not play a role in this interaction, it reflects the insulating activity of the promoter to block the expression of the MYC oncogene (Cho et al. 2018a). Future analyses of lncRNAs will determine if more lncRNA loci can act through enhancer hijacking, as well as, the functions of lncRNAs enriched at contact domain boundaries, to assess if they could act independently of their overlapping enhancers.

Zebrafish as an ideal model to understand gene regulation

As it can be noted from the previous sections, most of our understanding of gene regulation in vertebrates has been obtained by analyses of the mouse and human genomes. Comparison of the mechanisms contributing to the 3D genome organization throughout eukaryotes have shed light into important differences between the mechanisms operating in mammals and other eukaryotes (Rowley et al. 2017). Therefore, analyses of conservation of relevant regulatory elements in phylogenetically distant vertebrates from mammals are important to evaluate which mechanisms are conserved, at least throughout vertebrate evolution, and to identify potential novel regulators of gene expression.

Zebrafish is an ideal model to understand gene regulation because it counts with a well annotated genome reference (Howe et al. 2013), it enables the study of regulators in vivo [START_REF] Kang | Modulation of tissue repair by regeneration enhancer elements[END_REF]) and its genome can be easily engineered with genome editing techniques, such as CRISPR/Cas9 (Hwang et al. 2013;Auer et al. 2014). Also, given its external development and the possibility to analyze thousands of zebrafish embryos, zebrafish has been positioned as a main model organism to study development. Major emphasis has been put on understanding the transcriptional regulation during early zebrafish development. For instance, transcriptomic analyses have characterized the expression profiles of coding and noncoding RNAs [START_REF] Vesterlund | The zebrafish transcriptome during early development[END_REF][START_REF] Pauli | Systematic identification of long noncoding RNAs expressed during zebrafish embryogenesis[END_REF]White et al. 2017), CAGE analyses have shown differential promoter usage in maternal and zygotic transcriptomes and identified a novel motif enriched at core promoters (Nepal et al. 2013), analyses of nucleosome positioning have determined that the canonical array of nucleosome free promoter regions emerges during zygotic genome activation [START_REF] Zhang | Canonical nucleosome organization at promoters forms during genome activation[END_REF], and analyses of chromatin marks have identified the existence of bivalent promoters in embryonic pluripotent cells (Vastenhouw et al. 2010). More recently, lineage trajectories in whole zebrafish embryos have been described using single-cell RNA-seq, revealing the plasticity of fate specification and providing lineage markers that could be used for isolation of specific cell types [START_REF] Wagner | Single-cell mapping of gene expression landscapes and lineage in the zebrafish embryo[END_REF][START_REF] Farrell | Single-cell reconstruction of developmental trajectories during zebrafish embryogenesis[END_REF].

Besides extensive annotations of zebrafish promoters used during development, annota-tions of stage-specific enhancers are also available (Aday et al. 2011;Bogdanović et al. 2012;Lee et al. 2015). Similarly to mammalian enhancers, zebrafish enhancers have low sequence conservation in general (Bogdanović et al. 2012;Lee et al. 2015). However, one disadvantage of these annotations is that cell and tissue specificity of the enhancers cannot be known a priori given that they were generated using whole embryos. To overcome this limitation, identification of enhancers can be performed in specific cell types, as performed to identify endothelial specific enhancers in embryos by analyzing accessible chromatin regions in cell populations labelled by a reporter gene [START_REF] Quillien | Robust Identification of Developmentally Active Endothelial Enhancers in Zebrafish Using FANS-Assisted ATAC-Seq[END_REF].

Importantly, super-enhancers are also regulators in zebrafish, but its particular features and conservation had not been determined. Super-enhancers were first characterized in this organism through analyses of a zebrafish melanoma model. These analyses showed that superenhancers identified in cancer samples associate with genes that control neural fate, which expression is a hallmark of melanoma onset (Kaufman et al. 2016), suggesting that zebrafish super-enhancers are also involved in the establishment of cell identity. Also, it has been reported that super-enhancers identified in zebrafish embryos can interact even when they are located in different chromosomes (Kaaij et al. 2018).

Another well-described regulator of gene expression present in zebrafish is CTCF. Despite the third whole genome duplication that occurred in teleost fish, ctcf is present in a single copy in the zebrafish genome and no paralogs have been identified (Pugacheva et al. 2006). ctcf mRNA is maternally contributed and ubiquitously expressed in early development (Pugacheva et al. 2006;Carmona-Aldana et al. 2018). However, the roles of CTCF in zebrafish have not been precisely identified and current data is not conclusive regarding its essentiality. Morpholino-based assays targeting CTCF suggest that it is required for proper development and its knockdown has been associated to misregulation of certain genes (Delgado-Olguín et al. 2011;Rhodes et al. 2010;Marsman et al. 2014;Carmona-Aldana et al. 2018;Meier et al. 2018). Nevertheless, zebrafish morphants can have non-specific phenotypes (Kok et al. 2015), obscuring the identification of the direct effects of CTCF depletion. Surprisingly, a recent attempt to generate zebrafish CTCF mutants by the CRISPR/Cas9 system was unsuccessful and the authors reported high mortality rates in injected embryos, which was attributed to the presence of deletions in the open reading frame identified by analysis of pool of embryos. Of note, the authors also reported a higher mortality rate of uninjected embryos compared to mock injected embryos, which is contrary to the expected (Carmona-Aldana et al. 2018). Considering that Cas9 mRNA was used in the injection solution it is unlikely that all cells could have carried deletions in both alleles, which is confirmed by the identification of wild type alleles during the genotyping of pool of embryos (Carmona-Aldana et al. 2018). Therefore, the exact roles of CTCF during development and its essentiality are still unknown in zebrafish.

Hi-C and 4C data of zebrafish embryos combined with in silico predictions of CTCF binding suggest that CTCF could have equivalent roles in the 3D genome organization to those described in mammals, including its role in the formation of DNA loops and contact domains (Tena et al. 2011;[START_REF] Ómez-Marín | Evolutionary comparison reveals that diverging CTCF sites are signatures of ancestral topological associating domains borders[END_REF]Kaaij et al. 2018). Moreover, based on in silico predictions it has been proposed that CTCF in zebrafish also has a preferential divergent orientation at contact domain boundaries [START_REF] Ómez-Marín | Evolutionary comparison reveals that diverging CTCF sites are signatures of ancestral topological associating domains borders[END_REF]Kaaij et al. 2018). Nevertheless, this observation has not been confirmed using genome-wide data of CTCF binding.

Aims of the doctoral projects

During the past ten years, the gene regulation field has been revolutionized by discoveries that have expanded the vision of one promoter controlled by cis-regulators to a more complex vision in which networks of DNA, RNA and proteins interact in 3D space to achieve the establishment of expression programs. However, conservation of the regulators identified mainly through analyses in mammals has not be broadly investigated in additional vertebrate organisms. In order to evaluate if two of the regulators, considered to have central roles in gene regulation in mammals, are conserved or have similar functions in a distant vertebrate from mammals, I have focused on the characterization of super-enhancers and the analysis of CTCF binding in the zebrafish genome.

The genetic tools available for zebrafish and the availability of a good reference genome have in fact proved crucial to study super-enhancers and CTCF. First, for the analyses of superenhancers, I focused on their identification to then proceed with a descriptive analysis of their characteristics, followed by the evaluation of their conservation in reference to those identified in mouse and human (Pérez-Rico et al. 2017). Second, to interrogate CTCF binding in the zebrafish genome, I raised a transgenic zebrafish line with a tagged version of CTCF. Then, I used this line to generate ChIP-seq libraries that enable to assess the distribution of CTCF relative to transcription units and contact domains (Pérez-Rico et al. in preparation).

This work aims to contribute to the analyses of gene expression in zebrafish and in a more broad sense, to the integrative evaluation of the functions of gene regulators throughout vertebrate evolution.

Results

Comparative analyses of super-enhancers reveal conserved elements in vertebrate genomes

Super-enhancers are regulatory hubs with main roles in the control of cell identity. Extensive research of super-enhancers in mammalian genomes have highlighted their impact in the initiation and maintenance of transcription and in the 3D genome organization. Nevertheless, it was unknown if regions identified in non-mammalian organisms following the same criteria used to identify super-enhancers in mammals did represented regions with equivalent functionalities. To gain insight into this possibility, super-enhancers were annotated in the zebrafish genome and their features compared to those of mouse and human super-enhancers.

Main findings

For this study, super-enhancers annotations were generated based on H3K27ac ChIP-seq signal enrichment in four tissues and pluripotent cells in zebrafish, mouse and human. Similar to mammalian super enhancers, zebrafish super-enhancers are longer than the regions annotated as typical enhancers, however, differences in the genomic distribution of super-enhancers were observed. Whereas mammalian super-enhancers are preferentially distributed in TSS downstream regions and enriched over gene bodies, no clear tendency in the distribution of superenhancers was characterized in zebrafish.

High cell-and tissue-specificity was identified as an additional commonality between mammalian and zebrafish super-enhancers based on the comparison of intersecting super-enhancer regions in zebrafish. Indeed, the proportion of regions that are annotated as super-enhancers in all cells and tissues analyzed is lower than the proportion corresponding to typical enhancers. In addition, GO analysis of super-enhancers show enriched terms associated with relevant processes or functions of each cell type and tissue.

Sequence conservation analysis of constitutive regions within super-enhancers and typical enhancers of zebrafish, mouse and human indicates no significant higher sequence conservation of super-enhancer constituents in general. Nevertheless, a set of orthologous genes located in close proximity to super-enhancers in the three species was identified. The super-enhancers associated to those genes show higher sequence conservation than those without orthologous associations in zebrafish, mouse and human.

To test the contribution to super-enhancer function of different regions within them, two super-enhancers were dissected using enhancer reporter assays. Of note, regions with equivalent functions in zebrafish and mouse for both super-enhancers were identified through this analysis. One of the regions that was identified likely corresponds to a shadow enhancer given its lack of H3K27ac enrichment and accessibility signal.

Altogether, these results confirm super-enhancers as conserved regulators throughout vertebrate evolution and epitomize the importance of analyzing enhancer clusters as a unit. The latter, reasoning that identification of super-enhancers can be used as an strategy to characterize functionally conserved elements and to understand redundancy of transcriptional regulation.

Comparative analyses of super-enhancers reveal conserved elements in vertebrate genomes

Yuvia A. Pérez-Rico, 1,2,3 Valentina Boeva, 2,4,5 Allison C. Mallory, 1 Angelo Bitetti, 1,3 Sara Majello, 1 Emmanuel Barillot, 2,4 and Alena Shkumatava 1 Super-enhancers (SEs) are key transcriptional drivers of cellular, developmental, and disease states in mammals, yet the conservational and regulatory features of these enhancer elements in nonmammalian vertebrates are unknown. To define SEs in zebrafish and enable sequence and functional comparisons to mouse and human SEs, we used genome-wide histone H3 lysine 27 acetylation (H3K27ac) occupancy as a primary SE delineator. Our study determined the set of SEs in pluripotent state cells and adult zebrafish tissues and revealed both similarities and differences between zebrafish and mammalian SEs. Although the total number of SEs was proportional to the genome size, the genomic distribution of zebrafish SEs differed from that of the mammalian SEs. Despite the evolutionary distance separating zebrafish and mammals and the low overall SE sequence conservation, ∼42% of zebrafish SEs were located in close proximity to orthologs that also were associated with SEs in mouse and human. Compared to their nonassociated counterparts, higher sequence conservation was revealed for those SEs that have maintained orthologous gene associations. Functional dissection of two of these SEs identified conserved sequence elements and tissue-specific expression patterns, while chromatin accessibility analyses predicted transcription factors governing the function of pluripotent state zebrafish SEs. Our zebrafish annotations and comparative studies show the extent of SE usage and their conservation across vertebrates, permitting future gene regulatory studies in several tissues.
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The identification of transcriptional regulators is central for understanding tissue-specific expression programs. Enhancers are cisregulatory elements able to recruit transcription factors (TFs) and the transcriptional apparatus to activate their target gene expression [START_REF] Smith | Enhancer biology and enhanceropathies[END_REF][START_REF] Heinz | The selection and function of cell type-specific enhancers[END_REF][START_REF] Ren | Transcriptional enhancers: bridging the genome and phenome[END_REF]. Chromatin immunoprecipitation followed by highthroughput sequencing (ChIP-seq) has been a frequently used strategy to generate genome-wide enhancer annotations (Visel et al. 2009;[START_REF] Bernstein | The NIH Roadmap Epigenomics Mapping Consortium[END_REF]Creyghton et al. 2010;Rada-Iglesias et al. 2011;Kieffer-Kwon et al. 2013;Vermunt et al. 2014;[START_REF] Prescott | Enhancer divergence and cis-regulatory evolution in the human and chimp neural crest[END_REF]Villar et al. 2015). ChIP-seq-based approaches have shown that a subset of mammalian enhancers are found in close sequence proximity to one another, forming large regions of hyperactive chromatin referred to as super-enhancers (SEs) or stretch enhancers (Lovén et al. 2013;[START_REF] Parker | Chromatin stretch enhancer states drive cell-specific gene regulation and harbour human disease risk variants[END_REF]Whyte et al. 2013). This structure distinguishes them from shorter, more compacted regions referred to as typical enhancers.

SEs are characterized by their high level of histone H3 lysine 27 acetylation (H3K27ac) density, a mark associated with active enhancers and promoters (Creyghton et al. 2010;Rada-Iglesias et al. 2011), and the binding of a high abundance of TFs, transcriptional coactivators, and chromatin remodelers (Hnisz et al. 2013;Whyte et al. 2013). Analyses of the SE dynamics during lineage commitment of specific cell types have shown that SEs are remodeled during differentiation, having crucial roles in cell fate determination (Adam et al. 2015;[START_REF] Thakurela | Dynamics and function of distal regulatory elements during neurogenesis and neuroplasticity[END_REF]Vahedi et al. 2015).

Moreover, SEs are enriched for single nucleotide polymorphisms (SNPs) associated with a broad spectrum of diseases including but not limited to cancers, type 1 diabetes, Alzheimer's disease, and multiple sclerosis (Hnisz et al. 2013;[START_REF] Parker | Chromatin stretch enhancer states drive cell-specific gene regulation and harbour human disease risk variants[END_REF]Vahedi et al. 2015). For example, a fraction of human T-cell acute lymphoblastic leukemia cases exhibits somatic mutations that create MYB TF binding sites that generate a SE adjacent to the TAL1 oncogene (Mansour et al. 2014). Despite a basic understanding of the features and functions of mammalian SEs and a recently published catalog of SEs in nonvertebrates [START_REF] Wei | SEA: a super-enhancer archive[END_REF], the extent to which the defining characteristics of mammalian SEs also apply to similar regulatory regions in species outside of the mammalian clade is not known.

Comparative analyses of enhancers in different species have been invaluable for our understanding of their evolution (for review, see [START_REF] Domené | Enhancer turnover and conserved regulatory function in vertebrate evolution[END_REF][START_REF] Rubinstein | Evolution of transcriptional enhancers and animal diversity[END_REF]. Here, we employed the zebrafish model as an exemplar to define SE biology in vertebrates (Howe et al. 2013;Kaufman et al. 2016). Previous studies of zebrafish have successfully identified stage-specific enhancers involved in early development and have highlighted their general low sequence conservation (Aday et al. 2011;[START_REF] Bogdanovic | Dynamics of enhancer chromatin signatures mark the transition from pluripotency to cell specification during embryogenesis[END_REF]Lee et al. 2015). Although these enhancer annotations open the possibility to gain fundamental insights into gene regulation during embryonic development, they do not address the tissue-specificity of enhancers in zebrafish.

To identify cell-and tissue-specific enhancers, in particular SEs, we analyzed the distribution of H3K27ac in zebrafish pluripotent cells and four adult tissues. Our comparative analyses of zebrafish, mouse, and human SEs highlight their differences and similarities and advance the study of gene regulation in zebrafish by identifying a set of SE candidates involved in cellular identity.

Results

H3K27ac marks hundreds of SEs in zebrafish

To assess characteristic features of vertebrate SEs, we identified enhancer regions in zebrafish (Danio rerio), mouse, and human brain, heart, intestine, testis, and pluripotent cells. For zebrafish, we used the early embryonic dome stage as a comparative stage to the pluripotent state of mouse and human ESCs [START_REF] Schier | Molecular genetics of axis formation in zebrafish[END_REF]. All mouse and human enhancer annotations, as well as zebrafish pluripotent state enhancer annotations, were based on publicly available data sets of the H3K27ac mark, whereas those of the zebrafish adult brain, heart, intestine, and testis were performed using in-house generated H3K27ac ChIP-seq data sets (Fig. 1A; Supplemental Table S1; [START_REF] Bernstein | The NIH Roadmap Epigenomics Mapping Consortium[END_REF]Rada-Iglesias et al. 2011;[START_REF] Bogdanovic | Dynamics of enhancer chromatin signatures mark the transition from pluripotency to cell specification during embryogenesis[END_REF][START_REF] Chadwick | The NIH Roadmap Epigenomics Program data resource[END_REF]Mouse ENCODE Consortium 2012;Nord et al. 2013;[START_REF] Yue | A comparative encyclopedia of DNA elements in the mouse genome[END_REF]. To identify typical enhancers and SEs, H3K27ac-enriched regions were identified with SICER (Zang et al. 2009), filtered to discard active promoters, and stitched by the ROSE software (Fig. 1A; Lovén et al. 2013;Whyte et al. 2013). We identified an average of 743 and 1183 SEs for zebrafish and mammals, respectively (Fig. 1B; Supplemental Table S1; Supplemental Data set S1). Similar to mammalian SEs, most zebrafish SEs were longer than typical enhancers, although the length parameter was not explicitly considered for their identification (Supplemental Fig. S1A-C; examples of typical enhancers and SEs are shown in Supplemental Fig. S2A).

Genomic distribution of zebrafish typical enhancers and SEs differs from that of mammalian regions

In contrast to mammalian SEs, which tend to overlap with gene bodies (Lovén et al. 2013;Whyte et al. 2013), neither zebrafish typical enhancers nor zebrafish SEs were preferentially enriched in the TSS downstream regions in any tissue or at any embryonic stage analyzed (Fig. 2A; Supplemental Fig. S2B). To assess if zebrafish typical enhancers and SEs were enriched in gene bodies, the proportion of genes covered by typical enhancers and SEs was calculated and compared to the proportion of genes covered by random control regions. As expected, mouse and human typical enhancers and SEs from all analyzed samples showed significant enrichments in gene bodies (P-values from z-scores ≤4.71 × 10 -18 ), whereas gene-body enrichment of zebrafish typical enhancers and SEs showed variation among the different cells and tissues analyzed (Fig. 2B). Furthermore, we found that on average for all cells and tissues analyzed, ∼65% and ∼73% of mouse and ∼70% and ∼80% of human typical enhancer and SE sequences, respectively, overlapped introns (Fig. 2C). In zebrafish, only ∼28% of typical enhancer and ∼29% of SE sequences overlapped introns, and the majority of zebrafish typical enhancer and SE sequences (∼67% and ∼66%, respectively) overlapped intergenic regions in all zebrafish cells and adult tissues (Fig. 2C; Supplemental Fig. S2C). These drastic differences in genomic distribution cannot be solely explained by differences in the global genome composi-tion of the three species, as >50% of the zebrafish, mouse, and human genomes correspond to intergenic sequences (Supplemental Fig. S2D).

Vertebrate SEs are more cell-and tissue-specific than typical enhancers A notable characteristic of mammalian SEs is their association with key cellular identity genes (Fig. 3A; Hnisz et al. 2013;Whyte et al. 2013). Similar to mouse and human SEs, gene ontology (GO) annotations of the zebrafish SEs in pluripotent state, brain, heart, intestine, and testis showed enriched terms related to early development and pluripotency, neuronal components, signal transduction, immune pathways, and chromatin organization, respectively (Supplemental Fig. S3). In addition, our intra-species comparisons showed that, similar to mammals (Hnisz et al. 2013), zebrafish SEs exhibit higher cell-and tissue-specificity than typical enhancers (P-values from G-tests of independence ≤8.5 × 10 -13 , with the exception of zebrafish heart) (Fig. 3B; Supplemental Fig. S4).

SEs associate with a conserved set of genes throughout vertebrate evolution

Collectively, typical enhancers and SEs showed higher sequence conservation than their immediate flanking regions (P-values from Wilcoxon rank-sum test ≤2.8 × 10 -4 , with the exception of typical enhancers from the right ventricle of the human heart) (Fig. 4A). While zebrafish SEs from most tissues analyzed had significantly higher sequence conservation than zebrafish typical enhancers (P-values from Wilcoxon rank-sum test ≤9.3 × 10 -4 ), mouse and human sequence conservation differences were dependent on the tissue analyzed (Supplemental Fig. S5A). When we compared individual intergenic regions enriched for H3K27ac within typical enhancers and SEs, the higher conservation found for full-length SEs was diminished, and, for most of the data sets, typical enhancer regions were more conserved than SE regions (P-values from Wilcoxon rank-sum test ≤3.7 × 10 -3 ) (Supplemental Fig. S5B). This observation is consistent with the fact that a higher proportion of SE constitutive regions overlaps intragenic sequences, which could artificially inflate the SE conservation estimate when analyzed as a whole unit (Supplemental Fig. S5C).

Next, to determine if SEs tend to maintain their spatial association with orthologous genes throughout evolution, the genes associated with zebrafish, mouse, and human typical enhancers and SEs were compared based on homology annotations. The proportion of orthologous genes associated with typical enhancers in all three species was significantly larger than that associated with SEs (P-values from G-tests of independence ≤5.497 × 10 -8 ) (Fig. 4B; Supplemental Fig. S6A-D; Supplemental Table S2). Approximately 42% of zebrafish SEs were associated with orthologous genes in mouse and human (pluripotent state = 110/473; brain = 321/664; heart = 325/850; intestine = 462/1145; testis = 362/581), and ∼27% and ∼21% of the mouse and human SEs, respectively, maintained their orthologous associations (examples are illustrated in Fig. 4C; Supplemental Fig. S6E-H). Importantly, mammalian SEs with conserved orthologous gene associations in the three species had higher sequence conservation than the nonassociated-SEs (P-values from Wilcoxon rank-sum test ≤4.7 × 10 -3 ). Similar results were also observed for the zebrafish brain and testis SEs (P-values from Wilcoxon rank-sum test ≤9.1 × 10 -3 ) (Fig. 4D; Supplemental Fig. 6I). Thus, despite overall low sequence conservation in vertebrates, SEs that maintained orthologous gene associations exhibited higher conservation at the sequence level than those lacking such associations.

Analysis of accessible chromatin identifies differences between zebrafish typical enhancer and SE composition

Within zebrafish SEs, we sought to demarcate transcription factor binding site (TFBS) hotspots or epicenters, defined as regions shorter than 1 kb bound by at least five TFs involved in cell identity (Siersbaek et al. 2014;Adam et al. 2015). To overcome the lack of zebrafish ChIP-seq data, we focused on the identification of accessible chromatin regions by ATAC-seq (Supplemental Fig. S7A; [START_REF] Buenrostro | Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position[END_REF]. To confirm that ATAC-seq data can be mined to identify TFBSs in zebrafish, we compared pluripotent state ATAC-seq and [START_REF] Kaaij | Enhancers reside in a unique epigenetic environment during early zebrafish development[END_REF]) Nanog ChIP-seq peaks (Xu et al. 2012). These comparisons showed significant overlap at both the genome-wide level and within SEs (P-values based on hypergeometric distributions ≤e -2917.71 ) (Fig. 5A).

A differential analysis of ATAC-seq peaks within typical enhancers and SEs identified 12 clusters of overrepresented motifs within SEs (Supplemental Fig. S7B). Our set of consensus motifs included those with similarity to matrix models of pluripotencyassociated TFs, such as SOX2, EOMES, and FOXD3 [START_REF] Sutton | Genesis, a winged helix transcriptional repressor with expression restricted to embryonic stem cells[END_REF][START_REF] Hromas | Genesis, a Winged Helix transcriptional repressor, has embryonic expression limited to the neural crest, and stimulates proliferation in vitro in a neural development model[END_REF][START_REF] Avilion | Multipotent cell lineages in early mouse development depend on SOX2 function[END_REF][START_REF] Kidder | Examination of transcriptional networks reveals an important role for TCFAP2C, SMARCA4, and EOMES in trophoblast stem cell maintenance[END_REF]. The motif that correlated with the SOX2 matrix was the consensus of two motifs: one similar to the SOX2 matrix model and the second motif similar to the SOX9 and ESRRA matrix models (Fig. 5B). GO annotation of the SE ATAC-seq peaks containing sites of these two motifs showed enrichment for TF function and pluripotency terms that were not identified by the global analysis of pluripotent state SEs (Fig. 5C; Supplemental Fig. S3A). Thus, our results predict a set of TFs with enriched binding to accessible chromatin regions highly associated with pluripotency.

Dissections of vertebrate SEs identify functionally conserved elements

To determine the different contribution of regions within SEs, two SEs having conserved associations with irf2bpl and zic2a (hereafter referred to as SE-irf2bpl and SE-zic2a) (Fig. 4C; Supplemental Fig. S6A) were tested by GFP reporter assays in zebrafish embryos (Supplemental Fig. S8A). Twelve zebrafish gene distal regions were selected for the enhancer activity test based on their H3K27ac, ATAC-seq, and Nanog ChIP-seq profiles (Fig. 6; Supplemental Table S3). To evaluate the functional conservation of the equivalent mouse SEs, nine mouse regions, selected based on the presence or absence of TFBSs for 14 pluripotent state TFs, were tested (Supplemental Fig. S7A; Supplemental Table S3; [START_REF] Chen | Integration of external signaling pathways with the core transcriptional network in embryonic stem cells[END_REF][START_REF] Heng | The nuclear receptor Nr5a2 can replace Oct4 in the reprogramming of murine somatic cells to pluripotent cells[END_REF][START_REF] Ma | Sequence-specific regulator Prdm14 safeguards mouse ESCs from entering extraembryonic endoderm fates[END_REF][START_REF] Vella | Yin Yang 1 extends the Myc-related transcription factors network in embryonic stem cells[END_REF][START_REF] Betschinger | Exit from pluripotency is gated by intracellular redistribution of the bHLH transcription factor Tfe3[END_REF]Whyte et al. 2013). It should be noted that while the mouse Zic2-associated region is a typical enhancer at the pluripotent state (Fig. 6C), it is identified as a SE in the brain (Fig. 4C).

For zebrafish SE-irf2bpl, there was a strong concordance between enhancer activity and the presence of a high ATAC-seq signal (Fig. 6A,B; Supplemental Fig. S8B). Remarkably, the GFP expression pattern driven by the conserved zebrafish region D and the mouse region K (Fig. 6A) substantially overlapped within the olfactory placode (Fig. 6B). Similarly, the mouse region G (Fig. 6A) drove dim GFP expression in the olfactory placode at ∼24 h post-fertilization (hpf) with peak GFP expression in the roof plate at 48 hpf (Supplemental Fig. S8B).

For zebrafish SE-zic2a, 75% of SE-zic2a regions exhibiting enhancer activity also contained ATAC-seq peaks and displayed high sequence conservation (the P, Q, and R regions) (Fig. 6C,D; Supplemental Fig. S8C). Interestingly, the zebrafish S region, originally selected as a control region based on the lack of sequence conservation and the absence of H3K27ac and ATAC-seq signals, drove specific GFP expression in the notochord and telencephalon (Fig. 6D) similar to the spinal cord and telencephalon expression driven by the equivalent mouse T region (Fig. 6D). As the S region contained a mildly enriched Nanog peak (Fig. 6C) and predicted TFBSs (Supplemental Table S3), it likely corresponds to a redundant or "shadow" enhancer that is not active under homeostatic conditions and, consequently, is not found by ATAC-seq (Fig. 6C).

Taken together, our results confirm that SEs contain regions with evolutionary conserved enhancer functions and emphasize the importance of analyzing comprehensive hyperactive chromatin regions instead of isolated enhancers to allow the identification of enhancers with partially redundant activities.

Discussion

In this study, we identify tissue-specific enhancers in zebrafish, focusing on hyperactive chromatin regions or SEs. Our comparative analyses support a model in which SEs specify uniquely important cell-and tissue-specific regulatory regions across species (Hnisz et al. 2013;Saint-André et al. 2016) and highlight the difference in genomic distribution between zebrafish and mammalian SEs. While the majority of mammalian SEs overlap with their target genes (Whyte et al. 2013), zebrafish typical enhancers and SEs are mainly located within intergenic regions. Similarly, during early zebrafish development, differentially methylated DNA regions, ∼50% of which are enriched for enhancer-associated chromatin marks including H3K27ac, are mainly embedded within intergenic sequences (Lee et al. 2015). Future analyses incorporating the enhancer annotations of additional species may reveal if the intergenic distribution of zebrafish regulatory regions is a distinctive feature.

Similar to what has been shown for zebrafish and mammalian enhancers [START_REF] Bogdanovic | Dynamics of enhancer chromatin signatures mark the transition from pluripotency to cell specification during embryogenesis[END_REF]Lee et al. 2015; Villar , our PhastCons value-based sequence conservation analysis showed that both zebrafish typical enhancers and SEs have overall low sequence conservation and that SE intergenic constitutive regions do not display higher conservation than those of typical enhancers. However, the sequence conservation was detectably higher in the fraction of SEs that has maintained an association with orthologous genes in zebrafish, mouse, and human compared to the fraction lacking conserved orthologous associations. It remains to be determined if those SEs with orthologous gene associations have an evolutionary common origin, or if they independently evolved in the three species. Notably, enhancers shared between human and chimp also display higher sequence conservation than species-biased enhancers [START_REF] Prescott | Enhancer divergence and cis-regulatory evolution in the human and chimp neural crest[END_REF].

Previous studies have reported enhancer regions with overlapping functions in phylogenetically distant species (Hare et al. 2008;Taher et al. 2011;Clarke et al. 2012). However, the genome-wide prediction of those regions is not trivial (Taher et al. 2011), as sequence conservation alone does not necessarily predict functional conservation, and regions with high sequence conservation can drive different patterns of expression in reporter assays [START_REF] Goode | Minor change, major difference: divergent functions of highly conserved cis-regulatory elements subsequent to whole genome duplication events[END_REF]). Thus, it is remarkable that we defined equivalent subregions in two SEs with conserved enhancer functions. Although the extent of enhancer redundancy is poorly understood, a recent study has shown the genome-wide pervasiveness of shadow enhancers during Drosophila development [START_REF] Cannavò | Shadow enhancers are pervasive features of developmental regulatory networks[END_REF]). Indeed, one of the zebrafish SE regions identified in this study likely represents a shadow enhancer with a conserved function. For these reasons, we propose that the future identification of shadow enhancers will benefit from the analysis of whole hyperactive chromatin regions rather than the analysis of isolated enhancers.

Our study reveals the genome-wide distribution of tissue-specific cis-regulatory elements in zebrafish and identifies the key SE complement in this important model system. Moreover, the characterized genomic distribution of zebrafish typical enhancers and SEs, together with our comparative analyses to those of mammals, solidifies our understanding of pervasive and conserved vertebrate transcriptional mechanisms.

Methods

ChIP-seq assays

Whole brains, hearts, intestines, and testis were dissected from same-age adult male AB zebrafish. Two biological replicates were prepared from each tissue. ChIP-seq was performed as previously described (Guenther et al. 2008) using Abcam H3K27ac antibody (ab4729, lot# GR259887-1). Purified chromatin was used for single-end library preparation following standard Illumina protocols. For more details, see Supplemental Material.

Identification of typical enhancers and SEs

H3K27ac ChIP-seq data sets were mapped to their corresponding reference genomes (Zv9 for zebrafish, mm10 for mouse, and hg38 for human) using Bowtie 2 version 2.1.0 (Langmead and Salzberg 2012). Peak calling was performed with SICER version 1.1 (Zang et al. 2009); if available, input libraries were used as controls for the peak calling (Supplemental Table S1). Identified peaks were filtered to discard peaks for which the main summit was within promoter regions and used as input for the ROSE algorithm version 0.1 to identify typical enhancers and SEs. For detailed parameters, see Supplemental Material and Supplemental Files S1,S2.

Computational analyses

The calculation of typical enhancer and SE distributions around TSSs was performed using Nebula [START_REF] Boeva | Nebula-a webserver for advanced ChIP-seq data analysis[END_REF]. Typical enhancer and SE enrichments over gene bodies were calculated with a customized script (Supplemental File S3) and control enrich-ments were obtained by bootstrap resampling with 100 iterations. To calculate the percentage of typical enhancer and SE sequences overlapping with genomic features, typical enhancer and SE annotations were compared to RefSeq Gene annotations (Rosenbloom et al. 2015) using BEDTools intersect function (Quinlan and Hall 2010). Sequence conservation scores were calculated based on the vertebrate conservation PhastCons tracks from UCSC (Siepel and Haussler 2005;Siepel et al. 2005) associated with each of the genome versions used for read mapping using hgWiggle (Kent et al. 2002) and a customized Python script (Supplemental File S4). For ortholog comparisons, typical enhancer and SE target genes were annotated based on gene proximity using Nebula. All gene names were converted to Ensembl ids and compared based on homology annotations from Ensembl (Genes 82) (Cunningham et al. 2015). Analysis of the ATAC-seq library was performed as previously described [START_REF] Buenrostro | Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position[END_REF]. Overrepresented motifs in ATACseq peaks within SEs were identified using the RSAT peak-motifs tool (Thomas-Chollier et al. 2012a,b). For more details, see Supplemental Material.

Microinjections

Each of the vectors containing SE regions (for cloning details, see the Supplemental Material) was co-injected with Tol2 mRNA into one-cell stage zebrafish embryos. GFP expression was monitored during the first 3 d post-fertilization. All injection experiments were repeated at least twice (Supplemental Table S3). For more details, see Supplemental Material.

Data access

Zebrafish H3K27ac ChIP-seq data generated in this study have been submitted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih. gov/geo/) [START_REF] Edgar | Gene Expression Omnibus: NCBI gene expression and hybridization array data repository[END_REF] 
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H3K27ac ChIP-seq datasets were mapped to their corresponding reference genomes (Zv9 for zebrafish, mm10 for mouse and hg38 for human) using Bowtie 2 version 2.1.0 (Langmead and Salzberg 2012) with default parameters and allowing up to 1 mismatch in the seed alignment (size = 22). Aligned reads with mapping quality ≥ 20 were saved in BAM format using samtools version 1.1 (Li et al. 2009). BAM files of biological replicates were merged and converted to BED format using BEDTools version 2.18 (Quinlan and Hall 2010).

The human brain datasets were directly downloaded from the GEO database as aligned reads to the human genome version hg19 in BED format. Peak calling was performed with SICER version 1.1 (Zang et al. 2009) setting window size to 200, redundancy threshold to 1, gap size to 600, FDR to 0.05 and adjusting the fragment size accordingly with the analyzed dataset. If available, input libraries were used as controls for the peak calling. For the zebrafish datasets without input control (Supplemental Table S1) a stringent SICER e-value cutoff of 0.05 was applied. Identified peaks were filtered to discard peaks for which the main summit was within promoter regions (2 kb upstream and 2 kb downstream of TSSs based on RefSeq annotations (Rosenbloom et al. 2015)), and if at least 50% of the peak overlapped with these regions (Supplemental File S1; Supplemental File S2). To identify typical enhancers and SEs the ROSE algorithm version 0.1 was applied with default parameters (Whyte et al. 2013;Lovén et al. 2013) using the filtered peaks identified by SICER, H3K27ac and input BAM files and performing TSS exclusion (-t 2000). H3K27ac metagene representations of typical enhancers and SEs were obtained as previously described (Whyte et al. 2013) by applying the "bamToGFF" function of ROSE. WIG files representing raw H3K27ac occupancy were generated using FindPeaks version 4.0.15 [START_REF] Fejes | FindPeaks 3.1: a tool for identifying areas of enrichment from massively parallel short-read sequencing technology[END_REF], setting a triangle distribution accordingly to the fragment size of each library and removing duplicates (-duplicatefilter).

Genomic distribution of typical enhancers and SEs
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The calculation of typical enhancer and SE distributions around TSSs was performed using the Nebula tool "Get peak distribution around TSS (histones)" [START_REF] Boeva | Nebula-a webserver for advanced ChIP-seq data analysis[END_REF]. Typical enhancer and SE enrichments over gene bodies were calculated with a customized script (Supplemental File S3) using BEDTools functions annotate and shuffle, and RefSeq Gene annotations filtered to keep only unique coordinates. Enrichment over gene bodies for control regions was calculated using bootstrap resampling with 100 iterations, and the mean and standard deviation were used to generate Fig. 2C bar plots. To calculate the percentage of typical enhancer and SE sequences overlapping with genomic features, typical enhancer and SE annotations were compared to RefSeq Gene annotations (Karolchik et al. 2004;Rosembloom et al. 2015) using BEDTools intersect function with the -wo option and the rest as default. RefSeq overlapping regions in the same strand and for the same genomic feature where merged with the BEDTools merge function to consider each base in the genome only once. The number of base pairs overlapping with each genomic feature was divided by the total length of typical enhancers or SEs to calculate the percentages.

Gene ontology annotations

Functional annotations of zebrafish SEs were performed with GREAT version 3.0.0 [START_REF] Mclean | GREAT improves functional interpretation of cis-regulatory regions[END_REF][START_REF] Hiller | Computational methods to detect conserved non-genic elements in phylogenetically isolated genomes: application to zebrafish[END_REF]) using "Basal plus extension" mode and setting the distal extension to 100 kb.

Cell and tissue specificity analysis

Multiple comparisons between typical enhancer and SE datasets from the same species were performed with HOMER mergePeaks tool version 4.7.2 (Heinz et al. 2010) with options -d given and -gsize 1412464843, 2793712140 and 3137144693 for zebrafish, mouse and human, respectively. Human brain typical enhancer and SE annotations were converted 6 (liftOver; Kent et al. 2002) from hg19 genomic coordinates to hg38 coordinates for the analysis.

Sequence conservation analyses

Sequence conservation scores were calculated based on the vertebrate conservation PhastCons tracks from UCSC associated with each of the genome versions used for read mapping (Siepel and Haussler 2005;Siepel et al. 2005). The UCSC tool hgWiggle (Kent et al. 2002) was used to extract PhastCons scores for each typical enhancer and SE. A customized Python script (Supplemental File S4) was written to bin typical enhancers and SEs into 50 windows of equal length and process hgWiggle output file to calculate the average sequence conservation of each window. Conservation values for all typical enhancers and SEs and for each window were used to generate metagene representations shown in Fig. 4A. Simultaneously, the average sequence conservation of the whole typical enhancer or SE was calculated by the same python script. In addition, average sequence conservation scores were also calculated for the immediate upstream (-3 kb) and downstream (+3 kb) typical enhancer and SE regions.

Orthologous gene comparisons

Typical enhancer and SE target genes were annotated based on gene proximity using the "Annotation of genes with ChIP-seq peaks (histones)" function from the Nebula web server, and a maximum distance of 100 kb from gene bodies. Typical enhancer and SE annotations of mouse (cerebellum and olfactory bulb only) and human adult brain and heart datasets were collapsed into one single dataset for each species. Genes associated with SEs were discarded from the lists of genes associated with typical enhancers. All gene names were converted to Ensembl ids through bioDBnet 2.1 [START_REF] Mudunuri | bioDBnet: the biological database network[END_REF]) and associated with the Ensembl ids of their human or mouse orthologous genes using the homology 7 annotations from Ensembl (Genes 82; Cunningham et al. 2015). For each zebrafish and mouse dataset a list was generated containing the Ensembl ids of the human (pluripotent state, brain, heart and intestine datasets) or mouse (zebrafish testis dataset) orthologous genes and the zebrafish or mouse Ensembl ids of the genes without homology relationships.

The resulting lists were compared to identify shared predicted target genes between species based on human Ensembl ids (for pluripotent state, brain, heart and intestine datasets) and on mouse Ensembl ids (for testis datasets).

ATAC-seq analyses

ATAC-seq peaks were identified as previously described [START_REF] Buenrostro | Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position[END_REF] with modifications in the programs used. Briefly, reads were mapped to the Zv9 zebrafish genome using Bowtie version 0.12.8 (Langmead et al. 2009) allowing up to 1 mismatch in the seed region and keeping only uniquely mapped reads (-m 1). Unaligned reads were filtered to remove sequencing adaptors in the 5' region using cutadapt version 1.3 (Martin 2011). Trimmed reads with minimal length of 40 bp were re-mapped to the Zv9 genome. All mapped reads with mapping quality ≥ 20 were merged and converted to BED format. After adjusting read start sites to represent the transposon binding [START_REF] Buenrostro | Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position[END_REF], peaks were identified using MACS version 1.4.2 (Zhang et al. 2008) with default band width (-bw 300), default range of high-confidence enrichment ratio (-m 10,30) and removing duplicates.

Over-represented motifs in ATAC-seq peaks within SEs were identified using the RSAT peak-motifs tool (Thomas-Chollier et al. 2012a;Thomas-Chollier et al. 2012b). ATAC-seq peaks within typical enhancers were used as background regions to perform differential analysis. Peak-motifs was used with default parameters to identify over-represented words (oligo-analysis) and spaced word pairs (dyad-analysis) using three oligomer lengths (6, 7 and 8) and a maximum number of 5 motifs per algorithm. De-novo identified motifs were compared to the JASPAR core non-redundant vertebrates (2016; [START_REF] Mathelier | JASPAR 2016: a major expansion and update of the open-access database of transcription factor binding profiles[END_REF]) and to the human HOCOMOCO databases (2015-11;[START_REF] Kulakovskiy | HOCOMOCO: a comprehensive collection of human transcription factor binding sites models[END_REF]). Binding sites were predicted for the identified motifs using a background model with Markov order equal to 1. To obtain a representative set of motifs, matrix clustering was performed using the RSAT matrix-clustering tool with an average agglomeration rule [START_REF] Medina-Rivera | RSAT 2015: Regulatory Sequence Analysis Tools[END_REF].

Consensus motifs of the identified clusters were compared to the JASPAR core nonredundant vertebrates and the human HOCOMOCO databases using compare-matrices from RSAT with default parameters [START_REF] Medina-Rivera | RSAT 2015: Regulatory Sequence Analysis Tools[END_REF].

Zebrafish Nanog ChIP-seq analysis

Reads from the Nanog ChIP-seq dataset were mapped to the zebrafish Zv9 genome version using Bowtie 2 allowing up to 1 mismatch in the seed region. Reads with mapping quality ≥ 20 were used for peak calling with MACS, using default parameters and setting the band width to 150. Nanog peaks were filtered to discard peaks with FDR > 2% and sub-peaks were identified using PeakSplitter version 0.1 [START_REF] Salmon-Divon | PeakAnalyzer: Genome-wide annotation of chromatin binding and modification loci[END_REF]. Comparison of the Nanog peaks and ATAC-seq peaks was performed with the HOMER mergePeaks tool with options -d given and -gsize 1412464843.

Analysis of mouse TF ChIP-seq datasets

Mouse ChIP-seq datasets for 14 TFs were mapped to the mm10 genome version with Bowtie 2 (Supplemental Table S3). Peak calling was performed with MACS, adjusting the band width parameter accordingly to each library. Peaks with an FDR > 2% were discarded and PeakSplitter was applied to the remaining peaks to identify sub-peaks. Sub-peaks for all the libraries were collapsed and those within typical enhancers and SEs were used to create enrichment tracks of TFBSs using 1 kb windows.
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Motif analysis of the SE-zic2a S region

The SE-zic2a L, M, N, O and S region sequences were scanned using matrix-scan from RSAT (Turatsinze et al. 2008) with default parameters (pseudo-counts = 1, distributed proportionally to residues priors, p-value threshold of 1x10 -4 ). Matrix models used for the scanning corresponded to the whole sets of JASPAR core non-redundant vertebrates and human HOCOMOCO matrices. Common sites between the S and the regions without enhancer activity (L, M, N and O regions) were discarded and only the unique predicted sites within the S region are shown in Supplemental Table S3.

Statistical analyses

All graphs and statistical analyses were performed with R version 3.1.0 (R Development Core Team 2008). Venn and Chow-Ruskey diagrams were generated using the R package Vennerable version 3.0 (http://r-forge.r-project.org/projects/vennerable).

Molecular cloning

SE regions were PCR amplified (Supplemental Table S3), sub-cloned into the pCRII-TOPO vector (Zero Blunt TOPO PCR Cloning Kit, Invitrogen) and sequenced by Sanger method.

After sequence confirmation, pCRII-TOPO vectors were used to perform sticky-end subcloning or Gibson assembly subcloning of the SE regions into the E1b-GFP-Tol2- 

Microinjections of zebrafish embryos
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A vector carrying Tol2 mRNA (kind gift of F. Del Bene laboratory) was linearized using NotI.

Capped Tol2 mRNA was in vitro transcribed using the mMESSAGE mMACHINE SP6 Kit (Life Technologies) and purified with the RNeasy Mini Kit (QIAGEN). Tol2 mRNA was coinjected with each of the E1b-GFP-Tol2-Gateway modified vectors into one-cell stage zebrafish embryos. Each embryo was injected with 1 nl of a solution containing 173 ng/µl of Tol2 mRNA, 30 ng/µl of vector and 13% of phenol red. Injected embryos were kept in medium containing Pen Strep and phenylthiourea (PTU) at 27°C. GFP expression was monitored during the first three days post-fertilization. All injection experiments were repeated at least twice (Supplementary Table S3).

Microscopy

Zebrafish embryo imaging was performed using a Zeiss SteREO Discovery.V20 stereomicroscope equipped with a Zeiss Axiocam MRc camera and ZEN 2012 software. All images were processed using Adobe Photoshop CC software. 
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In vivo analysis of CTCF functions in the zebrafish genome

The architectural protein CTCF has emerged as a main regulator of the 3D genome organization in mammals. However, the functions of CTCF have been evaluated in a limited number of bilaterian organisms and studies in Drosophila have indicated the different roles of CTCF in the genome organization of flies and mammals. Hence, to contribute to the determination of CTCF functions in a phylogenetically distant vertebrate from mammals, genome-wide binding of CTCF has been evaluated for the first time in zebrafish. By integrating additional public genomic data two of the functions of CTCF have been examined.

Main findings

CTCF binding to the zebrafish genome has been difficult to assess, due to the lack of ChIP-seq grade quality antibodies. To overcome this caveat, the CRISPR/Cas9 technology was used to insert an HA-tag in-frame with the coding sequence of ctcf. Using this transgenic fish line two biological replicates of CTCF ChIP-seq were generated. ChIP-seq replicates show high correlation and the identified peaks have higher sequence conservation than randomly distributed controls.

Analysis of histone marks over the CTCF peaks show a general enrichment on marks associated with promoters and enhancers. Similarly to described binding sites of CTCF in other vertebrates, extensive motifs of CTCF binding can be identified in a fraction of the CTCF peaks. In addition, repeats enriched on CTCF binding sites were determined, suggesting which sequences could be contributing in the expansion of CTCF sites in this species.

Most of the CTCF peaks localize at intronic and intergenic regions, but there is a small fraction of them that overlaps promoters. For those peaks located in promoter regions, a positive association between the abundance of CTCF and gene expression was identified. Analysis of DNA accessibility supports a mechanism in which CTCF facilitates the establishment of nucleosome free regions in promoters that results in high levels of expression.

Finally, to assess the role of CTCF in the genome organization in zebrafish, Hi-C maps were analyzed. Only a small percentage of CTCF sites is located at contact domain boundaries and, in contrast to its distribution in mammals, CTCF is not enriched at contact domain boundaries of zebrafish embryos. Conversely, marks associated with active transcription show enrichment at boundaries.

In conclusion, the results here presented support the hypothesis of the CTCF code and suggest differences in the relevance of CTCF in the regulation of genome organization in vertebrates. The establishment of this transgenic line opens the possibility to study in more depth the functions of CTCF in zebrafish and therefore, to evaluate its functions in less heterogenic samples.

INTRODUCTION

CTCF is a major regulator of gene expression. Originally described as a repressor/activator protein [START_REF] Lobanenkov | A novel sequence-specific DNA binding protein which interacts with three regularly spaced direct repeats of the CCCTC-motif in the 5'-flanking sequence of the chicken c-myc gene[END_REF][START_REF] Klenova | CTCF , a Conserved Nuclear Factor Required for Optimal Transcriptional Activity of the Chicken c-myc Gene , Is an 11-Zn-Finger Protein Differentially Expressed in Multiple Forms[END_REF], CTCF was later proposed to act as an enhancer blocking element [START_REF] Bell | The Protein CTCF Is Required for the Enhancer Blocking Activity of Vertebrate Insulators[END_REF]. Sequencing methods to investigate chromatin interactions genome-wide, such as Hi-C (Lieberman- Aiden et al., 2009), have unveiled the central role of CTCF in the three-dimensional (3D) organization of mammalian genomes (Dixon et al. 2012;Guo et al. 2015;Nora et al. 2017). Indeed, it has been shown that CTCF demarcates boundaries of contact domains (also known as topological associating domains, TADs) and that disruption of these sites enables the formation of ectopic contacts between neighboring domains (Nora et al. 2012;Dowen et al. 2014;[START_REF] Lupiáñez | Disruptions of topological chromatin domains cause pathogenic rewiring of gene-enhancer interactions[END_REF]. Importantly, orientation of the CTCF binding sites is a principal determinant of its ability to form DNA loops, including those anchored at contact domain boundaries (Rao et al. 2014;Vietri Rudan et al. 2015;Guo et al. 2015). Among the loops mediated by CTCF, enhancer-promoter interactions account for a significant proportion of these (Rao et al. 2014). Therefore, current knowledge supports the hypothesis that the activating and insulating functions of CTCF can be explained by its ability to mediate DNA looping [START_REF] Ong | CTCF: An architectural protein bridging genome topology and function[END_REF]. However, most of this knowledge has been gained by studies in the human and mouse genomes, while it is has been determined that CTCF is conserved through bilaterians (Heger et al. 2012). High resolution Hi-C analyses in Drosophila cells have exemplified the significant differences in the functional relevance of mammalian and Drosophila CTCF proteins in the establishment of contact domains (Rowley et al. 2017). For this reason, analysis of CTCF functions and mechanisms of action in other species are necessary to understand CTCF impact in genome organization from an evolutionary perspective.

Zebrafish has been proved to be an important model organism to characterize conserved mechanisms of gene regulation in vertebrates (Vastenhouw et al. 2010;Nepal et al. 2013;Bogdanović et al. 2016;Pérez-Rico et al. 2017). It has been determined that the zebrafish genome has only one copy of ctcf and no paralogs have been identified (Pugacheva et al. 2006). During early development ctcf is ubiquitously expressed (Pugacheva et al. 2006) and the expression pattern of the protein is in agreement with that of the transcript (Carmona-Aldana et al. 2018). Based on morpholino assays it has been reported that knockdown of ctcf causes developmental defects and putative genes regulated by CTCF have been identified (Rhodes et al. 2010;Delgado-Olguín et al. 2011;Meier et al. 2018;Carmona-Aldana et al. 2018).

Unfortunately, it has not been evaluated if those genes that appeared as misregulated after depletion of CTCF are its direct targets given the lack of data testing CTCF binding genomewide. In consequence, analysis of CTCF binding in zebrafish have been restricted to few predicted binding sites (Marsman et al. 2014). Importantly, analyses of the 3D genome organization in zebrafish have suggested that CTCF could play similar roles than does described in mammals (Tena et al. 2011;[START_REF] Gómez-Marín | Evolutionary comparison reveals that diverging CTCF sites are signatures of ancestral topological associating domains borders[END_REF]Kaaij et al. 2018). Here, to determine binding of CTCF in the zebrafish genome, we performed ChIP-seq using a fish line engineered to code for a tagged version of CTCF. In combination with published genomic data, we investigated the roles of CTCF in promoters and evaluated its relationship with the 3D genome organization. In contrast to the observed enrichment of CTCF at contact domain boundaries in mammalian genomes, no general enrichment of CTCF is detected at boundaries of contact domains identified in 24 hpf embryos. Our analyses confirm the usefulness of the generated zebrafish line to study CTCF in vivo, and are a first step towards the characterization of CTCF functions in the genome organization of non-mammalian vertebrates.

RESULTS

Identification of CTCF binding sites using a transgenic ctcf HA line

To investigate the in vivo binding of CTCF in the zebrafish genome and overcome the need to generate custom antibodies to perform ChIP-seq, a transgenic zebrafish line expressing a tagged version of CTCF was raised. This line was generated using the CRISPR/Cas9 system and a single-stranded DNA (ssDNA) oligo to precisely insert an HA-tag in-frame after the start codon of ctcf (Fig. 1A). ctcf HA/HA zebrafish show normal embryonic development (Supplemental Fig. S1A), reach adulthood and are fertile (Supplemental Fig. S1B). To confirm that it was possible to detect CTCF using the ctcf HA zebrafish line, Western blot assays were performed with wild type and transgenic embryos and adult brains. A protein of ~120 kDa corresponding to HA-CTCF is specifically detected in the ctcf HA/HA fish samples, but not in wild type samples (Fig. 1B; Supplemental Fig. S1C). This apparent weight of zebrafish CTCF is in agreement with previous Western blots performed using custom antibodies (Delgado-Olguín et al. 2011;Carmona-Aldana et al. 2018).

Next, ChIP-seq libraries were prepared in duplicates using 24 hpf embryos. This time point was selected reasoning that at this embryonic stage fast rounds of mitosis are finished, allowing to investigate the relationship between CTCF and structural domains observed during interphase in the genome. High correlation in the genome-wide signal distribution is observed between the CTCF ChIP-seq replicates (Pearson = 0.88) (Fig. 1C; Supplemental Fig. S2A-B). Also, a CTCF peak is present in the originally characterized minimal promoter of ctcf (Pugacheva et al. 2006), indicating autoregulation of its expression (Supplemental Fig. S2C). Given the high correlation between replicates, ChIP-seq datasets were combined using MACS2 (Zhang et al. 2008) and further analyses were performed on the merged normalized signal and peaks. As a first measure to evaluate the concordance of the identified ChIP-seq peaks with binding sites of a transcription factor, sequence conservation of the predicted CTCF binding sites was analyzed.

In agreement with a non-stochastic distribution in the genome, PhastCons scores showed that the identified ChIP-seq peaks have higher conservation than control regions (Fig. 1D). This same trend is observed even when performing the analysis without considering peaks that overlap exonic regions, which are expected to have higher sequence conservation (Supplemental Fig. S2D). Altogether, these results show that it is possible to detect CTCF and interrogate its binding distribution in the genome using the ctcf HA line.

Commonalities of CTCF binding sites in vertebrates

Analysis of public histone ChIP-seq and ATAC-seq data of 24 hpf zebrafish embryos was used to determine CTCF peak features (Aday et al. 2011;Ulitsky et al. 2011;Bogdanović et al. 2012;[START_REF] Irimia | Extensive conservation of ancient microsynteny across metazoans due to cis-regulatory constraints[END_REF][START_REF] Gehrke | Deep conservation of wrist and digit enhancers in fish[END_REF]. CTCF peaks along the whole spectrum of signal abundancies display enrichment of histone marks associated with active chromatin (H3K4me1, H3K4me3, H3K27ac) and accessibility. In contrast, no general enrichment of H3K27me3, a mark associated with inactive chromatin, is observed around CTCF peak summits (Fig. 2A).

These results are consistent with the described function of CTCF acting in the establishment of enhancer-promoter interactions, labelled by H3K4me1/H3K27ac and H3K4me3, respectively (Guenther et al. 2007;Heintzman et al. 2009;Creyghton et al. 2010;Rada-Iglesias et al. 2011).

To test for enrichment of CTCF motifs in the regions immediately flanking the HA-CTCF peak summits, peak sequences were scanned using annotated human and mouse motifs. This analysis shows central enrichment of CTCF and CTCFL motifs in the identified ChIP-seq peaks, confirming the identification of bona fide CTCF binding sites (Supplemental Fig. S3A). To identify the zebrafish specific CTCF motif, de novo identification of short motifs was performed using all peak summits (±100 bp). Thus, the central core region of CTCF was obtained and further optimized to get a final 20 bp CTCF motif (Fig. 2B). In total, 78% of the identified CTCF peaks (28,538 out of the 36,540 peaks in chromosomes) contain at least one matching site to the motif, whereas 49% of the peaks [START_REF] De La Mata | Potent degradation of neuronal miRNAs induced by highly complementary targets[END_REF]911) contain a matching site to the human motif.

Clustering analysis shows that the zebrafish CTCF motif has higher normalized correlation with the human CTCF motif than with the Drosophila CTCF or the human CTCFL motifs (Fig. 2B).

Besides binding to the core motif, it has been reported that CTCF also binds specific adjacent upstream sequences (Filippova et al. 1996;[START_REF] Boyle | High-resolution genome-wide in vivo footprinting of diverse transcription factors in human cells[END_REF]Rhee and Pugh 2011;Schmidt et al. 2012;[START_REF] Kadota | CTCF binding landscape in jawless fish with reference to Hox cluster evolution[END_REF]). To assess if similar upstream regions are bound in the zebrafish genome, analysis of spacing enrichment was performed using the zebrafish CTCF motif and a motif corresponding to the previously annotated upstream region in mammals. Remarkably, sequences matching the upstream motif were identified and the more significant spacers between the core and the upstream motifs are 8 and 12 bp long, which is concordant with the distances observed in other organisms (Fig. 2C; Supplemental Fig. S3B).

Given the high information content of the CTCF motif it was previously thought and demonstrated that CTCF binding sites can expand in the genome via repeat elements (Schmidt et al. 2012). Enrichment analysis of CTCF binding site regions in repeat elements revealed nonautonomous DNA transposons from zebrafish as the repeat types having the highest significant enrichment of binding sites compared to equivalent control regions (Fig. 2D). Also, by performing hierarchical clustering of the CTCF binding site regions it is possible to visualize the clusters of regions overlapping TDR13B repeats, the DNA transposon with the highest enrichment of sites (Supplemental Fig. S3C).

These results indicate the shared characteristics of CTCF binding sites in vertebrate genomes, reinforce the idea of a CTCF code usage and show repeat elements involved in the expansion of CTCF sites in zebrafish.

CTCF abundance at promoters correlates with gene activation

Analysis of CTCF peak distribution in the genome shows that CTCF peaks are principally located in intronic and intergenic regions. Nonetheless, approximately 6% of the peaks are found in promoter regions (Fig. 3A). To identify distinctive features of genes with CTCF peaks in 26 hpf [START_REF] Kao | Pbx4 is Required for the Temporal Onset of Zebrafish Myocardial Differentiation[END_REF], suggesting a possible reason for which it is be important to ensure high transcription of pbx4 at 24 hpf.

In contrast to other histone profiles, the H3K27me3 profiles of genes bound by CTCF at their promoters does not show a clear relationship between H3K27me3 and CTCF signal (Supplemental Fig. S4C). Nevertheless, the profile shows enrichment of H3K27me3 at promoters and this enrichment was higher than the average observed for genes without CTCF peaks at promoters (Supplemental Fig. S4B-C). Motivated by this observation, promoters labelled by significant enrichment of H3K4me3 and H3K27me3 were annotated as "bivalent" promoters and their association to CTCF binding was tested. Indeed, an association between "bivalent" state and CTCF binding at promoters is observed (Fisher's two-sided exact test, pvalue < 2.2x10 -16 ). Notwithstanding the association of these two characteristics at promoters, it should be considered that given the heterogeneity of the sample it is likely that these "bivalent" promoters reflect differences in histone modifications among the embryonic cell types.

In summary, these findings suggest an important role of CTCF at promoters of genes to contribute in the establishment of a favorable chromatin state to trigger high levels of expression.

Contact domains are not demarcated by CTCF in 24 hpf embryos

Using Hi-C data and in silico predicted CTCF sites within open chromatin regions, It was previously reported that CTCF sites at boundaries of contact domains in zebrafish have the characteristic convergent orientation observed in mammalian loop anchors (Kaaij et al. 2018).

However, it remains to be confirmed if the zebrafish CTCF is actually enriched at boundaries of contact domains and if the same preferential motif orientation is observed when using CTCFbound sites identified by ChIP-seq. In order to assess if CTCF is enriched at contact domain boundaries, published zebrafish Hi-C data of 24 hpf embryos was reanalyzed. Visualization of the Hi-C contact maps shows an uneven distribution of the signal along chromosomes (Supplemental Fig. S5A), with an additional diagonal intersecting the strong diagonal that forms by the enrichment of interaction frequencies at short distances. Processing of Hi-C data generated at an earlier developmental stage (4 hpf) shows a sharper second diagonal with increased signal (Supplemental Fig. S5B). Based on the observation that for all chromosomes the intersection point of the 2 diagonals overlaps or is in close distance to the centromere, and the observed enriched contacts between centromeres and telomeres (Supplemental Fig. S5B-C), we postulate that these maps reflect the Rabl organization of chromosomes during mitosis.

Thus explaining why at early embryonic time points most of the Hi-C signal variability (first principal component) is captured by the chromosome arms and contact domains cannot be successfully identified (Kaaij et al. 2018).

Nevertheless, using the 24 hpf Hi-C data it was possible to identify 1,307 contact domains (median size = 580 kb), which boundaries were used to test for enrichment of CTCF signal.

Only a small percentage of the total CTCF sites in chromosomes is located within boundaries (Fig. 4A) and contrary to the distribution of CTCF signal relative to contact domains in mammals (Dixon et al. 2012), neither CTCF peaks nor motifs are enriched at boundaries in 24 hpf zebrafish (Fig. 4B; Supplemental Fig. S5D). Consistent with previous analyses of this data, H3K27ac signal is not enriched at boundaries either (Fig. 4C). However, boundaries of contact domains are enriched on chromatin marks associated with active transcription (Fig. 4D-E) and depleted on the H3K27me3 inactive mark (Fig. 4F).

In summary, these results suggest that CTCF functions in the establishment of contact domains in zebrafish, at least at 24 hpf, deviate from the characterized functions of CTCF in mammals.

DISCUSSION

In this study we investigated binding of CTCF in the zebrafish genome and showed conserved and divergent functions of CTCF in vertebrates, as illustrated by its positive impact in gene expression, but absence of enrichment at contact domains boundaries in zebrafish.

In order to perform ChIP-seq assays of CTCF, ctcf was endogenously tagged using CRISPR/Cas9. Indeed, this approach has already been applied in human and mouse cells showing good correlation between ChIP-seq datasets obtained with antibodies against the inserted tag and specific for the transcription factors analyzed [START_REF] Savic | CETCh-seq: CRISPR epitope tagging ChIP-seq of DNAbinding proteins[END_REF]. In zebrafish, pioneering work to generate transcription factor ChIP-seq data also relied on tagged versions of the proteins, but using transient expression of modified mRNAs (Xu et al. 2012). Currently, the functions of only few transcription factors have been tested by ChIP-seq in zebrafish given the limited number of antibodies with reactivity to this organism (Nelson et al. 2014(Nelson et al. , 2017;;Meier et al. 2018). Therefore, we envision that the method that enable the analysis of CTCF binding can be exploited to study other transcription factors in embryonic and adult samples.

Morpholino-based knockdown analyses of CTCF have indicated that CTCF is necessary for proper embryonic development of zebrafish (Rhodes et al. 2010;Delgado-Olguín et al. 2011;Meier et al. 2018). Nevertheless, morpholino assays have been shown to lead to non-specific phenotypes that could be obscuring the direct impact of CTCF in development (Kok et al. 2015).

A recent study to generate ctcf knockout mutants in zebrafish based on CRISPR and using a sgRNA (that only differs by 2 nt with the sgRNA used to generate the ctcf HA line) and Cas9 mRNA reported high mortality of injected embryos that precluded the establishment of a zebrafish line (Carmona-Aldana et al. 2018). In contrast, during the generation of the CTCF tagged line, abnormal mortality rates were not observed in the injected mosaic embryos, even when this population actually included embryos carrying deletions in the open reading frame of CTCF. This is in agreement with the fact that injected embryos are mosaics; therefore, it is not possible to conclude essentiality of a gene based on them as it is unlikely that both alleles in all cells will carry mutations. Indeed, we identified adult mosaic fish carrying deletions in the open reading frame of ctcf and obtained heterozygous fish, however, we did not succeed to identify homozygous fish in the offspring of heterozygous incrosses and observed a drop in this offspring population before the juvenile stage. As such, if CTCF is essential or when it becomes essential in zebrafish development are still open questions that would require more in-depth analyses.

Our analyses showing a positive association between the abundance of CTCF peaks in promoters and gene expression could be explained by different mechanisms. It is possible that CTCF binding generates a nucleosome free region or that it participates in the recruitment of RNA polymerase II, as suggested for the cis-regulatory elements of runx1 in zebrafish (Marsman et al. 2014). The first mechanism is supported by our results showing higher enrichment of ATAC-seq signal in the promoters that are more abundantly bound by CTCF and the bimodality of the signal (Fig. 3E). An alternative explanation is that CTCF could facilitate enhancer-promoter interactions, unfortunately, with the resolution of the Hi-C data used here it is not possible to investigate this mechanism. Importantly, analyses of the effect of CTCF depletion using the degron system in mouse embryonic stem cells have determined that most of the downregulated genes after auxin treatment have CTCF bound to their promoters, but less than 40% of those genes have loops mediated by cohesin or are engaged in interactions with enhancers. Instead, CTCF binding coincides with the beginning of nucleosome free regions (Nora et al. 2017). The generation of cohesin/CTCF ChIA-PET or HiChIP should help to determine which of these mechanism has a major relevance in zebrafish. In addition, these data will be important to investigate the functions of CTCF in intragenic regions, as more than 50% of the identified CTCF peaks are located in introns or exons. Interestingly, systematic analyses of CTCF sites in promoter and intragenic regions in human have determined that a significant fraction of these are engaged in loops that impact exon inclusion (Ruiz-Velasco et al. 2017), raising the possibility of an equivalent function in zebrafish.

Visualization of the contact maps of early zebrafish embryos shows a clear Rabl configuration of the chromosomes, indicating that a fraction of the cells used as sample were undergoing mitosis. It is known that the cell cycle is the principal determinant of the 3D genome organization (Nagano et al. 2017;Lazar-Stefanita et al. 2017). Therefore, further analyses using synchronous samples are required to study changes in the genome organization during the maternal to zygotic transition in zebrafish.

An important finding of the analyses here presented is that, contrary to the observed enrichment of CTCF at contact domains boundaries in mammalian genomes, no enrichment of CTCF is observed at these regions in 24 hpf zebrafish. However, active chromatin marks are enriched at boundaries suggesting that transcription could have a more relevant role in the establishment of contact domains in zebrafish than CTCF, as shown for Drosophila and eukaryotes lacking this architectural protein (Rowley et al. 2017). A previous study in zebrafish reported that CTCF is enriched at contact domain boundaries, however, even if the predicted CTCF binding sites show the preferred orientation observed in mammals, only a fraction of the ~37,000 predicted sites localized at boundaries (Kaaij et al. 2018). Additional Hi-C data sets would be needed to confirm if CTCF does not demarcates contact domains in zebrafish in general or if our observation is related to the high heterogenic cell cycle status of the sample.

In conclusion, this work sets zebrafish as an attractive in vivo model to determine the functions of CTCF in the 3D organization of a non-mammalian vertebrate genome, as well as, the evolutionary aspects of this multifunctional protein.

METHODS

Generation of the ctcf HA zebrafish line

Experimental procedures in zebrafish were approved by the ethics committee of the Institut Curie CEEA-IC #118 (project CEEA-IC 2017-017). Wild type and transgenic zebrafish lines were maintained according to standard protocols (Westerfield, 2000) Gene Tools LLC and Integrated DNA Technologies, respectively. The sgRNA was selected using the zebrafish genome browser track of CRISPRscan [START_REF] Moreno-Mateos | CRISPRscan: Designing highly efficient sgRNAs for CRISPR-Cas9 targeting in vivo[END_REF], generated using the pDR274 vector as previously described (Hwang et al. 2013) and purified with an RNeasy Mini Kit (Qiagen). Genomic DNA was extracted from pools of 72 hpf embryos or tails for genotyping, samples were digested for 1 or 3 h at 55°C in 400 or 100 μL of lysis buffer (10 Mm Tris,pH 8,[START_REF] Yekta | MicroRNA-directed cleavage of HOXB8 mRNA[END_REF] mM NaCl, 10 mM EDTA, 2% SDS and 0.19 mg/mL proteinase K from Roche) and purified by ethanol washes. To genotype the fish, DNA was amplified by PCR using Q5 High-Fidelity DNA polymerase (New England BioLabs, #M0491L) and the following primers (5' to 3'): forward -GGAGA CAGAA AGTGG TCGAG GC; reverse -GGCTC CCCAT CTTTA GGCAT GG. Wild type and alleles carrying the insertion were identified by the difference in size of the obtained products observed in agarose gels. In addition, the genotype was confirmed based on the NcoI restriction site that was disrupted by the insert using PCR products and NcoI-HF (New England BioLabs, #R3193S). PCR products were sequenced to discard the presence of additional modifications in the locus. Embryo pictures shown in Supplemental Fig. S1 were taken using a ZEISS SteREO Discovery.V20 microscope, a ZEISS Axiocam MRc camera and the ZEN 2012 software.

Protein extractions and Western blot assays

All protein extractions were obtained from at least 45 embryos and 3 adult brains from 7-month old fish. Embryos were dechorionated (Pronase, Roche) and deyolked (55 mM NaCl,1.8 mM KCl,1.25 mM NaHCO3) prior to cell dissociation. Samples were homogenized in 400 μL of dissociation solution (1 cOmplete tablet, Roche REF 11873580001, in 5 ml of 1X PBS) and cells were collected by centrifugation at 2,000 rpm for 2 minutes. Protein extracts were obtained by sequential resuspension of pellets and collection of supernatants using cytoplasmic (10 mM KCl, 10 mM Hepes (pH 7.9), 3 mM MgCl2, 0.45% Triton X-100, 0.05% Tween-20) and nuclear (400 mM KCl, 10 mM Hepes (pH 7.9), 3 mM MgCl2, 0.45% Triton X-100, 0.05% Tween-20) extract buffers. Bradford protein assay was used to measure protein concentration. 9 μg of each sample were loaded in a NuPAGE 4-12% Bis-Tris gel (Life technologies, Lot 17022070) and separated proteins by electrophoresis were blotted onto a Amersham Protan 0.45 μm nitrocellulose blotting membrane (GE Healthcare, Lot G9944564). Protein transfer was confirmed by Ponceau staining of the membrane followed by blocking with milk. To proceed with detection of HA-CTCF and the loading control, the membrane was cut and incubated with mouse anti-HA (HA.11 Epitope tag, BioLegend, Clone 16B12, Lot B224726) and anti γ-Tubulin (kind gift of Del Bene laboratory, Sigma, Clone GTU-88, Lot #026M4832V) primary antibodies for 2 h at room temperature. The membrane was then incubated with an anti-mouse secondary antibody (Anti-Mouse IgG HRP, PROMEGA, Lot 0000089661) and developed by enhanced chemiluminescence (Amersham ECL Prime Western Blotting Detection Reagent, GE Healthcare, Lot 10952044) in a BIORAD ChemiDoc MP.

ChIP-seq library preparation

Biological replicates were prepared with 2,000 embryos each, collected from independent crosses of ctcf HA/wt fish. Embryos were dechorionated and homogenized in 1% formaldehyde to crosslink chromatin (Thermo Scientific, Prod # 28906) for 15 minutes at room temperature. The fixation reaction was quenched with 0.125 M glycine. Cells were collected and washed twice with ice-cold 1X PBS before snap freezing them with dry ice to store samples at -80°C. Samples were thawed and independent batches combined to get two biological replicates before cell lysis. Chromatin was sheared to 100-200 bp on a Covaris S220 sonicator in a waterbath maintained at 4°C using 4 cycles of 1 min each with the following settings: duty factor 10, peak power 175, cycles/burst 200. After sonication samples were centrifuged to remove debris and 50 μL of each replicate were kept to prepare input control libraries. ChIP was performed using ~7 μg of Anti-HA.11 epitope tag (BioLegend, Lot B222920) for each 50 μL of Dynabeads Protein A (Invitrogen, Lot 00355924). Samples were incubated with the antibody/magnetic bead mix overnight at 4°C. Magnetic beads were washed six times with ice-cold RIPA buffer before DNA elution. Reverse crosslinked eluates of ChIPed DNA and input controls were treated with 8 μL of RNase A (Thermo Scientific) and 4 μL of proteinase K (Roche). DNA was purified with phenol:chloroform and resuspend in 15 μL of 10 mM Tris-HCl pH 8. Purified DNA was used to construct single-end (SR100) Illumina sequencing libraries with the TruSeq -ChIP-seq protocol.

Libraries were sequenced in a HiSeq 2500 system.

Processing of CTCF ChIP-seq data

Quality of ChIP-seq libraries was assessed using FastQC (v0.9.3, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the identified 3' adapters in the ChIP libraries were removed using cutadapt v1.3 (Martin 2011) with the following specifications -O 5 -match-read-wildcards -m 50. Trimmed reads were mapped to the danRer10 version of the zebrafish genome (https://www.ncbi.nlm.nih.gov/assembly/GCF_000002035.5/) with Bowtie 2 version 2.2.5 (Langmead and Salzberg 2012) using -end-to-end -sensitive parameters.

Alignment reports were converted to sorted BAM files using samtools version 1.1 (Li et al. 2009) to discard reads with mapping quality lower than 20. Duplicated reads were removed using MarkDuplicated from Picard Tools version (version 1.45, https://broadinstitute.github.io/picard/) with parameters: REMOVE_DUPLICATES = true OPTICAL_DUPLICATE_PIXEL_DISTANCE = 100. Next, reads from technical replicates were combined with samtools merge. Peak calling was performed with MACS2 callpeak using the input libraries as control of the ChIP libraries and the following parameters: -g 9.9e8 -keep-dup all -bw [187|183] -call-summits. Only peaks with q-values lower than 1x10 -4 within chromosomes were used to compare biological replicates.

Pileup tracks were generated using MACS2 commands callpeak (--keep-dup all -B -modelextsize [187|183] -SPMR -g 9.9e8) and bdgcmp (-m subtract). Bedgraph files were filtered to keep only the signal in chromosomes and converted to bigwig format with bedGraphToBigWig version 4 (Kent et al. 2010). Pearson correlation between biological duplicates was calculated with deepTools version 3.0.1 [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF]) multiBigwigSummary (--binSize 10000) and plotCorrelation (--corMethod pearson -log1p --removeOutliers). To visualize biological replicates with Circos v. 69-5 (Krzywinski 2009), sorted BAM files were normalized using bamCoverage from deepTools (--binSize 100000 -effectiveGenomeSize 938313030 -extendReads 185 -outFileFormat bedgraph -normalizeUsing BPM -centerReads -ignoreForNormalization chrM). The chromosome unit used for Circos was 1 Mb. As high correlation was observed, biological replicates were combined by first normalizing the signal for each replicate using MACS2 callpeak (-B -nomodel -extsize 185 -g 9.9e8 -keep-dup all) and bdgcmp (-m ppois). Replicates were then combined using the generated bedgraph files as input of cmbreps (-m fisher) and peaks identified with bdgpeakcall using the bedgraph file with the combined signal (-l 200 -g 100 -c 8). The final bedgraph file was converted to bigwig format with bedGraphToBigWig. The track with enrichment of CTCF peaks used for Circos was generated with bedtools coverage v2.24.0 (Quinlan and Hall 2010), using as input the peaks identified by bdgpeakcall and chromosomes binned in 100 kb non-overlapping intervals.

Sequence conservation

To assess sequence conservation of the identified CTCF peaks, peak coordinates were converted from danRer10 to danRer7 using the liftOver tool (Karolchik 2004). Conversion was perform for two peaks sets: all peaks and peaks with no overlap to exons or with a fraction of overlap < 40% of the peak size. Ensembl 91 gene annotations of zebrafish (http://dec2017.archive.ensembl.org/Danio_rerio/Info/Index) were used as reference to get exon coordinates. Control regions were obtained with bedtools shuffle and different exclusion regions for all peaks (-excl danRer7_gaps.bed -chrom -noOverlapping) and the non-exonic peaks (-excl danRer7_gaps_exons.bed -chrom -noOverlapping). Profiles of conservation were generated using as reference the 8 vertebrate NCBI PhastCons track of danRer7 (Siepel and Haussler 2005;Siepel et al. 2005) 

Processing of histone ChIP-seq and ATAC-seq data

All the published ChIP-seq and ATAC-seq libraries reanalyzed in this study are specified in the Supplemental Table S1. As done for the CTCF ChIP-seq libraries, the quality of these libraries was analyzed with FastQC. Only the ATAC-seq data showed biases in sequence content and therefore, fastx_trimmer (FASTX Toolkit 0.0.13, http://hannonlab.cshl.edu/fastx_toolkit/) was used to remove the first 15 bp of all reads (-f 15 -Q 33). Then, for all libraries, reads were mapped to the danRer10 version of the genome with Bowtie 2, low quality alignments filtered out and duplicates removed with MarkDuplicates as described for the CTCF ChIP-seq libraries.

The only difference in mapping was for the ATAC-seq library that was mapped in paired-end mode with -very-sensitive parameters. BAM files of ChIP-seq biological replicates were merged using samtools merge. Peak calling of ChIP-seq libraries was performed with SICER v1.1 (Zang et al. 2009) using the following parameters: redundancy threshold = 2, window size = 200, fragment size = [150|200], effective genome fraction = 0.7, gap size = 600. For ChIP-seq libraries with input controls, false discovery rate (FDR) was set to 1x10 -5 , whereas for libraries without controls, an E-value equal to 10 was used. Pileup tracks of ChIP-seq libraries were generated with bamCompare (--binSize 10 -effectiveGenomeSize 938313030 -normalizeUsing RPKM -ignoreForNormalization chrM -skipNonCoveredRegions -extendReads [150|200]). For those libraries with input controls, input signal was subtracted from the ChIP signal (--operation subtract). Peak calling of the ATAC-seq data was done using MACS2 callpeak (-f BAMPEkeep-dup all -B -SPMR -g 9.3e8 -call-summits), and only peaks with q-values < 1x10 -4 were used for further analyses. The pileup track of the ATAC-seq library was obtained using the bedgraph files generated by callpeak, including the control signal generated, in combination with bdgcmp (-m subtract) and bedGraphToBigWig.

Heat maps over CTCF peaks

Heat maps were generated using normalized H3K4me1, H3K4me3, H3K27ac, H3K27me3 and ATAC-seq signal over CTCF peak regions centered in the summit position and ranked by decreasing CTCF ChIP-seq signal. Average signal was calculated with computeMatrix (-a 3000 -b 3000 -referencePoint center -sortRegions keep -averageTypeBins mean --misingDataAsZero) and plotted with plotHeatmap (--zMin 0 0 0 0 -1 -zMax 30 60 80 .

Motif analyses

To test for CTCF motif enrichment on the ChIP-seq peak sequences, the Centrimo program (MEME Suite 5.0.1 patch 1) [START_REF] Bailey | MEME Suite: Tools for motif discovery and searching[END_REF][START_REF] Bailey | Inferring direct DNA binding from ChIP-seq[END_REF] was used to search for central enrichment of motifs from the Eukaryote DNA Human and Mouse (HOCOMOCO v11 Full) database [START_REF] Kulakovskiy | HOCOMOCO: Towards a complete collection of transcription factor binding models for human and mouse via large-scale ChIP-Seq analysis[END_REF]. The ±100 bp sequences flanking the summit of all peaks were scanned on both strands with match score ≥ 5, E-value ≤ 10 and 0-order model of sequences. The central core motif of the zebrafish CTCF matrix was first identified using all peak summit positions (summit ± 100 bp) as input of the HOMER v4.10.1 (Heinz et al. 2010) program findMotifsGenome.pl (danRer10 -size -100,100 -len 8,10,12 -S 25mis 2 -cpg). The motif was then optimized with the same program using as reference the sequences identified as centrally enriched on CTCF and CTCFL by Centrimo (danRer10r -opt motif -size given -len 20 -mis 4 -cpg). CTCF matrix models of zebrafish, human and Drosophila were clustered using the RSAT program matrix-clustering [START_REF] Castro-Mondragon | RSAT matrix-clustering: Dynamic exploration and redundancy reduction of transcription factor binding motif collections[END_REF][START_REF] Nguyen | RSAT 2018: Regulatory sequence analysis tools 20th anniversary[END_REF] with the following clustering options: metric for similarity = Ncor, agglomeration rule for hierarchical clustering = complete, merge matrices = sum. Binding sites within the CTCF ChIP-seq peaks were identified using matrix-scan (Turatsinze et al. 2008) with the zebrafish CTCF matrix (pseudo counts = 1) and an organism specific background model (GRCz10, upstream-noorf, pseudo-frequencies = 0.01). Sequences were scanned on both strands to report individual matches using the end of the sequence as origin. Only the first-rank matches and those with p-value ≤ 1x10 -5 were used for further analyses. Spamo [START_REF] Whitington | Inferring transcription factor complexes from ChIP-seq data[END_REF]) was used to identify significant spacings between the zebrafish CTCF motif and a previously identified upstream motif of CTCF in mammals (downloaded from CTCFBSDB (Ziebarth et al. 2013) and converted to meme format with transfac2meme). The sequences used as input for spamo were the sequences with binding sites identified with matrix-scan and extended in both directions to reach 350 bp long sequences (upstream -168 bp, motif -20 bp, downstream -162 bp). Spamo was run with the following options: -numgen 1 -minscore 4dumpseqs -shared 0.8 -bgfile background_residues.txt (containing the nucleotide probabilities reported by matrix-scan; A 0.32028, C 0.17713, G 0.17903, T 0.32356). Clustering of sequences shown in Supplemental Fig. S3C was performed using extended binding site sequences identified by matrix-scan too, but restricted to a shorter central region of 50 bp. Distances between sequences were calculated using the Levenshtein method from the function stringdistmatrix of the stringdist package version 0.9.5.1 (https://cran.rproject.org/web/packages/stringdist) in R version (3.4.4). Sequences were then clustered using the calculated distances and complete linkage hierarchical clustering in R with the hclust function. All logos were generated using WebLogo version 3.6.0 (Crooks et al. 2004).

Enrichment of CTCF sites in repeat regions

The repeatMasker danRer10 track of NCBI was used [START_REF] Casper | The UCSC Genome Browser database: 2018 update[END_REF] to assess enrichment of CTCF sites in repeats. Only repeat types with more than 50 repeats overlapped by extended CTCF binding site sequences used for clustering were tested for significance of the overlaps.

Identification of overlapping regions between motif sequences and each repeat type was done with bedtools intersect (-f 0.76 to consider only those repeat annotations that overlapped at least 75% of the sequence) to calculate the fraction of total repeats with overlap. This same analysis was repeated 100 times using control regions (bedtools shuffle with the CTCF binding site extended coordinates and -chrom -noOverlapping options) to get the expected values of randomly distributed regions and assess the significance of the overlap with CTCF motifs using z-scores.

Distribution of CTCF peaks in the genome

CTCF peaks were assigned to exonic, intronic, intergenic and promoter (2 kb upstream of TSSs) categories based on the location of their summit. Considering that genomic regions can be annotated as promoters, exons or introns of different transcriptional units, peak assignation was performed sequentially to first identify those overlapping promoters, then exons and finally introns. Genomic overlaps were identified with bedtools intersect using the Ensembl 90 gene annotations of zebrafish (http://aug2017.archive.ensembl.org/Danio_rerio/Info/Index). Those peaks that do not have overlap with gene bodies or promoters were assigned to the intergenic category. The pie chart shown in Fig. 3 was generated with R pie function.

Gene expression analyses

Expression levels of genes were obtained from RNA-seq data deposited in the Expression Atlas of zebrafish (White et al. 2017). Normalized counts per gene (TPM) for each developmental stage were downloaded from https://www.ebi.ac.uk/gxa/experiments/E-ERAD-475/Downloads.

Only the values of the pharyngula prim-5 (24 hpf) were used in this study. Promoters overlapping summits of CTCF peaks were stratified in three categories based on MACS2 scores. The three categories were 'Low', 'Medium' and 'High', and corresponded to the following CTCF peak scores: x ≤ 219 (10 th quantile), 219 > x < 948.2, and x ≥ 948.2 (90 th quantile). Gene IDs of the promoters were then used to filter the three categories and ensure that a given gene was assigned to only one category based on its CTCF peak with the highest score. TPM values for each category, including those genes with no CTCF peak at the promoter, were retrieved from the Expression Atlas table and used to generate the box plot shown on Fig. 3. Analyses of significance of the observed differences were carried out using two-sided Wilcoxon rank-sum tests in R (wilcox.test).

Histone and ATAC-seq profiles over gene bodies

Gene IDs of the three gene categories based on CTCF scores were used to extract genomic coordinates using Ensembl 90 annotations. Average CTCF and ATAC-seq signal over promoters was obtained with computeMatrix reference-point (-a 3000 -b 3000 -averageTypeBins mean -binSize 10), while computeMatrix scale-regions (-a 3000 -b 3000 -averageTypeBins mean -regionBodyLength 8000 --missingDataAsZero) was used for histone ChIP-seq signal. All profiles were plotted with plotProfile. Differences in the distribution were tested for significance with two-sided Kolmogorov-Smirnov tests. ATAC-seq profile and heat map of genes without CTCF-bound promoters was performed with computeMatrix referencepoint (-a 500 -b 3000 -averageTypeBins mean) and plotHeatmap (--kmeans 8).

GO analyses

Analyses were performed with DAVID v6.8 Functional Annotation Tool [START_REF] Huang | Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources[END_REF] using the three categories of genes with CTCF-bound promoters. Only for the 'High' category of genes both GO:0003677 and GO:0005634 terms were significantly enriched on the gene list using the whole zebrafish genome as background (FDR ≤ 1.8x10 -6 ). Enrichments were considered as significant if they had an FDR < 0.01.

Annotation of "bivalent" promoters

Genomic coordinates of the three gene categories and genes without CTCF-bound promoters were used to generate a bed file with promoter (2 kb upstream of TSS) regions for this analysis.

Note that the Ensembl 90 annotations were not directly used because isoforms of the same gene might not all contained a CTCF-bound promoter. Bedtools intersect was used to identify genomic regions with overlapping significant enrichment on H3K4me3 and H3K27me3. Regions enriched on both histone marks were then compared by bedtools intersect to the promoter annotations. Promoters with at least 25% of overlap with the H3K4me3/H3K27me3 regions were considered as "bivalent" promoters. The coordinates of "bivalent" promoters and CTCFbound promoters were also compared by bedtools intersect to compute the contingency table shown on Supplemental Fig. S4.

Generation of Hi-C maps

Normalized Hi-C maps of 4 and 24 hpf embryos were generated using the valid pairs reported by Kaaij et al. 2018 and deposited at the NCBI GEO data base. Files with valid pairs were used as input for HiC-Pro version 2.9.0 (Servant et al. 2015) to build contact maps at two different resolutions (1 Mb and 20 kb) and one iteration of ICE normalization was performed on those matrices. Contact maps were visualized with HiCPlotter version 0.6.6 [START_REF] Akdemir | HiCPlotter integrates genomic data with interaction matrices[END_REF] using the following parameters: -tri 1 -wg 1 -r 1000000 -chr chr25 -hmc 1 -dpi 500.

Annotation of centromeres

Centromeres were annotated based on enrichment of Type I transposable elements (TEs). The danRer10 nestedRepeats track from NCBI was downloaded and coordinates of Type I TEs (LINE|SINE|LTR) saved as a bed file. This bed file was used to generate a coverage track using TE counts per base and then calculating the average counts over 3 kb windows using igvtools count (version 2.3.57, http://www.broadinstitute.org/igv). The coverage track was converted to bigwig format with wigToBigWig and used to calculate the enrichment of Type I TEs over 3 Mb overlapping windows with a shift of 1 kb by bigWigAverageOverBed. Finally, the window with the highest enrichment for each chromosome was annotated as the centromere. Only chromosome 3 and chromosome 4 showed several prominent peaks and the selection of the centromere was performed using the average score including zero values or discarding scores higher than 0.38 (values corresponding to the long arm that is known to be enriched on repeats) for chromosome 3 and 4, respectively.

Identification of contact domains

Contact domains were annotated using perl scripts of the cworld::dekker module version 1.01 (https://github.com/dekkerlab/cworld-dekker) and the contact maps generated with HiC-Pro at 20 kb resolution. First, insulation was calculated with matrix2insulation.pl indicating the following parameters: --is 400000 --ss 80000 --ids 240000 --bmoe 0 --nt 0.1. Second, to obtain contact domain coordinates, the calculated insulation scores and boundaries identified were used as input of insulation2tads.pl, indicating a value of 0 for the option -mts. Given that the danRer10 genome has evident misassembled regions, as indicated by the Hi-C maps, all contact domains annotated within those regions that could have hampered the annotation (mainly telomeric, Supplemental Table S4) were discarded. Thus, a total of 1,307 contact domains were used for further analyses.

Enrichments at contact domain boundaries

Contact domain boundaries were defined as the 20 kb regions located at both ends of domains. CTCF ChIP-seq peaks were categorized as associated or non-associated with boundaries according with the location of their summit relative to extended boundaries (± 20 kb) to account for uncertainty in the exact definition of boundaries. CTCF and histone mark enrichments over contact domain boundaries were assessed by using the center of boundaries as reference point to extend regions on both sides (± 300 kb). These extended regions were divided in 10 kb or 30 kb sized bins for CTCF and histone mark analyses, respectively, and significant peaks identified by MACS and SICER were used to compute the number of overlapping peaks per bin for each boundary using bedtools coverage (-count option). These analysis generated matrices in which each row represents a boundary region and each column one of the bins. Total counts were obtained from each column to calculate the percentage of peaks overlapping each bin and plot their distribution. The same strategy was followed to assess the enrichment of CTCF motifs on 

Discussion and perspectives

Extensive analyses of super-enhancers and CTCF in mammalian genomes indicate that these two regulators have major roles in the 3D genome organization, however, little is known about their functions in other vertebrates. In this work, I present the first steps towards the elucidation of super-enhancer and CTCF functions in the zebrafish genome. The results confirm that super-enhancers in zebrafish are cell-and tissue-specific, indicating an association with the establishment of cell identity, and highlight the benefits of analyzing whole super-enhancer regions instead of limiting the analysis to single enhancers. Regarding the analyses of CTCF binding in the zebrafish genome, the results support the notion of a CTCF "code" widespread in vertebrate genomes. Conversely, in spite of the similar genome-wide distribution of CTCF relative to transcription units in zebrafish and mammalian genomes, our results show discrepancy in the distribution of CTCF around contact domains, suggesting differences in the regulation of the 3D genome organization. Future work should aim to analyze the interplay of super-enhancers and CTCF towards the identification of determinants of the genome organization in zebrafish and potential novel regulators.

Comparative analyses of super-enhancers reveal conserved elements in vertebrate genomes

Zebrafish super-enhancer characteristics

Out of the previously described characteristics of super-enhancers in mammals, analysis of zebrafish super-enhancers was focused on their cell and tissue specificity and on their distribution relative to gene bodies. Whereas the high cell and tissue specificity of zebrafish superenhancers was confirmed, differences in their distribution in the genome were observed. Contrary to mouse and human super-enhancers located in the vicinity of genes, zebrafish superenhancers are not preferentially located downstream of the TSSs and, in general, they are not enriched over gene bodies. If this observation has an impact in the relationship between superenhancers and their targets genes has not been evaluated. In addition, the identity of the genes with super-enhancer enrichment in mouse and human was not analyzed to assess if those genes show particular features or if they correspond to specific gene classes. Also, the reference annotations of mouse and human are more complete and curated; therefore, the analyses of zebrafish super-enhancers could have been partially hampered by missing gene annotations, including those of noncoding RNA genes.

It remains to be tested if other super-enhancer characteristics described in mammals also apply to zebrafish super-enhancers. Among those characteristics, it will be important to determine if zebrafish super-enhancers have high sensitivity to perturbations of their binding proteins (Whyte et al. 2013;Lovén et al. 2013;Vahedi et al. 2015), if they are also confined in insulated neighborhoods (Dowen et al. 2014) and if they have spatial colocalization [START_REF] Beagrie | Complex multienhancer contacts captured by genome architecture mapping[END_REF] to create complex regulatory networks [START_REF] Novo | Long-Range Enhancer Interactions Are Prevalent in Mouse Embryonic Stem Cells and Are Reorganized upon Pluripotent State Transition[END_REF]. These characteristics will be important to analyze because they can provide clues about the establishment of superenhancers in light of the phase separation and loop extrusion models [START_REF] Fudenberg | Formation of Chromosomal Domains by Loop Extrusion[END_REF][START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF]. In fact, super-enhancers are involved in intra-and inter-chromosomal interactions in 8 and 24 hpf zebrafish embryos (Kaaij et al. 2018), indicating that super-enhancers in zebrafish might also form phase separated foci.

Analysis of super-enhancer sequence conservation

Sequence conservation assessed by PhastCons scores showed that super-enhancers do not have higher conservation than typical enhancers, and only those super-enhancers that are associated with orthologs in zebrafish, mouse and human show significant higher sequence conservation than the rest of super-enhancers. Nevertheless, it was not analyzed if these increase in sequence conservation was a general increase of conservation in the whole super-enhancer regions, or if it was rather caused by small regions with high conservation values. It is important to analyze this difference, as small intergenic regions of high conservation could be an indicative of conserved cis-regulatory modules. Therefore, this information could be used as a basis to identify super-enhancers containing regions driving conserved patterns of expression, similar to the regions described for SE-zic2a and SE-irf2bpl. Independently of their sequence conservation, the identified subset of super-enhancers with conserved association to orthologous genes could also be used to predict short regions of conserved functionally, as it has been previously performed using noncoding sequence elements with no evident conservation based on pair-wise comparisons of distant genomes (Taher et al. 2011). Notably, the scanning of the identified regions driving similar patterns of gene expression within SE-zic2a and SE-irf2bpl did not show any specific conserved TFBS grammar, suggesting that specialized algorithms to identify low conserved regulatory modules (Taher et al. 2011) and the scanning with more TF matrix models will be required to identify the mechanism governing their functional conservation. These analyses would have to be complemented with enhancer reporter assays bashing the regions to identify the minimal sequences driving equivalent expression patterns.

In addition, the process that leads to establishment of super-enhancers near orthologous genes has not been assessed. One possibility is that these super-enhancers are located in syntenic blocks in the three species, indicating a common origin. This evidence combined with annotations of contact domains can be used to analyze if super-enhancers and those orthologs are located within the same contact domain, explaining why their preferential associations have been maintained in evolution. Another possibility is that these super-enhancers emerged independently in each species, which is also a viable explanation considering that super-enhancers can emerged from single nucleation events (Mansour et al. 2014).

Improvement in the annotation of target genes

Super-enhancer target genes were annotated based on a simple method relying on sequence proximity. Comparison of annotations based on proximity and ChIA-PET data have shown good correlation (Dowen et al. 2014). Nevertheless, it is clear that annotations based on chromosome conformation capture data are more reliable because enhancers can control the expression of target genes that are located more distantly than 100 kb [START_REF] Sanyal | The long-range interaction landscape of gene promoters[END_REF], the proximity value used to annotate target genes. Considering that adjacent super-enhancers and genes could be located in different contact domains it is likely that, besides disregarding true target genes, annotations solely based on proximity potentially include false positive target genes.

Identification of TFs governing super-enhancer functions

Although zebrafish ATAC-seq data was available for the dome stage, the performed enhancer reporter assays and comparison with nanog ChIP-seq data indicate that ATAC-seq is not sufficient to comprehensively identify TFBS epicenters. Therefore, experimental data sets interrogating the binding of more TFs are required to better characterize the TFs enriched at super-enhancers and their cooperativity within them. Despite the lack of antibodies with reactivity to zebrafish, determination of TF binding in the genome can now be achieved using CRISPR/Cas9, as shown for CTCF. Differential analysis of ATAC-seq regions within typical enhancers and super-enhancers identified motifs showing similarity to SOX and ESRRA matrix models, however, experimental validation is necessary to confirm if there is a particular collaboration of these factors within super-enhancers. For instance, binding of these transcription factors to the composite motifs could be confirmed by electrophoretic mobility shift assays, whereas, sequential ChIPseq could be performed to identify co-bound regions and assess their enrichment at superenhancers.

Biological relevance of super-enhancers

After the characterization of super-enhancers in mouse and human cells and tissues (Whyte et al. 2013;Lovén et al. 2013;Hnisz et al. 2013) their biological relevance started to be questioned, as there is the assumption that super-enhancers have to act as a single unit to be considered as regulators apart of what is considered an enhancer. Most of this criticism is supported on genetic deletions performed in super-enhancers showing that some of their constituent enhancers act independently and in additive manner, as expected of enhancers [START_REF] Hay | Genetic dissection of the α-globin super-enhancer in vivo[END_REF][START_REF] Moorthy | Enhancers and super-enhancers have an equivalent regulatory role in embryonic stem cells through regulation of single or multiple genes[END_REF]). These results have then minimized the value of identifying super-enhancers. However, genetic deletions have also shown that super-enhancers can in fact act in a synergistic manner, and that deletion of small regions can lead to the collapse of the whole super-enhancer or interfere with the regulation of target genes (Mansour et al. 2014;[START_REF] Shin | Hierarchy within the mammary STAT5-driven Wap super-enhancer[END_REF]). Therefore, it is not reasonable to conclude that super-enhancers do not represent a particular subset of regulators enhancing gene expression just because their mechanisms of action cannot be generalized, as even the rules governing enhancer and promoter functions cannot be generalized. In addition, the fact that some genes involved in the establishment of cell identity are not associated with a super-enhancer [START_REF] Moorthy | Enhancers and super-enhancers have an equivalent regulatory role in embryonic stem cells through regulation of single or multiple genes[END_REF] do not discredit that super-enhancers are at the core of transcriptional networks [START_REF] Hnisz | Convergence of Developmental and Oncogenic Signaling Pathways at Transcriptional Super-Enhancers[END_REF][START_REF] Lin | Active medulloblastoma enhancers reveal subgroup-specific cellular origins[END_REF]Saint-André et al. 2016).

However, it is important to emphasize that the current process to identify super-enhancers is only based on ChIP-seq signal and the threshold to consider a stitched region as superenhancer is the inflection point. For this reason, results of the ROSE program to identify superenhancers have to be taken cautiously and all the characteristics described for super-enhancers cannot be directly attributed to the regions identified as super-enhancers without performing analyses to evaluate their characteristics. This is particularly relevant for the super-enhancers with ChIP-seq abundances slightly higher than the threshold, but as a general rule, a superenhancer cannot be considered as important for cell fate without experimental data that supports this conclusion. I consider that identification of super-enhancers is a strong strategy to start to investigate gene regulation in species, or samples in general, for which few genomic data sets are available. Predictions of potential master regulators obtained from the study of super-enhancers could then be used to design additional experiments and improve the annotation of regulators. I envision that the annotation of super-enhancers could be improved by incorporating Hi-C data or data generated by other variants of 3C-based techniques that interrogate chromatin interactions genome-wide. Currently, it is known that regions that can be considered to act as bona fide super-enhancers, in the sense that they represent regions of high interconnectivity to exert their function, are visualized in Hi-C maps as regions with high frequency of interaction that often appear as "stripes" [START_REF] Vian | The Energetics and Physiological Impact of Cohesin Extrusion[END_REF]. Therefore, one approach to identify better quality super-enhancers will be to first annotate super-enhancers using the ROSE program and then calculate the intra-interaction frequency of these regions to filter out those with low interaction frequencies.

The selection of super-enhancers to dissect their functions by enhancer reporter assays was based on their identification in pluripotent cells and brain tissues and in the known functions of Zic2 [START_REF] Luo | Zic2 is an enhancer-binding factor required for embryonic stem cell specification[END_REF]. However, these two super-enhancers were also ranked as top superenhancers by ROSE, thus, it is likely that this non-selected characteristic was also important to enable the identification of zebrafish and mouse regions driving similar expression patterns. For this reason, it will be interesting to assess if super-enhancers associated with orthologous genes in the three species tend to be ranked among the top super-enhancers and if this is the case, it would also support that additional criteria besides an inflection point are useful to annotate super-enhancers.

Enhancer reporter assays performed for the two selected super-enhancers also led to the conclusion that analysis of whole super-enhancer regions are useful to study enhancer redundancy, considering that possible "shadow" enhancers could be contained within these regions of active chromatin to facilitate their activation under specific conditions. Another important conclusion of the analyses here presented is that conserved association with orthologous genes can be used as a criterion to select super-enhancers for their further characterization to assess their roles in a specific tissue or cell type. Strikingly, the functions of irf2bpl were unknown at the time that the SE-irf2bpl was analyzed. However, recent evidence indicates that mutations in IRF2BPL can cause neurological defects in humans [START_REF] Mau-Them | De novo truncating variants in the intronless IRF2BPL are responsible for developmental epileptic encephalopathy[END_REF]. This supports the idea that the same criterion of association can also be used to select genes for additional investigation of their functions.

Altogether, the results obtained from the analyses of zebrafish super-enhancers in combination with the current knowledge about their implication in the control of gene expression (Whyte et al. 2013;Lovén et al. 2013;Dowen et al. 2014), processing of RNAs [START_REF] Suzuki | Super-Enhancer-Mediated RNA Processing Revealed by Integrative MicroRNA Network Analysis[END_REF] and in the 3D genome organization [START_REF] Beagrie | Complex multienhancer contacts captured by genome architecture mapping[END_REF][START_REF] Vian | The Energetics and Physiological Impact of Cohesin Extrusion[END_REF][START_REF] Novo | Long-Range Enhancer Interactions Are Prevalent in Mouse Embryonic Stem Cells and Are Reorganized upon Pluripotent State Transition[END_REF] confirm that the study of super-enhancers is important to have a comprehensive vision of gene regulation. However, I consider that the knowledge that we have gained during the last years should be applied to improve the annotation of super-enhancers and that super-enhancers have to be substantially analyzed before implicating them in specific functions.

Impact of tissue heterogeneity in super-enhancer annotation

The main disadvantage of the super-enhancer annotations here presented, with the exception of those of pluripotent cells, is that the H3K27ac ChIP-seq libraries that were used for the annotation were prepared by homogenization of whole tissues. This implies that the H3K27ac signal that is identified represents the average in the population of different cell types. Therefore, it is possible that a fraction of the annotated super-enhancers are false positives caused by the effect of merging single enhancers located around the same loci in different cell types. In particular, one of the previously defined super-enhancers associated with Myc in mouse do represent a cluster of enhancers, but these enhancers act in the hierarchy of hematopoietic lineages rather than in a specific cell type [START_REF] Bahr | A Myc enhancer cluster regulates normal and leukaemic haematopoietic stem cell hierarchies The transcription factor Myc is essential for the regulation of haematopoietic stem cells and progenitors and has a critical function in haematopoietic malignancies[END_REF]. Hence, selection of specific cell types before preparing sequencing libraries will provide a refined set of super-enhancers. For instance, fluorescence activated cell sorting has been coupled to ATAC-seq to generate annotations of endothelial specific enhancers in zebrafish [START_REF] Quillien | Robust Identification of Developmentally Active Endothelial Enhancers in Zebrafish Using FANS-Assisted ATAC-Seq[END_REF]. Importantly, a broad set of lineage specific markers is now available [START_REF] Wagner | Single-cell mapping of gene expression landscapes and lineage in the zebrafish embryo[END_REF][START_REF] Farrell | Single-cell reconstruction of developmental trajectories during zebrafish embryogenesis[END_REF] and will be fundamental in future analyses of gene regulation.

3.2

In vivo analysis of CTCF functions in the zebrafish genome

Transgenic lines to overcome the lack of antibodies in zebrafish

In spite of being a well-established model organism, only few TF ChIP-seq libraries of zebrafish have been generated (Xu et al. 2012;Nelson et al. 2014Nelson et al. , 2017;;Meier et al. 2018). This can be partially explained by the fact that few antibodies against TFs have reactivity to zebrafish. Despite that two independent groups have developed CTCF custom antibodies, (Delgado-Olguín et al. 2011;Meier et al. 2018;Carmona-Aldana et al. 2018) they have not been used to generate ChIPseq libraries, even when these data would have strength the claims of these analyses. Hence, to avoid problems with custom antibodies that might not have the needed quality to perform ChIP, I raised a zebrafish line with a tagged version of CTCF and obtained good quality ChIPseq data sets. This was possible by applying a strategy to tag the endogenous protein using the CRISPR/Cas9 system and it will prove useful to analyze the functions of more proteins for which antibodies are not available. This is particularly important because notwithstanding the fact that motifs obtained with mammalian data can be successfully used to predict TFBSs in the zebrafish genome, we showed that the zebrafish CTCF specific core motif identifies more CTCF peaks containing a CTCF site.

The ctcf HA/HA zebrafish show normal development and reach adulthood, however, it cannot be completely discarded that the insertion of the HA-tag in the N-terminus of CTCF does not disturb the interaction between CTCF and partner proteins. One possible way to test if this insertion destabilize interactions is by generating an additional zebrafish line with CTCF tagged at the C-terminus, and compare the proteins that are co-purified with CTCF.

Functions of CTCF at promoters and intragenic regions

Comparison of CTCF abundance at promoter regions and gene expression levels of the genes corresponding to those promoters showed that, in average, genes with high abundance of CTCF at promoters have higher expression levels than those with no or low abundance CTCFbound promoters. This could be explained by at least two mechanisms. First, it has been previously shown that CTCF binding can stabilize enhancer-promoter interactions [START_REF] Ren | CTCF-Mediated Enhancer-Promoter Interaction Is a Critical Regulator of Cell-to-Cell Variation of Gene Expression[END_REF]). However, with the resolution of the zebrafish Hi-C data used, it will be impossible to globally assign specific promoters to enhancers and analyze if this is the mechanism by which CTCF is facilitating the expression of those genes. Ultra-deep Hi-C analyses during neural differentiation have shown that interactions between enhancers and promoters are not strongly dependent on CTCF [START_REF] Bonev | Multiscale 3D Genome Rewiring during Mouse Neural Development[END_REF]; therefore, this evidence disfavors the mechanism of enhancer-promoter interaction stabilization in zebrafish. Second, an alternative mechanism is that CTCF participates in the establishment of nucleosome-free regions at these promoters. Indeed, ATAC-seq data indicates that the promoters with the highest enrichment of CTCF also coincide with higher accessibility signal, supporting this mechanism. In agreement with these results, genes that have early downregulation after CTCF depletion in mESCs also have high accessibility at their promoters, which are bound by CTCF (Nora et al. 2017). Although the mechanisms involving nucleosome blocking by CTCF is supported by the current data, it will be interesting to analyze if CTCF is additionally participating in the stabilization of interactions with enhancers. Hi-C might not be the more appropriate method to try to identify more defined interactions between enhancers and promoters in zebrafish given the redundancy of the genome, but the availability of the zebrafish line with the tagged version of CTCF enables the generation of CTCF HiChIP libraries. These data will be useful to directly identify CTCFmediated loops and test this mechanism. Moreover, CTCF loops could also be used to analyze if CTCF binding events at intragenic regions are engaged in loops with the promoter to control exon inclusion as determined for humans [START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]Ruiz-Velasco et al. 2017).

Impact of mitotic cells on Hi-C contact maps

Visualization of the Hi-C data generated with 24 hpf embryos shows a distribution of the signal that is not expected from cells in interphase. In these maps there is a second diagonal with enriched interaction frequencies that intersects at the centromere the strong diagonal corresponding to the interactions at short distances. Also, there are enriched interactions between the centromeres and telomeres. These characteristics indicate a Rabl configuration of the chromosomes, which implies that at least a fraction of the cells used to build the Hi-C libraries were undergoing mitosis. Indeed, the Rabl configuration is more evident in the contact maps of 4 hpf embryos, which are still undergoing fast rounds of mitosis.

In the original work for which this zebrafish Hi-C data was generated, the authors performed Hi-C at different developmental stages to analyze the dynamics of the 3D genome organization before and after the maternal to zygotic transition (Kaaij et al. 2018). They conclude that at the early blastula stage, contact and compartment domains are present, but they are loss around the transition phase and gradually gained until they become more insulated at 24 hpf. Nevertheless, the fact that they did not use synchronous embryos for the analyses limits the possibility to distinguish between cell cycle effects and stage-specific effects. Although the authors claimed that cells at the time points analyzed are not mainly going through mitosis using four DAPI stains of other matching samples, the Hi-C contact maps reflect that the 4 hpf embryos were enriched on mitotic cells, which is in agreement with the fast divisions occurring at this stage. In conclusion, experiments considering the cell cycle will have to be performed using synchronous embryos to address the dynamics of the 3D genome organization during the genome activation, as previously done in Drosophila and mouse embryos [START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF][START_REF] Ke | 3D Chromatin Structures of Mature Gametes and Structural Reprogramming during Mammalian Embryogenesis[END_REF]).

If we consider previous Hi-C contact maps of mitotic mouse and human cells an interesting question can be derived: why the strong second diagonal is not visible in the maps of mitotic mouse and human cells? This discrepancy has a different explanation for each species. In the case of mouse, the chromosomes are telocentric and they are generally masked for analyses, therefore, the main visual evidence of mitotic cells is the observation of inter-chromosomal interactions along the whole chromosomes (Nagano et al. 2017), which is the same that can be observed for chromosome arms in zebrafish. In the case of human, chromosomes are not telocentric, but the cells used to generate human Hi-C data during mitosis were synchronized by nocodazol treatment [START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF]. In consequence, the spindle is not assembled and the chromosomes are not been pulled, as such, the maps do not reflect a Rabl configuration. However, if Hi-C maps were generated using cells in anaphase, the chromosomes should have a Rabl configuration.

What can be concluded about CTCF functions?

In agreement with CTCF binding in other vertebrate genomes, CTCF can bind to extended motifs in the zebrafish genome. In this first analysis, I focused only on the upstream motif that was originally reported in mammals (Filippova et al. 1996;Rhee and Pugh 2011;Schmidt et al. 2012). However, it remains to be determined if the described downstream motif is also present in zebrafish [START_REF] Ren | CTCF-Mediated Enhancer-Promoter Interaction Is a Critical Regulator of Cell-to-Cell Variation of Gene Expression[END_REF]. In addition, it will be interesting to determine if CTCF has different functions according to the sites that it recognizes, which is the reasoning behind the CTCF code.

Strikingly, enrichment of CTCF at boundaries of contact domains is not detected at 24 hpf in zebrafish embryos. This difference in enrichment compared to mammals could be originated by divergence in the relevance of CTCF functions in the 3D genome organization in zebrafish and mammals. Additional Hi-C and CTCF ChIP-seq data from more zebrafish samples is required to confirm this difference in the distribution relative to contact domains. For those analyses it would be required to use fully differentiated cell types or tissue samples mainly composed by cells in interphase, to discard the possibility that CTCF enrichment at contact domains in zebrafish was hidden by the inclusion of mitotic cells in the sample, considering that CTCF is globally removed from chromatin during mitosis [START_REF] Agarwal | Direct Observation of Cell-Cycle-Dependent Interactions between CTCF and Chromatin[END_REF]). Although CTCF is not generally enriched at boundaries, a fraction of them contain CTCF peaks; therefore, it remains to be analyzed if the motifs located in these in vivo identified regions have the preferred orientation observed in mammals (Rao et al. 2014;Guo et al. 2015).

In contrast to CTCF, active chromatin marks are enriched at contact domain boundaries, suggesting that transcription could be an important determinant of their establishment in zebrafish. Indeed, it has been demonstrated that transcription is the main regulatory mechanism in the formation of structural domains in Drosophila and other eukaryotes (Rowley et al. 2017). As such, the impact of transcription in the formation of contact domains in zebrafish will be an important aspect to evaluate, this could be partially achieved by performing modelling of Hi-C contact maps using RNA-seq and histone ChIP-seq data of the marks enriched at boundaries. Inclusion of CTCF ChIP-seq data in this modelling approach could help to discern the impact of transcription and CTCF on the genome organization in zebrafish, similar to what has been shown using human data (Rowley et al. 2017).

Limitations of the analyses

As in the case of the super-enhancer analyses, the main limitation to characterize CTCF functions in embryos is the heterogeneity of the sample. This was particularly evidenced when I performed the analysis of promoters marked by H3K4me3 and H3K27me3, because it is not possible to distinguish if the signal was actually enriched in the same promoter. Furthermore, as it has already been discussed above, the resolution of the Hi-C data is a limiting factor to identify loops between specific regions. Hence, CTCF HiChIP in specific cell types represents an effective solution to overcome both limitations.

In conclusion, in this work I have analyzed the characteristics and functions of superenhancers and CTCF in zebrafish. The results here obtained will be valuable to design strategies to further evaluate the functions of these regulators and their impact on the 3D genome organization. Finally, the integration of super-enhancer annotations and CTCF data will be important to predict additional regulators in the zebrafish genome and assess their conservation.

A. Annexes

A.1 Resumé

Les vertébrés sont des chordés caractérisés par la présence d'une colonne vertébrale. En tant qu'organismes multicellulaires, ils représentent des mosaïques de types cellulaires. Comprendre quels mécanismes et quels régulateurs contr ôlent le destin cellulaire et conduisent à la variété de morphologies et de physiologies observées chez les vertébrés est une des énigmes de la biologie. Le génome est le principal point commun entre les différents types de cellules d'un organisme et cette caractéristique s'applique à presque tous les types de cellules somatiques saines, sauf quelques exceptions, comme les cellules du système immunitaire. En conséquence, étant donné qu'il n'y a pas de différences majeures en termes de contenu génique entre les diverses types cellulaires, ce qui génère la myriade de types de cellules chez un vertébré est la régulation précise des gènes.

L'expression des gènes chez les vertébrés et d'autres eucaryotes est influencée par les événements régulateurs dans le noyau et dans le cytoplasme. Dans ce travail, je me suis concentrée sur le premier niveau régulateur de l'expression génique qui est la régulation transcriptionnelle. En particulier, j'ai analysé des mécanismes et régulateurs contr ôlant l'initiation et le maintien de la transcription.

Les promoteurs sont définis comme les séquences entourant les sites d'initiation de la transcription capables de recruter des facteurs de transcription basaux et des co-activateurs pour déclencher la transcription productive de leur gène associé, et moins fréquemment, pour réguler l'expression de gènes distaux. L'expression des gènes est également contr ôlée par des amplificateurs, qui sont des éléments régulateurs qui stimulent l'expression de leurs gènes cibles indépendamment de leur localisation par rapport aux promoteurs. Donc, les amplificateurs peuvent interagir avec leurs promoteurs cibles localisés à de longues distances linéaires. Des analyses d'amplificateurs dans les cellules souches chez la souris ont révélé que des gènes importants pour la spécification de la pluripotence sont à proximité des agglomérés d'amplificateurs. Ces agglomérés sont désignés sous le nom de super-amplificateurs. Cependant, les super-amplificateurs ne sont pas des régulateurs restreints aux cellules souches et ils ont été aussi identifiés dans d'autres types cellulaires et tissus, exposant son association préférentielle avec des gènes d'identité cellulaire. Pour avoir une compréhension globale des mécanismes d'action des super-amplificateurs, il est nécessaire de les analyser en considérant le contexte nucléaire réel, dans lequel les génomes sont organisés dans un espace tridimensionnel (3D). Par exemple, les super-amplificateurs sont organisés dans des régions nucléaires isolés qui sont délimités par CTCF et le complexe protéique cohesin. Notamment, il a été démontré que les super-amplificateurs ont une colocalisation spatiale pour participer simultanément à des interactions complexes avec plusieurs gènes cibles. Pendant l'interphase, tous les chromosomes sont préférentiellement séparés en volumes définis, appelés territoires chromosomiques, qui peuvent interagir avec leurs territoires voisins.

De plus, les chromosomes sont compartimentés dans deux types de domaines en fonction de leur état de chromatine et des régions discrètes de chromatine auto-interagissant peuvent être identifiées dans les données génères par des expériences de Hi-C en utilisant des populations de cellules. Ces régions discrètes sont appelées domaines de contact et établissent des volumes confinés qui favorisent les interactions des gènes avec leurs éléments régulateurs. En plus de participer à la formation de régions nucléaires de super-amplificateurs, CTCF est enrichi aux limites des domaines de contact. En effet, les boucles d'ADN médiées par CTCF peuvent récapituler les cartes de contact obtenues par expériences d'haute résolution de Hi-C chez l'humain. Aussi, il a été déterminé que les ancres des domaines de contact sont principalement observées entre des régions contenant des sites de CTCF dans une orientation convergente. Par conséquent, il existe un enrichissement des sites de CTCF divergents aux limites des domaines de contact. Délétions de ces sites de CTCF permettent la formation d'interactions ectopiques entre les amplificateurs et les promoteurs de domaines de contact adjacents. Pour ces raisons, le CTCF est considéré comme un important régulateur de l'organisation du génome 3D.

Cependant, la plupart de nos connaissances sur la régulation des gènes chez les vertébrés ont été obtenues par des analyses du génome de la souris et de l'humain. Afin de déterminer si les fonctions des super-amplificateurs et de CTCF sont conservées chez un vertébré distant des mammifères, je me suis concentrée sur la caractérisation des super-amplificateurs et sur l'analyse de la liaison à l'ADN de CTCF chez le poisson zèbre.

Des annotations de super-amplificateurs ont été générées sur la base de l'enrichissement du signal ChIP-seq de H3K27ac dans quatre tissus et cellules pluripotentes chez le poisson zèbre. Une forte spécificité cellulaire et tissulaire a été identifiée comme un point commun entre les super-amplificateurs chez les mammifères et le poisson zèbre. L'analyse comparative de la conservation de la séquence des régions constitutives des super-amplificateurs et du reste des amplificateurs n'indique pas une conservation de la séquence différentielle. Néanmoins, un groupe de gènes orthologues situés à proximité des super-amplificateurs chez le poisson zèbre, la souris et l'humain a été identifié. Les super-amplificateurs associés à ces gènes montrent une conservation de séquence plus élevée que ceux sans associations avec des orthologues. Aussi, des essais pour deux super-amplificateurs avec des gènes rapporteurs ont été utilisés pour identifier des régions avec des fonctions équivalentes chez le poisson zèbre et la souris.

La liaison de CTCF au génome du poisson zébre a été difficile à évaluer en raison de l'absence d'anticorps de haut qualité. Pour surmonter cette limitation, la technologie d'édition des génomes CRISPR / Cas9 a été utilisée pour insérer une étiquette HA dans la séquence codant de ctcf. En utilisant cette lignée de poisson transgénique, des données de ChIP-seq ont été générées. De manière similaire aux sites de liaison de CTCF décrits chez les vertébrés précédemment analysés, des motifs étendus de liaison de CTCF ont été identifiés dans une fraction des sites de liaison de CTCF. En outre, des séquences répétitives enrichies sur les sites de liaison de CTCF ont été annotées, suggérant quelles séquences pourraient contribuer à l'expansion de ces sites chez le poisson zèbre. Une association positive entre l'abondance de CTCF et l'expression génique a été identifiée pour les sites de liaison de CTCF situés dans les promoteurs. L'analyse de l'accessibilité de l'ADN dans ces régions suggère un mécanisme dans lequel CTCF facilite l'établissement de régions exemptes de nucléosomes dans les promoteurs qui favorisent des hauts niveaux d'expression. Enfin, pour confirmer le r ôle de CTCF dans l'organisation du génome chez le poisson zèbre, des cartes de Hi-C ont été analysées. Contrairement à ce qui a été établis chez les mammifères, CTCF n'est pas détecté comme enrichi aux limites des domaines de contact chez les embryons de poisson zèbre, mais des marques de chromatine associées à la transcription active sont enrichies dans ces régions. Même si le CTCF n'est généralement pas enrichi aux limites de domaines, une fraction d'entre eux contient des sites de CTCF, donc, il reste à analyser si les motifs situés dans ces régions ont l'orientation préférée observée chez les mammifères.

Le principal inconvénient des annotations de super-amplificateur présentées ici, à l'exception de celles des cellules pluripotentes, est que les banques de ChIP-seq utilisées pour leur annotation ont été préparées par homogénéisation de tissus entiers. Cela implique que le signal identifié représente la moyenne de la population de différents types cellulaires. Par conséquent, il est possible qu'une fraction des super-amplificateurs annotés corresponde à des faux positifs causés par l'effet de la fusion d'amplificateurs spécifiques situés autour de la même région dans différents types cellulaires. De même, la principale limitation à la caractérisation des fonctions de CTCF chez les embryons est l'hétérogénéité des échantillons utilisés pour l'identification des sites de liaison.

La stratégie appliquée pour étudier le CTCF chez le poisson zèbre serait utile dans l'analyse d'autres facteurs de transcription. Aussi, la ligne établie du poisson zèbre permettrait de mener des analyses plus ciblées sur l'organisation du génome afin de caractériser en profondeur les fonctions de CTCF.

En conclusion, dans ce travail, j'ai analysé les caractéristiques et les fonctions des superamplificateurs et de CTCF chez le poisson zèbre. Les résultats obtenus ici seront précieux pour concevoir des stratégies permettant d'évaluer plus en profondeur les fonctions de ces régulateurs et leur impact sur l'organisation du génome 3D. L'intégration des annotations de super-amplificateurs et sites de liaison de CTCF sera importante pour identifier d'autres régulateurs du génome et ses fonctions spécifiques chez le poisson zèbre.

A.2 MicroRNA degradation by a conserved target RNA regulates animal behavior

miRNAs are small noncoding RNAs that regulate gene expression at the post-transcriptional level by a mechanism based on the pairing of miRNA positions 2-8 to their target RNAs. In vitro analyses in cell lines using exogenous RNAs with extensive complementarity to miRNAs have previously shown that increase in the pairing between miRNAs and target sequences can lead to the degradation of miRNAs. However, endogenous RNA targets regulating the levels of miRNAs had not been identified. In this article, the first example of endogenous miRNA degration in animals is reported. First, libra, a long noncoding RNA containing a highly conserved near-perfect miR-29 binding site, was characterized in zebrafish. libra expression is enriched in brain tissues, and disruption of the genomic locus in zebrafish results in behavioral abnormalities. Similarly, mutant mice carrying a scrambled miR-29 binding site in the mouse ortholog of libra (Nrep) have motor learning impairment. This is concordant with the gain of ectopic expression of mir-29b in mouse cerebellum. Analyses of mature miRNAs in mouse neural progenitor cells show accumulation of mir-29b in mutant cells with the scrambled miR-29 binding site in Nrep, while trimmed versions of mir-29b were identified in wild type cells. In conclusion, these results support that Nrep regulates mir-29b levels by target RNA-directed miRNA degradation.

A.2.1 Contribution

My contribution to this study focused on the evolutionary analyses of libra in vertebrates. It was previously reported that libra contained 3 blocks of high sequence conservation, therefore, to identify orthologous regions in vertebrates I performed sequence alignments using as query the human DNA conserved sequences. With this approach I identified orthologs throughout the mammalian and reptile and birds clade, as well as, in fishes. No libra ortholog was identified in non-vertebrate genomes. Using the conserved block with higher sequence variability I built a Bayesian phylogenetic tree that, in agreement with evolutionary distances between species, shows fish sequences as the more distant to mammals and highlights their high accumulation of substitutions.

Importantly, in all libra orthologous regions it was possible to identify a conserved nearperfect mir-29 binding site flanked by sequences that also show high sequence conservation. In contrast, the open reading frame (ORF) that is present in mammalian libra orthologs is not conserved in fishes, and coelacanth is the only fish which orthologous region contained a short DNA region that codes for a small 10-aa truncated version of the protein. These results indicate the emergence of libra as a long noncoding RNA locus that gained an ORF in the last common ancestor of mammals, reptiles and birds as the most parsimonious scenario of its evolution. Finally, the high conservation of the miR-29 binding site suggest conserved regulatory functions of the miRNA-target pairing throughout vertebrates. 4 Department of Neuroscience, Psychology and Behaviour, University of Leicester, Leicester, UK. 5 European Molecular Biology Laboratory (EMBL), Mouse Biology Unit, Monterotondo Scalo, Italy. 6 INSERM, U900 Paris, France. 7 Department of Pathology, University of Cambridge, Cambridge, UK. 8 These authors contributed equally: Angelo Bitetti and Allison C. Mallory. *e-mail: alena.shkumatava@curie.fr m iRNAs are ∼ 22-nt RNAs that associate with Argonaute (AGO) proteins to post-transcriptionally repress gene expression 1-3 . Hundreds of miRNAs are expressed in both cell-and tissue-specific patterns throughout the metazoan and plant lineages, impinging on numerous cellular networks 4,5 . Individual miRNAs are predicted to regulate hundreds of target transcripts 6 , and thus, the majority of mammalian protein-coding genes appear to be under miRNA regulation 7 .

Animal miRNAs recognize the bulk of their target transcripts through limited pairing to miRNA positions 2-8, known as seed pairing 7 . In cases of seed pairing, the miRNA-AGO complex guides target destabilization through shortening of the poly(A) tail and/or repression of translation 7,8 . Although rare in animals, perfect miRNA-target complementarity that includes obligatory pairing to miRNA positions 10 and 11 induces AGO-mediated endonucleolytic cleavage of the target transcript 9-15 . A third class of miRNA target sites defined by almost perfect complementarity along the length of the miRNA but with central mismatches that preclude endonucleolytic cleavage directs target RNA-directed miRNA degradation (TDMD) through 3′ nucleotide removal (trimming) or additions (tailing) 16-18 . Thus far, artificially engineered sequences containing extensively paired, center-bulged miRNA sites have been shown to trigger miRNA decay by trimming or tailing in mammalian and Drosophila cell lines 16,17,19 . Furthermore, by modifying the sequences of these engineered targets to test different degrees of miRNA complementarity, pairing requirements for in vitro target-RNA-directed miRNA degradation have been defined 16,17 . It has also been proposed that miRNA turnover mediated by these artificial targets is particularly efficient in in vitro-cultured neurons 17 . In addition, viral sequences containing similar center-bulged miRNA sites can mediate miRNA decay 18,20-22 . Although viral transcript-mediated degradation of host miRNAs has been proposed to be advantageous for virus production 18,22 , so far, the existence of endogenous targets that can trigger miRNA turnover has evaded detection. As such, whether these types of targets are produced in vivo and their functional relevance in animals remain unknown.

Here, we identify a deeply conserved and near-perfect miR-29-binding site embedded in a cellular transcript and elucidate the functional importance of this site in vivo. We show that the brain-specific target transcript spatially and quantitatively restricts miR-29b expression by specifically directing miR-29b degradation through 3′ trimming. The failure to destabilize miR-29b in the mouse cerebellum results in multiple brain deficits, including impaired balance and motor learning in mice. Moreover, we demonstrate the conserved noncoding function of the target transcript throughout evolution by showing its requirement for the regulation of explorative and anxiety-like behavior in zebrafish. Together, our results suggest that genome-encoded transcripts may have broad in vivo relevance by controlling miRNA expression post-transcriptionally through target-RNA-directed miRNA degradation.

Results

A conserved brain-enriched transcript harbors a highly complementary miR-29-binding site. As the importance of target-RNAdirected miRNA turnover in vivo remains unknown, we sought to identify animal transcripts with conserved near-perfect miRNAbinding sites and explore their function. We identified a lncRNA in zebrafish that we call libra ('lncRNA involved in behavioral alterations'; previously reported as linc-epb4.1l4, ref. 23 ) that contains a deeply conserved miRNA-binding site for miR 1a and Supplementary Fig. 1a,b). The noncoding RNA libra shows extensive sequence similarity with the 3′ UTR of the mammalian protein-coding gene NREP (neuronal-regeneration-related protein) 23 known to regulate mouse behavior 24 (Fig. 1a). The noncoding sequences spanning several hundreds of nucleotides (Fig. 1a) were already detected at the base of the vertebrate clade and are conserved throughout vertebrate evolution (Fig. 1b). By contrast, the open reading frame (ORF) encoding the 68-amino acid mammalian NREP (also known as P311, refs 25,26 ) first appeared in the lobe-finned fishes (for example, coelacanth; Supplementary Fig. 1c) and was not detected in either of the more ancestral ray-finned or cartilaginous fishes (Fig. 1b and Supplementary Fig. 1c,d Arrowheads point to Purkinje cells. GL, granular layer. Control experiments using scrambled miRNA probes were also performed (Supplementary Fig. 1g,h). To characterize the libra and Nrep transcripts, we first analyzed and compared their expression levels together with those of mature miR-29 family members across a set of zebrafish and mouse tissues. Zebrafish libra and mouse Nrep are almost exclusively expressed in the brain (Fig. 1c,e and Supplementary Fig. 1f), whereas miR-29 family members (mouse mmu-miR-29a, mmu-miR-29b and mmu-miR-29c and zebrafish dre-miR-29a and dre-miR-29b; Supplementary Fig. 1e) are expressed across various tissues but are enriched in both zebrafish and mouse brains (Fig. 1d,e and Supplementary Fig. 1f). Individual mouse miR-29 family members have a similar but nonidentical expression pattern in the brain (Fig. 1e), with differential expression patterns observed in the cerebellum. miR-29a and miR-29c are coexpressed with Nrep in the granular layer, whereas miR-29b is expressed in Purkinje cells and appears mutually exclusive to the Nrep expression domain in the granular layer (Fig. 1e). Notably, the individual members of the miR-29 family have different degrees of complementarity to both libra and Nrep, with the most extensive predicted pairing being with miR-29b (Supplementary Fig. 1b). Taken together, we show that miR-29b, the most complementary miR-29 family member to Nrep, is selectively depleted from the cerebellar granular layer expressing high levels of Nrep. libra regulates explorative and anxiety-like behavior in zebrafish. The extensive conservation of the sequence and expression pattern between zebrafish libra and Nrep (Fig. 1a,c) raises the possibility that the transcripts impart a biological function through the noncoding elements that have been retained throughout vertebrate evolution (Fig. 1b). Given that Nrep regulates mouse behavior by controlling learning, memory and emotional responses 24 , we sought to understand whether libra regulates brain function and generated two loss-of-function alleles in zebrafish. The deletion allele (libra del ; Supplementary Fig. 2a,c) consists of the deletion of nearly the entire libra locus. To minimize DNA-dependent effects resulting from the removal of potential cis-regulatory motifs, we also engineered an inversion allele (libra inv ), where 5.5 kb of the most conserved part of libra is inverted (Supplementary Fig. 2b,c). While the libra transcript was not detected in libra del mutants, the partially inverted transcript was stably expressed in libra inv zebrafish, although its levels were lower than those of the wild-type libra transcript (Supplementary Fig. 2c). We subjected both libra-mutant lines to a set of standard behavioral tests 27-31 . In the novel-tank diving test 30 (Fig. 2a), both bottom dwelling and increased latency to swim into the upper regions of the tank are typical responses of adult zebrafish to a new environment. Both libra del and libra inv fish showed few signs of bottom dwelling compared to the wild type (Fig. 2b-f). Indeed, libramutant fish spent significantly less time at the bottom of the tank, entered top regions of the tank more often, and swam more slowly and for shorter distances than wild-type fish (Fig. 2b-f). The altered explorative and anxiety-like behavior revealed by the novel-tank diving test 32 was specific, as no major differences between the three genotypes were detected in further experiments testing aggression or novel-object boldness 31 , apart from an increase in aggression in libra inv fish (Supplementary Fig. 3). The behavioral alterations of libra mutants in the novel tank test do not appear to be caused by general deficits in their swimming ability, as they displayed no difference from wild-type fish in swimming velocity or total distance swam in the aggression test (Supplementary Fig. 3d,e). Together, our results demonstrate that in basal vertebrates, libra is required to regulate exploration and anxiety-like behavior.

The Nrep miR-29 site restricts the miR-29b expression domain in the mouse cerebellum. Next, we sought to examine whether the regulatory noncoding function of controlling animal behavior is retained in the conserved 3′ UTR of mammalian Nrep. As Nrep -/- mice lack the entire orthologous Nrep transcript 24 , it is not possible to discriminate between the coding and noncoding contributions to overall gene function. We therefore specifically uncoupled Nrep 2 | libra regulates explorative and anxiety-like behavior in zebrafish. a, In the novel tank diving test, the tank is divided virtually into three sections to demark the exploratory activity of zebrafish. The movement of individual fish was recorded for 5 min. b, Representative swimming traces (red) in the novel tank diving test of wild-type (WT), libra del and libra inv zebrafish analyzed with video-tracking software. Each trace represents an individual adult fish from one representative experiment. Wild-type, n = 14; libra del , n = 15; libra inv , n = 14 fish analyzed. c-f, Wild-type and libra-mutant zebrafish in the novel tank diving test showing time (s) spent at the bottom of the tank (c), number (n) of top entries (d), total distance in centimeters (cm) swam (e) and velocity (cm/s) (f). Data are presented as mean ± s.e.m., **P < 0.01, ***P < 0.001, one-way ANOVA test followed by Dunnett's multiple comparisons test. Each dot represents an individual adult fish from one representative experiment. Wild-type animals, n = 14; libra del animals, n = 15; libra inv animals, n = 14. The novel tank test was performed in three independent experiments. Detailed statistical analyses and source data for c-f are provided in Supplementary Table 1 5f) and the latency and velocity to reach the visible platform in the Morris water maze (Fig. 4d,e) indicated normal locomotion and swimming abilities. Nevertheless, it is possible that the balance and motor coordination impairments of mutant mice detected in the rotarod test (Fig. 4a) may be accompanied by neuromuscular or other defects (for example, altered grip strength or tactile sensitivity). Taken together, we show that scrambling the miR-29 site within the Nrep transcript leads to an ectopic miR-29b expression domain in the cerebellum and impairment of several brain functions resulting in behavioral deficits.

The miR-29 site of Nrep directs miR-29b degradation through 3′ trimming. The complementarity of miR-29b to Nrep (Supplementary Fig. 1b) makes it a likely substrate for target-RNA-directed miRNA degradation 16,17 and the possible basis for the regulated expression in the granular layer of the cerebellum. Because we could not isolate a pure granular layer cell population that specifically expresses Nrep, we turned to an in vitro cellular system to explore the mechanism by which miR-29b is regulated. The Nrep miR-29scr allele was introduced into mouse embryonic stem cells (ESCs), and these cells were subsequently differentiated into neural progenitor cells (NPCs) 41,42 that, in contrast to undifferentiated ESCs, express abundant levels of Nrep (Fig. 5a and Supplementary Fig. 6a). No differences in cell morphology or in the expression of the pluripotency marker Oct4 (Pou5f1) or the neuronal marker Nestin (Nes) (Supplementary Fig. 6b) were observed between wild-type and Nrep miR-29scr ESCs and NPCs, respectively. As detected in the cerebellum of Nrep miR-29scr mice, the expression level of the Nrep transcript in NPCs was not significantly altered upon scrambling the miR-29 site (Fig. 5a and Supplementary Fig. 6c); however, mature miR-29b accumulated to significantly elevated levels in Nrep miR-29scr NPCs (Fig. 5a,b). The levels of mature miR-29a were also increased in Nrep miR-29scr NPCs (Fig. 5a,b), although to a far lesser extent than for miR-29b. To exclude the contribution of transcriptional regulation or miRNA processing, we measured the levels of both miR-29 primary transcripts (pri-miR-29s) as well as miR-29s* (passenger strands) and found that neither showed significant changes upon disruption of the Nrep miR-29 site (Supplementary Fig. 6d,e). These results indicate that post-transcriptional and post-miRNA biogenesis mechanisms regulate mature miR-29 levels in Nrep miR-29scr NPCs. Indeed, small-RNA sequencing to identify miR-29 isoforms produced through 3′ trimming or tailing revealed that scrambling the Nrep miR-29 site specifically prevented mature miR-29b from being trimmed at the 3′ end (Fig. 5c). Trimming was not detected for miR-29a or miR-29c (Fig. 5c), nor was it detected for the five most abundant miRNAs expressed in either wild-type or Nrep miR-29scr NPCs (Supplementary Fig. 6f). Moreover, non-genome-templated 3′ nucleotide additions (tailing) to miR-29a, miR-29b or miR-29c were not observed in wild-type or Nrep miR-29scr NPCs (Fig. 5c). These results directly indicate that target-RNA-directed miRNA 

Discussion

Here, we report the first example of a target-RNA-directed miRNA degradation event in animals and demonstrate its physiological relevance in vivo. Intriguingly, in zebrafish, the near-perfect miR-29-binding site is located within the lncRNA, whereas in mice, this miRNA target site is located within the 3′ UTR of an ORFencoding transcript. Our findings indicate that the mammalian Nrep protein-coding gene has in fact evolved from an ancestral noncoding transcript and has retained the regulatory noncoding function in the 3′ UTR. Disruption of the Nrep miR-29 site revealed that Nrep-mediated suppression of miR-29b in the cerebellar granular layer is required for normal motor learning and balance in mice, although it is possible that additional neuromuscular features could be implicated. Furthermore, we found a partial overlap in the behavioral deficits observed in Nrep -/-mice that lack the entire Nrep transcript 24 and Nrep miR-29scr mice, confirming the importance of Nrep's noncoding sequences. Moreover, all 20 bases paired between libra (Nrep) and miR-29b are conserved in all of the examined vertebrate genomes (Fig. 1a and Supplementary Fig. 1a). Although the zebrafish libra alleles presented in this study do not allow the specific uncoupling of libra from miR-29 regulation, the deep sequence conservation of the miR-29 site together with the functional role of libra in zebrafish behavior indicate that the mechanism of target-RNA-dependent miRNA decay probably also exists in more distal vertebrates.

The sequence conservation between the ancestral noncoding RNA libra and the mammalian Nrep 3′ UTR extends several hundreds of nucleotides beyond the miR-29 site (Fig. 1a). Although the precise function of these flanking sequences is unknown, it is reasonable to hypothesize that they could have important roles in supporting miR-29 turnover or could contribute to other independent functions of the transcript. The extended sequence conservation also raises the question of whether the miR-29 complementary sequence within the libra and Nrep transcripts might have occurred independently of the miRNA, as has been proposed for some miRNA sites 43 . This situation does not appear to be the case for , not significant at 95% confidence level, unpaired t tests. c, The fraction of small-RNA sequencing reads with coverage of at least n indicated nucleotides (nt) along the length of miR-29a, miR-29b and miR-29c. For each miRNA, dashed lines delineate the canonical length and the regions tested for trimming and tailing. Five nucleotides on either side of the canonical length were used to test for significant differences in the mean values over these positions using a paired t test for difference of means. Three biological replicates are shown for each genotype. **P < 0.01; n.s., not significant at 95% confidence level. Detailed statistical analyses and source data are provided in Supplementary Precise miR-29 dosage is critical in the brain, as deletion of only one of the two miR-29 gene clusters (the miR-29a/b-1 cluster) leads to ataxia and cerebellar alterations in mice 44 . In this study, we show that upon the disruption of the Nrep miR-29 site, the expanded expression of miR-29b into the cerebellar granular layer results in multiple brain malfunctions. Interestingly, while miR-29 is broadly expressed in the brain, the target transcript Nrep is almost exclusively confined to the cerebellar granular layer and specifically delineates the spatial expression of mature miR-29b in the cerebellum. Thus, the post-transcriptional degradation of a broadly expressed miRNA mediated by a cell-specific target transcript appears to be an effective mechanism to achieve precise spatial miRNA regulation. miR-29b is expressed from both bicistronic miR-29 clusters, making it difficult to instruct transcriptional regulation of miR-29b without affecting miR-29a or miR-29c dosage. This restriction could necessitate the selective Nrep-mediated post-transcriptional regulation of miR-29b.

As miRNAs are often transcribed in clusters from multiple genomic loci and are generally highly stable 45-48 , miRNA destabilization through endogenous targets emerges as an effective posttranscriptional mechanism for the selective regulation of specific miRNAs. Originally proposed through in vitro studies 16,17 , it has remained unclear until now whether miRNA turnover by endogenous targets occurs in animals. In vivo evidence for endogenous target-RNA-directed miRNA degradation has likely been hampered by the fact that highly complementary, center-bulged miRNAbinding sites within cellular transcripts are challenging to predict computationally. Our study suggests that genome-encoded miRNA target sites that direct miRNA turnover represent an exacting mode of miRNA regulation that may be commonly found throughout the noncoding transcriptome of vertebrates.

Methods

Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41594-018-0032-x. into the pGEM-T Vector System (Promega) and confirmed by sequencing. DIG-labeled RNA probes were generated by linearizing the pGEM-T vector and in vitro transcribing the probes with T7 or SP6 RNA polymerase using DIG-RNA Labeling Kit (Roche).

Nrep and libra in situ hybridizations were done identically to that of miR-29 except that the hybridization and wash temperature was 56.5 °C.

Mouse brain histology.

Brains from wild-type and Nrep miR-29scr three-monthold mice were harvested (wild-type animals, n = 4; Nrep miR-29scr animals, n = 4), embedded in OCT (Sakura), frozen on dry ice, sectioned at 12 µ m, air dried and fixed in 4% paraformaldehyde. Hematoxylin (Sigma) and eosin (Sigma) staining was performed using standard protocols.

Zebrafish behavioral tests. Six-to eight-month-old, mixed-sex wild-type and mutant zebrafish of the AB genetic background were used for all behavioral studies. Zebrafish were transported from the aquarium into the testing room in their housing tanks 1 h before the behavioral analysis in order to acclimate them. The illumination and temperature of the testing room were similar to those of the aquarium. The experiments were performed between 10:00 and 15:00 to minimize circadian differences. The age, sex, and size of fish from the different genotypes were matched for each experiment. All recordings were performed using a web camera (HP HD 2300 Webcam) coupled to QuickTime software. Videos were analyzed using the Noldus EthoVision XT8 video-tracking system to obtain the different behavioral endpoints.

Novel tank diving test. Explorative and anxiety-like behavior was measured in the novel tank test as previously described 32 . Single fish were placed into the novel tank and filmed from the side in a 5-min experiment. We measured the amount of time spent in the bottom, middle and top thirds of the tank, the number of top entries, the total distance swam, the time spent freezing and the absolute angular velocity using Noldus EthoVision XT8. The novel tank test was performed in three independent experiments. Aggression test. Aggression was measured using the mirror test as previously described 31 . Individual fish were placed into this setup and recorded from the top for 5 min. The time spent in aggressive display was manually quantified using LabWatcher software (ViewPoint) by an observer blind to the genotype of the fish. Aggressive interactions were scored as time spent biting or pushing against the mirror or thrashing the caudal fin 66 . The aggression test was performed in one experiment.

Novel-object boldness test. Novel-object boldness was measured as previously described 31 . Single fish were placed into a large tank and were recorded from above for 5 min. The novel object was represented by a 15-ml Falcon tube filled with yellow modeling clay. The time spent within one body length of the object and the total distance swam were measured using Noldus EthoVision XT8. The novelobject boldness test was performed in one experiment.

Statistical analyses. Behavioral data were exported as Excel files (Microsoft), and statistical analyses were carried out in GraphPad Prism6. One-way ANOVA followed by Dunnett's post hoc was performed, except for latency to approach the novel object, for which Kruskal-Wallis and Dunn's multiple comparisons post hoc tests were performed. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as scatter plots showing the mean ± s.e.m. The behaviors were assessed for normality using D' Agostino-Pearson and Shapiro-Wilk normality tests. The variance between the groups was tested using Brown-Forsythe and Bartlett's tests. The number of animals tested is denoted by n and ranged from 12 to 15 animals per experiment. The precise P values for all behavioral analyses are listed in Supplementary Table 2.

Mouse behavioral tests.

Adult male 12-16-week-old wild-type and homozygous Nrep miR-29scr mice on a C57BL/6 N background used for the behavioral tests were housed in groups (2-5 per cage) in a temperature-controlled room (21 ± 1 °C), relative humidity 50-60%, under a 12-h light/dark cycle (lights on at 7:00), with free access to food and water.

Rotarod test. The rotarod test is used to assess motor coordination and balance in rodents 37 . Mice had to maintain their balance on a 3-cm-diameter rod rotating at an accelerating speed of 4-40 r.p.m. during 300 s (model 47600; Ugo Basile). To familiarize the mice with the apparatus, mice underwent a training session consisting of three, 60-s trials in which the rod was kept stationary for the first trial and held at 4 r.p.m. for the last two trials. On the following day and for four consecutive days, mice were tested three times per day with an intertrial interval of 20 min to evaluate motor learning. A maximum of three mice were placed on the rod at the same time. The latency to fall from the rotating rod was recorded in each trial. If a mouse was passively rotating on the rod (i.e., clinging) the number of passive rotations was counted (Supplementary Table 3). For each day, data were expressed as mean latency to fall subtracting one second for each passive rotation 38 . Mice from both genotypes were pseudo-randomly assigned to rotarod sessions.

Order of testing was maintained across trials and daily sessions to ensure constant time of testing and intertrial intervals. Investigators were blinded to the genotype of the mice, both during the rotarod test and the off-line scoring.

Fear conditioning. Fear conditioning was assessed using an automated system (Freeze Monitor, San Diego Instruments, CA, USA) as previously described 40 .

Conditioning session (day 1): the mouse was placed in the test chamber (65 lx, 25 × 25 × 19 cm) and allowed to explore it for 9 min. The animal was exposed to a light+ tone (140 lx, 92 dB) conditioned stimulus (CS) presented for 20 s and paired during the last seconds with two mild (1 s, 0.4 mA) foot shocks (unconditioned stimulus, US), one after 4 min and one after 6.5 min from the beginning of the session. Context session (day 2): after 24 h, the mouse was returned to the same testing chamber, and its activity was recorded for 6 min, during which no cues or shocks were presented. Cue session (day 2): 4 h after the context session the chamber was modified to change the context of the testing environment (room lights were turned off, the illumination level inside the chamber was 0 lx, the position of the chamber was rotated 90°, the floor and walls were covered with black PVC plates, and a cinnamon scent was sprayed inside the chamber). The mouse was placed in this modified chamber and allowed to explore for 8 min. 2 min and 6 min after the beginning of the session, the light+ tone cues were presented for 2 min 40 (Supplementary Fig. 5a). In all sessions, freezing behavior was operationally defined as the absence of any movement, except for respiratory ones. An animal is considered to be 'freezing' when there are fewer than three beam breaks in 5 s, recorded automatically in bouts or episodes of freezing of 2 s minimum 67 and expressed as the percentage of freezing ((100 × the number of freezing episodes)/total number of possible freezing episodes).

Morris water maze. Mice were trained to locate a submerged platform (diameter of 10 cm) in a water tank (diameter of 1 m, temperature 26-28 °C) by swimming and relying on external visible cues. Five-day procedure: familiarization (day 1), the mouse was placed on a visible platform and then allowed to swim freely. Then, in three consecutive trials, mice were inserted in the maze from three different starting points. If the mouse did not reach the platform in 60 s, it was guided to the platform. Latency to reach the visible platform was measured; training (days 2-4), the mouse was placed in different maze quadrants randomly. The latency to reach a hidden platform (positioned in the 'correct' quadrant) was measured in three trials per session for two sessions per day (1 h between sessions) with a cutoff of 60 s. Swim speed, time, distance and path were measured using a videotracking system (Viewpoint, France); test (day 5), the last session of training was followed by a probe trial. The hidden platform was removed, the mouse was placed in the center of the pool, and the time spent in each quadrant (expressed as % of the total time) and the numbers of annulus crossings were measured for 60 s 68 .

Elevated plus maze. This test is used to assess anxiety-related behaviors in mice. The apparatus was made of dark gray PVC and consisted of two open arms (30 × 5 cm with 0.3-cm ledges), two enclosed arms (30 × 5 cm with 13-cm-high side and end walls) and a connecting central platform (5 × 5 cm) Statistical analysis and reproducibility. The number of mice necessary for the behavioral experiments was chosen so that, with an anticipated effect size (Cohen's d) ≥ 0.8, α = 0.05 (two-sided) and power (1-β ) = 0.80; the sample size was at least seven mice in each experimental group (Power analysis, G*Power 3.1).

All data were analyzed by repeated measures ANOVA with 'genotype' as betweensubjects factor and 'day time' or 'quadrant' as within-subjects factor (with the exception of the elevated plus maze frequency of total arm entries and % time spent in open arms that were analyzed by t tests) using the StatView 5.0 PowerPC (SAS Institute Inc., Cary, NC, USA) and Prism 5.0a (GraphPad Software Inc., La Jolla, CA, USA) software packages. Post hoc analyses (Bonferroni-corrected comparisons) were performed when reputed informative. In all tests, the variance between groups tested with the Bartlett's test for homogeneity of variance was not significantly different. The level of significance was set at P < 0.05. Data are presented as individual data points and mean ± s.e.m. Detailed statistical results for all behavioral analyses are listed in Supplementary Table 1. Each mouse participated in each behavioral test one time. If needed, a behavioral test was performed several times with small batches of mice to ensure proper mouse handling and appropriate age.

Cell line procedures. ESC growth. Mouse ESCs (male E14 mouse stem cell line 69,70 provided by E. Heard, Institut Curie) were cultured on gelatin-coated flasks in mESC medium containing DMEM (Gibco) supplemented with 15% FBS (Gibco), 100 mM nonessential amino acids (Sigma), 0.1 mM 2-mercaptoethanol (Gibco), 1 mM l-Glutamine (Gibco), 1 mM sodium pyruvate (Gibco) and 10 ng/mL leukemia inhibitory factor (LIF, Miltenyi). After two passages, cells were collected and frozen for RNA extraction. All cells tested negative for mycoplasma contamination. Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

Experimental design 1. Sample size

Describe how sample size was determined.

The zebrafish sample size necessary for the behavioral experiments was chosen by conducting a power analysis of data previously published by [START_REF] Norton | Modulation of Fgfr1a signaling in zebrafish reveals a genetic basis for the aggression-boldness syndrome[END_REF]; Methods, "Novel tank diving test" sub-section.

The number of mice necessary for the behavioral experiments, was chosen so that, with an anticipated effect size (Cohen's d)≥ 0.8, alpha=0.05 (2sided) and power (1beta)=0.80, the sample size was at least 7 mice in each experimental group (Power analysis, G*Power 3.1). Methods, "Mouse behavioral tests" sub-section.

Data exclusions

Describe any data exclusions.

No animals were excluded from the analysis.

Replication

Describe whether the experimental findings were reliably reproduced.

All attempts of replication were successful. The exact number of replicates for each experiment is indicated in either the Methods or in the Figure legends.

Randomization

Describe how samples/organisms/participants were allocated into experimental groups.

Animals were randomly assigned to each experimental group. Fish were assigned to each group by being caught in a net. This procedure was carried out by researcher who did not perform subsequent behavioral analysis. Mice from both genotypes were pseudo-randomly assigned to rotarod sessions. Order of testing was maintained across trials and daily sessions to ensure constant time of testing and inter-trial intervals. Methods, "Mouse behavioral tests" subsection.

In order to control for covariates, control and experimental samples were always processed in parallel.

Blinding

Describe whether the investigators were blinded to group allocation during data collection and/or analysis.

For novel tank diving and novel object boldness, automated video tracking was used to capture data in an unbiased manner. The results were then analyzed by a researcher blind to the genotype of the animal. For aggression, the experimenter was blind to the genotype being analyzed. Methods, "Zebrafish behavioral tests" subsection. Investigators were blinded to the genotype of the mice, both during the rotarod test and the off-line scoring. Methods, "Mouse behavioral tests" subsection.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

  Figure1. Representation of a DNA loop formed by the interaction of a promoter and its specific enhancer. Adapted by permission from RightsLink: Springer Nature from[START_REF] Shlyueva | Transcriptional enhancers: From properties to genomewide predictions[END_REF] 
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 2 Figure 2. Similarities and differences between promoters and enhancers. (A) Promoters and enhancers share the same architecture of transcriptional initiation. (B) The stability of the RNAs transcribed from promoters and enhancers is different and only promoters are engaged in productive transcription. Adapted by permission from RightsLink: Springer Nature from Weingarten-Gabbay and Segal, 2014.
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 3 Figure 3. Characteristics of typical enhancers and super-enhancers. (A) Genome browser screen-shots showing the ChIP-seq signal of pluripotent state TFs around the loci of a typical enhancer and a super-enhancer. (B) Cartoon and curves representing the differences of dependance on activator abundancy and transcriptional activity for typical enhancers and superenhancers. Adapted by permission from RightsLink: Elsevier from Whyte et al. 2013 and Lovén et al. 2013.
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 4 Figure 4. Schematic description of the most frequently used 3C-based techiniques. Adapted from Denker and de Laat 2016 (Creative Commons License).
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 5 Figure 5. Architectural features observed during interphase at different resolutions on a contact map. (A) At low resolutions the inter-chromosomal interactions indicate the distribution of the genome in chromosome territories, whereas the intra-chromosomal maps show a plaid pattern corresponding to the interactions between active and inactive regions (compartment domains). (B) Discrete regions of self-interacting chromatin (contact domains) are observed by zooming in a compartment domain. (C) Contact domains can be anchored by chromatin loops but loop domains are also present within contact domains. Loop domains are visualized on the map by punctuate enrichment of interactions at the corners of domains. Adapted from Razin and Ulianov 2017 (Creative Commons License).
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 6 Figure 6. Scheme depicting how the linear orientation of CTCF sites impacts the formation of loop domains and inner-loops (shown on toop). Green boxes represent the 11 zinc fingers of CTCF. Cohesin complexes are represented as orange rings. CBS, CTCF binding site. Adapted by permission from RightsLink: Elsevier from Guo et al. 2015.
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 7 Figure 7. Phase separation model applied to super-enhancer networks. (A) Representation of macromolecules involved in enhancer-promoter interactions. (B) Minimal components of the phase separation model. (C) Dynamics of transcriptional activity using a simple model to represent super-enhancers and typical enhancers at different valency values and a fixed equilibrium constant. The inset corresponds to a logarithmic curve showing the dependence of the Hill-coefficient on the number of chains. N, number of chains. Adapted by permission from RightsLink: Elsevier from Hnisz et al. 2017.
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 8 Figure 8. Loop extrusion model. (A) Components of the loop extrusion model and different events that can take place during time. (B) Chromatin dynamics under the loop extrusion model. Adapted from Fudenberg et al. 2016 (Creative Commons License).
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Figure 1 .

 1 Figure 1. Identification of typical enhancers and SEs in vertebrate genomes. (A) Workflow for the identification of vertebrate typical enhancers and SEs. Schematic representations depict the cells and tissues analyzed. (B) Saturation curves of H3K27ac density across brain data sets (whole brain for zebrafish, olfactory bulb for mouse, and middle frontal lobe for human). The number of ranked typical enhancers and SEs by H3K27ac density (x-axis) and their densities (y-axis) are plotted. Horizontal dotted lines represent density cutoffs used for the classification of SEs and vertical dotted lines demark SEs from typical enhancers. The total number of predicted SEs is noted on the right side of each graph.

Figure 2 .

 2 Figure 2. Genomic distribution of typical enhancers and SEs. (A) Density plots representing the proportion of genes (y-axis) covered by typical enhancers and SEs in the vicinity of TSSs (x-axis) in zebrafish brain, mouse cerebellum, and human angular gyrus. (B) Proportion of gene bodies overlapping with typical enhancers, SEs, and control regions (y-axis) in different zebrafish, mouse, and human cells and tissues (x-axis). The mean and the standard deviation (black bars) calculated from bootstrap analyses of control regions are shown. All comparisons between typical enhancers and SEs and their controls have significant differences (P-values from z-scores ≤3 × 10 -4 ), with the exception of zebrafish pluripotent state and heart typical enhancers. (NS) Not significant. (C) Distribution of typical enhancer and SE sequences across genomic features. The y-axis shows the percentage of total brain typical enhancer or SE base pairs overlapping the different genomic features represented in the legend. Adult brain data sets for mouse and human correspond to olfactory bulb and cingulate gyrus, respectively.

Figure 3 .

 3 Figure 3. Cell and tissue specificity of vertebrate typical enhancers and SEs. (A) Distribution of H3K27ac at selected genes (genomic position represented on the x-axis) in both pluripotent state and adult brain of zebrafish, mouse, and human (raw tag counts represented on the y-axis). Typical enhancers and SEs are denoted by gray bars and red bars, respectively. (B) Chow-Ruskey diagrams representing the overlap between pluripotent state (orange), brain (green), heart (purple), intestine (red), and testis (blue) typical enhancers and SEs in zebrafish. Color-coded tables show the percentages of cell-or tissue-specific and nonspecific regions for each data set.

Figure 4 .

 4 Figure 4. SE conservation in vertebrates. (A) Metagenes of sequence conservation of typical enhancers and SEs from zebrafish whole brain, mouse olfactory bulb, and human middle frontal lobe. The x-axis depicts the start and end of typical enhancers and SEs flanked by 3 kb of adjacent sequence. The yaxis represents sequence conservation calculated by PhastCons. (B) Venn diagrams show the number of orthologous genes associated with brain typical enhancers (left) and SEs (right) in zebrafish (green), mouse (blue), and human (purple). Color-coded tables show the percentages of intersection and difference for each species. The observed differences in overlap between typical enhancers and SEs in the three species are significant (P-values ≤5.497 × 10 -8 ) based on G-tests of independence. (C) ChIP-seq binding profiles for H3K27ac at the indicated loci in zebrafish, mouse, and human brain (raw tag counts represented on the y-axis). Typical enhancers and SEs are denoted by gray bars and red bars, respectively. Gene positions are noted along the x-axis. (D) Box plots depicting average sequence conservation of brain SEs with maintained orthologous association in zebrafish, mouse, and human and with no maintained orthologous association. The y-axis shows sequence conservation calculated by PhastCons. The box bounds the interquartile range divided by the median, and the notch approximates a 95% confidence interval for the median. All observed differences in conservation between SE categories are significant (P-value ≤9.1 × 10 -3 ) based on Wilcoxon rank-sum tests.

Figure 5 .

 5 Figure 5. Analysis of zebrafish SE composition by ATAC-seq. (A) Venn diagrams representing the overlap between ATAC-seq peaks (purple) and Nanog peaks (orange) genome-wide (left) and within pluripotent state SEs (right). (B) Cluster, consensus motif sequence, and logos of SOX-related de novo-found motifs in ATAC-seq peaks within SEs (left). JASPAR matrix models (right) of SOX2, SOX9, and ESRRA. (Ncorr) Normalized correlation between identified motifs and JASPAR models. (C) Top molecular function and wiki pathway GO terms enriched for the ATAC-seq peaks containing sites of the de novo identified oligos_7nt_m2 (left) and oligos_6nt_m3 (right) motifs shown in B. Binomial FDR q-values for the GO terms are displayed in a color-scale (q-values ≤6.7 × 10 -4 ).

  Gateway vector(Birnbaum et al. 2012; Addgene plasmid # 37846) with BglII following NEB protocols. Ligation products were used to transform One Shot ccdB Survival 2 T1 Competent Cells (Invitrogen). All vectors were midiprep purified (QIAGEN) and verified by sequencing.

  RY, Everman DB, Murphy KK, Gurrieri F, Schwartz CE, Ahituv N. 2012. Functional characterization of tissue-specific enhancers in the DLX5/6 locus. Hum Mol Genet 21: 4930-4938. Boeva V, Lermine A, Barette C, Guillouf C, Barillot E. 2012. Nebula--a web-server for advanced ChIP-seq data analysis. Bioinformatics 28: 2517-2519. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. 2013. Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat Methods 10: 1213-1218. H3K27ac density and length distribution of typical enhancers and SEs. (A) Metagenes of normalized H3K27ac densities of brain typical enhancers (grey curves) and SEs (red curves). The start and end of typical enhancers and SEs scaled relative to the median lengths and flanked by 3 kb of adjacent sequence are shown on the x-axis. The y-axis shows the median H3K27ac density across typical enhancers and SEs indicated in reads per million per kilobase (RPKM). The number and median size in base pairs of the typical enhancers and the SEs identified in each organism are noted below each plot. Mouse and human adult brain datasets represent olfactory bulb and hippocampus middle regions, respectively. (B) Density plots representing the length distributions in kilobases (x-axis) of brain typical enhancers (grey curves) and SEs (red curves). (C) Relationship between H3K27ac density (y-axis) and length in kilobases (x-axis) of brain typical enhancers and SEs. Grey dots represent typical enhancers and red dots represent SEs. The green line indicates the density cutoff used to classify typical enhancers and SEs. Genomic distribution of typical enhancers and SEs. (A) Examples of H3K27ac distribution for typical enhancers (grey bars) and SEs (red bars) in the zebrafish brain, mouse forebrain and human middle frontal lobe relative to gene position. Gene positions and the corresponding raw tag count for H3K27ac distribution within the genomic region are plotted on the x-axis and y-axis, respectively. (B) Density plots representing the proportion of genes (y-axis) in the vicinity of TSSs (x-axis) covered by zebrafish typical enhancers (grey) and SEs (red). Hpf, hours post-fertilization. (C) Genomic distribution of zebrafish typical enhancers and SEs. The percentage of total typical enhancer and SE base pairs overlapping the different genomic features represented in the legend are shown on the y-axis. (D) Distribution of genomic features in the zebrafish (danRer7), mouse (mm10) and human (hg38) genomes. The y-axis shows the percentage of the genome covered by the different features represented in the legend in (C). cytoplasmic vesicle GO:0031410 coated vesicle GO:0030135 clathrin-coated vesicle GO:0030136 cytoplasmic membrane-bounded vesicle GO:0016023 membrane-bounded vesicle GO:Signaling Pathway WP1354 Signal Transduction of S1P WP1391 IL-6 Signaling Pathway WP1322 neg. regulation of cellular process GO:0048523 neg. regulation of biological process GO:0048519 regulation of signal transduction GO:0009966 regulation of signaling GO:0023051 regulation of cell communication GO:0010646 regulation of response to stimulus GO:0048583 neg. regulation of signal transduction GO:0009968 neg. regulation of cell communication GO:0010648 neg. regulation of signaling GO:0023057 neg. regulation of response to stimulus GO:Gene ontology (GO) annotations of zebrafish SEs. (A) Top biological process and wiki pathway GO terms enriched for pluripotent state SEs. Binomial FDR q-values for the GO terms are displayed on a color-scale. Only terms with q-values < 0.015 were considered as significantly enriched. (B) Top cellular component GO terms enriched for brain SEs. Q-values are as described in (A). (C) Top molecular function and wiki pathway GO terms enriched for intestine SEs. Q-values are as described in (A). (D) Top biological process and wiki pathway GO terms enriched for heart SEs. Q-values are as described in (A). (E) Top biological process and InterPro GO terms enriched for testis SEs. Q-values are as described in (A). Cell and tissue specificity of typical enhancers and SEs. (A) Distribution of H3K27ac at selected genes (genomic position represented on the x-axis) in heart, intestine and testis of zebrafish (raw H3K27ac tag counts represented on the y-axis). Typical enhancers and SEs are denoted by grey and red bars, respectively. (B) Chow-Ruskey diagrams representing the overlap of mouse typical enhancer (left) and SE (right) regions between pluripotent state (red), olfactory bulb (blue), heart (green), intestine (purple) and testis (orange). Following the same color designation, color-coded tables show the percentages of cell-or tissue-specific and non-specific regions for each dataset. Differences in the proportion of cell-or tissue-specific regions between typical enhancers and SEs are significant for all tissues, except for ESCs (p-values ≤ 1.27x10 -8 based on G-tests of independence). (C) Chow-Ruskey diagrams representing the overlap of human typical enhancer (left) and SE (right) regions between pluripotent state (red), cingulate gyrus (blue), left ventricle (green) and intestine (purple). Color-coded tables as in (B). Differences in the proportion of cell-or tissue-specific regions between typical enhancers and SEs are significant for all tissues (p-values ≤ 3.62x10 -9 based on G-tests of independence).

  Sequence conservation of typical enhancers and SEs. (A) Box plots depicting the average sequence conservation of whole typical enhancers and SEs in the indicated zebrafish, mouse and human cells and tissues (x-axis). The y-axis shows sequence conservation calculated by PhastCons. The box bounds the interquartile range divided by the median and the notch approximates a 95% confidence interval for the median. Observed significant differences in conservation between typical enhancers and SEs are denoted with an asterisk (p-value ≤ 1.3x10 -3 ) based on Wilcoxon rank-sum analyses. (B) Box plots depicting average sequence conservation of intergenic constitutive regions of typical enhancers and SEs in the indicated zebrafish, mouse and human cells and tissues (x-axis). The y-axis shows sequence conservation calculated by PhastCons. Box bounds and notch as in (A). Observed significant differences in conservation between constitutive regions of typical enhancers and SEs are denoted with an asterisk (p-value ≤ 0.01) based on Wilcoxon rank-sum analyses. (C) Distribution of constitutive typical enhancer and SE regions relative to RefSeq gene annotations in representative brain datasets of zebrafish, mouse and human. The percentages of intergenic (black) and intragenic (purple) sequences overlapping with typical enhancers and SEs are shown in the x-axis.

  . SE-associated orthologous genes in vertebrates. (A-D) Venn diagrams show the number of orthologous genes associated with typical enhancers and SEs from zebrafish (green), mouse (blue) and human (purple) in pluripotent state (A), heart (B), intestine (C) and testis (D). Following the same color designation, color-coded tables show the percentage of intersection and difference for each species. The observed differences in overlap between typical enhancers and SEs in the three species and in all cells and tissues analyzed are significant (p-values < 2.2x10-16 ) based on G-tests of independence. (E) H3K27ac ChIP-seq profiles at the irf2bpl/Irf2bpl/IRF2BPL loci in zebrafish, mouse and human pluripotent state (raw H3K27ac tag counts represented on the y-axis). Gene positions are noted along the x-axis. Typical enhancers and SEs are denoted by grey and red bars, respectively. (F) H3K27ac ChIP-seq profiles at the nkx2.5/Nkx2-5/NKX2-5 loci in zebrafish, mouse and human heart as shown in (E). (G) H3K27ac ChIP-seq profiles at the rassf1/Rassf1/RASSF1 loci in zebrafish, mouse and human intestine as shown in (E). (H) H3K27ac ChIP-seq profiles at the daxx/Daxx loci in zebrafish and mouse testis as shown in (E). (I) Box plots depicting average sequence conservation of SEs with conserved and non-conserved association to orthologs in the indicated zebrafish, mouse and human cells and tissues. The y-axis shows sequence conservation calculated by PhastCons. The box bounds the interquartile range divided by the median and the notch approximates a 95% confidence interval for the median. Observed significant differences in conservation between SE categories are denoted with an asterisk (p-value ≤ 5.7x10 -3 ) based on Wilcoxon rank-sum analyses. . SE composition in zebrafish and mouse pluripotent state. (A) Pipeline for the identification of over-represented motifs in zebrafish SEs and TFBS-enriched regions in mouse. (B) Identified clusters of over-represented motifs within zebrafish pluripotent state SEs. Logos represent the consensus motif for each cluster, y-axis depicts the information content in bits for each position (x-axis). TF names corresponding to the matrix models with highest similarity to the consensus motif (best hit) are shown. J, JASPAR model; H, human HOCOMOCO model; ncorr, normalized correlation.

  that follow the current Directive 2010/63/EU. The ctcf HA transgenic line was generated by injecting one-cell stage wild type AB embryos with 1 nL of a solution containing GFP-Cas9 protein (3 μM; SPCas9-NLS-GFP-NLS P114ADC0217, kind gift of Jean-Paul Concordet laboratory, Paris), a sgRNA (166.6 ng/μL; 5'-AGGGG GACCG ACTGA GGCCG-3'), a modified ssDNA oligo containing thiolated nucleotides at the 5' and 3' ends (8.3 ng/μL; 5'-TTGTG ATTTT AACCA ATGTA GGTAT TACCC ATGTA CCCTT ACGAC GTGCC TGACT ACGCT CTGGA GGTGC TGTTC CAGGG ACCTC ATCAC CATCA CCACC ACGGA GGCGG AGAAG GGGGA CCGAC TGAGG CCGTC GTGGA AGATG CAGGG GATGC TTTCA AGG-3'; insert sequence is underlined and flanked by the homology arms) and morpholino against xrcc4 (45 nM; 5'-CACTA CTGCT GCGAC ACCTC ATTCC-3'). All the indicated concentrations are final concentrations of the solution loaded into the injection needle. The morpholino oligonucleotide and the ssDNA oligo were obtained from

  and the following deepTools programs: computeMatrix (-a 3000 -b 3000 -averageTypeBins mean -referencePoint center -missingDataAsZero) and plotProfile. Significance of the observed differences between the distributions of CTCF peaks and control regions were assessed by two-sided Kolmogorov-Smirnov tests performed with ks.test in R version 3.3.0 (R Development Core Team 2008).
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 1234345 Figure 1. Identification of CTCF binding in zebrafish. (A) Scheme of the ctcf HA locus showing the insert used for tagging and the sgRNA site. Sequences at the bottom represent the partial ssDNA oligo corresponding to the HA-tag plus flanking nucleotides and the HA-tag peptide. Sequence in bold is part of the coding sequence; ATG, start codon. (B) Western blot analysis of wild type (WT) and ctcf HA/HA (HA) embryos and adult brains showing specific detection of HA-CTCF in the transgenic line. Molecular weights are indicated on the right. (C) Tracks showing examples of CTCF peaks in two genomic locations. Displayed signal distributions and peaks correspond to biological replicates (Rep 1, Rep2). Signal is represented on the y-axis as -log 10 (p-value) of the CTCF ChIP-seq signal. (D) Distribution of the average sequence conservation of CTCF peaks and control regions using as reference point peak centers.

  ) repress target transcripts through partial complementarity. By contrast, highly complementary miRNAbinding sites within viral and artificially engineered transcripts induce miRNA degradation in vitro and in cell lines. Here, we show that a genome-encoded transcript harboring a near-perfect and deeply conserved miRNA-binding site for miR-29 controls zebrafish and mouse behavior. This transcript originated in basal vertebrates as a long noncoding RNA (lncRNA) and evolved to the protein-coding gene NREP in mammals, where the miR-29-binding site is located within the 3′ UTR. We show that the near-perfect miRNA site selectively triggers miR-29b destabilization through 3′ trimming and restricts its spatial expression in the cerebellum. Genetic disruption of the miR-29 site within mouse Nrep results in ectopic expression of cerebellar miR-29b and impaired coordination and motor learning. Thus, we demonstrate an endogenous target-RNA-directed miRNA degradation event and its requirement for animal behavior. NATuRE STRuCTuRAl & MOlECulAR BiOlOGY | VOL 25 | MARCH 2018 | 244-251 | www.nature.com/nsmb Articles NATURe STRUcTURAl & MolecUlAR BioloGy extensive 5′ and 3′ complementarity with a central 3-nt mismatch (Fig.

Fig. 1 |

 1 Fig. 1 | Evolution and conserved expression of the libra and Nrep transcripts. a, The libra locus in zebrafish and the NREP loci in mouse and human. Boxed gray areas and PhastCons plots based on eight-genome alignment indicate the location of deeply conserved sequences. The PhastCons plot is relative to the zebrafish locus. Dark blue boxes in the mammalian loci represent the NREP-coding ORF, light blue boxes represent 5′ and 3′ UTRs. The consensus sequence logo shows conservation of the miR-29 site, with vertical lines indicating Watson-Crick and wobble pairing. b, Cladogram representing the Bayesian phylogeny inferred from the most 3′ region of sequence conservation of the libra and NREP genes in 25 vertebrates. The presence (+ ) or absence (-) of the NREP ORF and the three conserved noncoding sequence blocks (gray boxes in a) are indicated for each species. Partial ORF sequences are denoted with + /-. c, Zebrafish libra (left) and mouse Nrep (right) expression across adult tissues and in mouse embryonic fibroblasts (MEFs) detected by RNA blots. 18S rRNA was used as a loading reference. d, Expression of the miR-29 family members in adult zebrafish (top) and mouse (bottom) tissues and cells. U6 RNA was used as a loading reference. Uncropped blot images are shown in Supplementary Dataset 1. e, Nrep and miR-29a, miR-29b and miR-29c expression by in situ hybridization on adult mouse brain sections. Representative sections for each probe are shown (wild-type animals, n = 4). Left, whole brain sections; the cerebellum is outlined by a gray box. Right, a zoom-in of the cerebellum. Scale bars, 100 µ m.Arrowheads point to Purkinje cells. GL, granular layer. Control experiments using scrambled miRNA probes were also performed (Supplementary Fig.1g,h).

  Fig.2| libra regulates explorative and anxiety-like behavior in zebrafish. a, In the novel tank diving test, the tank is divided virtually into three sections to demark the exploratory activity of zebrafish. The movement of individual fish was recorded for 5 min. b, Representative swimming traces (red) in the novel tank diving test of wild-type (WT), libra del and libra inv zebrafish analyzed with video-tracking software. Each trace represents an individual adult fish from one representative experiment. Wild-type, n = 14; libra del , n = 15; libra inv , n = 14 fish analyzed. c-f, Wild-type and libra-mutant zebrafish in the novel tank diving test showing time (s) spent at the bottom of the tank (c), number (n) of top entries (d), total distance in centimeters (cm) swam (e) and velocity (cm/s) (f). Data are presented as mean ± s.e.m., **P < 0.01, ***P < 0.001, one-way ANOVA test followed by Dunnett's multiple comparisons test. Each dot represents an individual adult fish from one representative experiment. Wild-type animals, n = 14; libra del animals, n = 15; libra inv animals, n = 14. The novel tank test was performed in three independent experiments. Detailed statistical analyses and source data for c-f are provided in Supplementary Table1and Supplementary Dataset 2.

Fig. 4 |

 4 Fig. 4 | Nrep miR-29scr mice display multiple behavioral deficits. a, Motor coordination and motor learning of NrepmiR-29scr (purple) and wild-type (blue) mice measured as the latency to fall in seconds (s) in the rotarod test over the course of 4 d; wild-type (WT) animals, n = 9; Nrep miR-29scr animals, n = 7. For all graphs, data are presented as individual data points and mean (midline) ± s.e.m.; *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant. Bonferroni posthoc tests: WT vs. NrepmiR-29scr . Day split by genotype: for WT, day 1 vs. day 2, P < 0.01; day 1 vs. day 3, P < 0.0001; day 1 vs. day 4, P < 0.0001; for Nrep miR-29scr , day 1 vs. day 2, n.s., day 1 vs. day 3, n.s., day 1 vs. day 4, n.s. b, Percentage of freezing of Nrep miR-29scr (purple) and wild-type (blue) mice in the fearconditioning test before shock (min 3-4, conditioning session) and after shock (6 min total, context session). Bonferroni post-hoc tests: WT vs. Nrep miR-29scr , *P < 0.05; WT, baseline vs. context, P < 0.0001; Nrep miR-29scr , baseline vs. context, P < 0.001. c, Percentage of freezing of Nrep miR-29scr (purple) and wild-type (blue) mice in the fear-conditioning (cue session) experiments. For b and c, wild-type animals, n = 14; Nrep miR-29scr animals, n = 12. d,e, Swim velocity (cm/s) (d) and latency to reach platform (s) (e) in the Morris water maze test. Bonferroni post hoc tests: for WT, day 2 vs. day 3, n.s.; day 2 vs. day 4, P < 0.001; day 2 vs. day 5, P < 0.0001; for Nrep miR-29scr , day 2 vs. day 3, n.s., day 2 vs. day 4, P < 0.01 and day 2 vs. day 5, P < 0.05. f, Percentage of time spent in each of the four quadrants in the probe trial of the Morris water maze test. Bonferroni post hoc tests: for WT, P < 0.0001, correct vs. right and opposite, P < 0.01, correct vs. left; for Nrep miR-29scr , P < 0.0001 correct vs. right, opposite and left. Wild-type animals, n = 8; Nrep miR-29scr animals, n = 9. Each dot represents an individual mouse. Detailed statistical analyses and source data are provided in Supplementary Table1and Supplementary Dataset 2.

Fig. 5 |

 5 Fig. 5 | The near-perfect Nrep miR-29 site triggers miR-29b degradation by 3′ trimming. a, Nrep and miR-29a, miR-29b and miR-29c expression in wild-type and Nrep miR-29scr NPCs detected by RNA blots. Three biological replicates (independently generated cell lines) are shown for each genotype. Uncropped blot images are shown in Supplementary Dataset 1. b, qRT-PCR measuring miR-29a, miR-29b and miR-29c levels in the same wild-type (blue) and Nrep miR-29scr (purple) NPC lines as in a. Each dot represents an individual biological replicate NPC population. qRT-PCRs for each biological replicate were performed in technical triplicate. U6 was used as a reference gene. Data are presented as mean ± s.e.m.; *P < 0.05, **P < 0.01; n.s., not significant at 95% confidence level, unpaired t tests. c, The fraction of small-RNA sequencing reads with coverage of at least n indicated nucleotides (nt) along the length of miR-29a, miR-29b and miR-29c. For each miRNA, dashed lines delineate the canonical length and the regions tested for trimming and tailing. Five nucleotides on either side of the canonical length were used to test for significant differences in the mean values over these positions using a paired t test for difference of means. Three biological replicates are shown for each genotype. **P < 0.01; n.s., not significant at 95% confidence level. Detailed statistical analyses and source data are provided in Supplementary Table1and Supplementary Dataset 2.
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  . The maze was raised to 50 cm above the floor. The illumination level in the maze was approximately 30 lx in the enclosed arms and 80 lx in the open arms. After 30 min of acclimation to the testing room, animals were placed in the central platform facing one of the open arms. During the 5-min test session, the following parameters were scored manually from digital video-recordings: number of open-and closed-arm entries (all four paws crossing) and time spent in open and closed arms 40 .
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  through trimming is the mechanism by which Nrep suppresses miR-29b, demonstrating that the noncoding sequence of Nrep exerts a key regulatory function.

Table 1 and

 1 Supplementary Dataset 2. libra or Nrep transcript for two reasons. First, in all vertebrate genomes in which libra conserved sequences could be detected, miR-29 genes were also found. Second, miR-29 probably has a more ancestral origin than the libra and Nrep loci, because miR-29 genes but not libra or Nrep loci were detectable in nonvertebrate animals such as Ciona and sea urchin (data not shown). In summary, although extended conservation is observed in the libra and Nrep transcripts, our results clearly pinpoint the miR-29 site located within this conserved sequence block as a functionally important sequence element.
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Même si les fonctions des super-amplificateurs et de CTCF ont été largement étudiées chez les mammifères, l'analyse de conservation de leurs fonctions chez les vertébrés génétiquement éloignés des mammifères reste largement inexplorée. Ici, pour mieux comprendre leur conservation fonctionnelle, des analyses de super-amplificateurs et de CTCF chez le poisson zèbre ont été effectuées. Les super-amplificateurs annotés dans le génome du poisson zèbre présentent une grande spécificité cellulaire et tissulaire, et la principale différence identifiée par rapport aux super-amplificateurs chez la souris et l'humain est leur distribution autour des sites d'initiation de la transcription. Des analyses de conservation indiquent que les super-amplificateurs n'ont pas une conservation de séquence supérieure à celle des amplificateurs. Néanmoins, en limitant l'analyse de conservation de séquence aux super-amplificateurs situés à proximité d'orthologues chez le poisson zèbre, la souris et l'humain, il est possible d'identifier un sousensemble de super-amplificateurs ayant une conservation de séquence plus élevée que le reste des super-amplificateurs. La comparaison d'expression régulée par les régions constitutives de deux super-amplificateurs associés à des orthologues a permis l'identification de régions fonctionnellement conservées, malgré l'absence de conservation évidente de la séquence d'ADN. En ce qui concerne CTCF, les analyses des régions de liaison à CTCF situées dans les promoteurs des gènes indiquent une correlation entre l'abondance de CTCF et l'expression génique, ce qui pourrait s'expliquer par le blocage du dép ôt de nucléosomes dans ces promoteurs. Pourtant, contrairement à la distribution de CTCF observée autour des domaines de contact dans les génomes de mammifères, CTCF n'est pas enrichi aux limites des domaines identifiés chez le poisson zèbre.En résumé, ces résultats mettent en évidence des fonctions conservées et divergentes des régulateurs de gènes tout au long de l'évolution des vertébrés et constituent une base pour l'étude de l'organisation du génome chez le poisson zèbre. L'intégration future des annotations de super-amplificateurs et des régions de liaison à CTCF sera importante pour analyser la contribution de ces régulateurs et d'autres régulateurs dans ce processus complexe.
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SUPPLEMENTAL METHODS

Zebrafish husbandry

Wild type AB zebrafish used for this study were bred and raised following standard protocols (Westerfield 2000).

ChIP-seq assays

Whole brains and testis were dissected from 10-month-old adult male AB zebrafish, whereas hearts and intestines were dissected from 1-year-old adult male AB zebrafish. Two biological replicates were prepared from each tissue. Each biological replicate was prepared using: 12 brains, 20 hearts, 5 intestines and 8 testis. All tissues were homogenized and cross-linked in 1% formaldehyde, washed and lysed. Chromatin was sheared using a Covaris S220 ultrasonicator to a DNA fragment size of 175 bp (brain and testis samples) or 200 bp (heart and intestine samples). ChIP-seq was performed as previously described (Guenther et al. 2008) using 5 ug Abcam H3K27ac antibody (ab4729, lot# GR259887-1) bound to Dynal Protein A linked beads (Invitrogen). Reverse cross-linked and phenol:chloroform purified chromatin was used for single-end library preparation following standard Illumina protocols.

Libraries were sequenced in a HiSeq 2500 system to obtain 100 bp reads. 

Identification of typical enhancers and SEs

Pérez

ABSTRACT

CCCTC-binding factor (CTCF) is an architectural protein with context dependent functional outcomes. Although CTCF is conserved throughout Metazoan evolution, its functions have been only evaluated in a limited number of species. Here, we present the first analysis of CTCF binding in the zebrafish genome via chromatin immunoprecipitation followed by sequencing (ChIP-seq). To avoid the need of custom antibodies, we generated a transgenic line with an HAtagged version of CTCF that enabled identification of 37,625 CTCF peaks in 24 hours postfertilization (hpf) embryos. We determined that CTCF peaks generally overlap with histone marks associated to enhancers and active promoters, and identified repeats that are enriched on CTCF binding sites. In addition, we show extended sites of CTCF binding as previously shown in mammals and lamprey, supporting the hypothesis of a CTCF "code" in vertebrates.

Our results indicate a positive association between the abundance of CTCF at promoters and gene expression that could be explained by high DNA accessibility. Finally, analysis of chromosome conformation capture data confirms that histone marks associated with active chromatin are enriched at boundaries of structural domains, but no general enrichment on CTCF peaks nor motifs is observed at these regions. Our zebrafish line and data generated will be important in future studies of genome organization aiming to characterize the roles of CTCF in non-mammalian vertebrates.

their promoters, genes were stratified based on the signal score of CTCF peaks in three categories of abundance: High (upper 10% percentile), Medium and Low (lower 10% percentile). CTCF signal at the promoters of these genes is not restricted to the transcription start stie (TSS) but is broadly distributed along the promoter region and three summits of high enrichment are observed for genes with highly-bound promoters (Fig. 3B). Identification of CTCF motifs within promoters irrespectively of their orientation (Fig. 3C, top) or strictly in the same orientation than transcription (Fig. 3C, bottom) indicate that a high percentage of highlybound promoters contain a motif. In fact, there is dependence between CTCF abundance and the presence of a motif (χ 2 test of independence, p-value ≤ 7.9x10 -10 ). Comparison of gene expression by RNA-seq highlighted a positive relationship between CTCF abundance at promoters and expression levels, as genes with the highest CTCF abundancies in their promoters have higher expression levels than genes with low-abundance bound promoters and genes without CTCF peaks in their promoters (Fig. 3D). In addition, DNA accessibility of gene TSSs, as measured by ATAC-seq signal, also increases while increasing the CTCF abundance at promoter peaks (Fig. 3E). Strikingly, the second summit of accessibility observed in highlybound promoters coincides with a valley of CTCF enrichment, suggesting that CTCF participates in the formation of nucleosome free regions. Of note, the binding of CTCF to those promoters is not only a consequence of high accessibility at those promoters given that gene promoters having higher ATAC-seq signal and no CTCF peaks are also identified (Supplemental Fig. S4A).

Histone profiles of the three gene categories were also analyzed and show consistent results

with the observed increase on gene expression depending on CTCF signal at promoters (Fig. 3F-I). Genes with high CTCF abundance have higher signal of marks associated with enhancers (H3K4me1, H3K27ac) and active promoters (H3K4me3, H3K27ac) (Fig. 3F-H).

Furthermore, those genes also have higher levels of H3K36me3, a histone mark that labels transcriptionally active regions [START_REF] Bannister | Spatial distribution of di-and tri-methyl lysine 36 of histone H3 at active genes[END_REF], confirming that CTCF does not only have a positive impact in transcriptional initiation but also in elongation (Fig. 3I). GO analyses of the genes in the High category identified enriched terms related to DNA binding (GO:0003677, FDR = 1.8x10 -6 ) and nuclear localization (GO:0005634, FDR = 1.2x10 -13 ), indicating that transcription factors are enriched among the genes with highly-bound promoters. For example, the promoter of the homeobox gene pbx4 is highly bound by CTCF at 24 hpf (Supplemental Fig. S4B).

Interestingly, it has been shown that zebrafish pbx4 mutants develop outflow tract defects after boundaries using 10 kb sized bins. Background controls were generated for each analysis by randomly distributing peaks in the same chromosome using bedtools shuffle (-chrom -noOverlapping options) and calculating percentage distributions as described above. This process was repeated 100 times to obtain the mean and standard deviation of expected distributions.
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The authors declare no competing financial interests. ), where nine point substitutions were introduced in the miR-29-binding site to disrupt both the seed pairing and the 3′ complementarity (Fig. 3a and Supplementary Fig. 4a).

Mice homozygous for the Nrep miR-29scr allele, hereafter referred to as Nrep miR-29scr mice, are viable and show normal brain morphology (Supplementary Fig. 4b). Importantly, scrambling the miR-29 site did not impact the expression of the Nrep transcript (Fig. 3b and Supplementary Fig. 4c). Strikingly, we found that miR-29b, which is normally confined to the cerebellar Purkinje cells (Fig. 1e), gained an additional expression domain within the cerebellar granule cell layer of Nrep miR-29scr mice (Fig. 3c, middle panel). The expanded miR-29b expression domain suggests that Nrep normally prevents miR-29b from accumulating in the granular layer. No changes in the miR-29a or miR-29c expression pattern were detected in the brains of Nrep miR-29scr mice (Fig. 3c). Our results demonstrate that the miR-29 target site in the Nrep 3′ UTR uniquely regulates the spatial expression of miR-29b.

Failure to downregulate miR-29 in Nrep miR-29scr mice results in multiple behavioral deficits. While the expanded expression of miR-29b in the granular layer of Nrep miR-29scr mice does not appear to affect overall granule or Purkinje cell morphology (Supplementary Fig. 4b), we tested whether uncoupling Nrep from miR-29 regulation resulted in behavioral alterations associated with granule cell function. Because cerebellar granule cells contribute to motor learning and motor behavior 33-36 , Nrep miR-29scr mice were examined in the rotarod test commonly used to assess normal cerebellar function 37,38 .

On day one, no significant coordination deficits were observed. However, Nrep miR-29scr mice showed a significant impairment in balance and motor coordination from day two, falling more quickly from the rotating rod than their wild-type littermates (Fig. 4a).

Additionally, Nrep miR-29scr mice displayed pronounced motor-learning deficits, as shown by the lack of improved rotarod performance over the course of four consecutive training days (repeated measures analysis of variance (RM ANOVA), genotype × day: F (3,42) = 5.97, P = 0.0017; Fig. 4a and Supplementary Table 1). In summary, the rotarod test showed an abnormal cerebellum-associated behavior in Nrep miR-29scr mice.

Because NREP controls emotional responses, as well as learning and memory 24 , we tested whether Nrep miR-29scr mice have additional behavioral deficits and profiled them for spatial learning, fear conditioning and anxiety-related behavior 39,40 . Similar to Nrep -/-mice 24 , Nrep miR-29scr animals showed reduced contextual learning in the fear-conditioning test (RM ANOVA, genotype × time (before and 24 h after shock): F (1,24) = 6.13, P = 0.0208; Fig. 4b, Supplementary Fig. 5a,d and Supplementary Table 1) and reduced swimming velocity in the Morris water maze test (RM ANOVA, genotype: F (1,15) = 12.76, P = 0.0028; Fig. 4d and Supplementary Table 1). In addition, no alteration in anxiety-related behavior in the elevated plus maze test was revealed in Nrep miR-29scr animals (Supplementary Fig. 5f,g and Supplementary Table 1). In contrast to the Nrep -/- mice 24 , we detected no differences in cue-dependent learning and emotional memory in the fear-conditioning test (Fig. 4c, Supplementary Fig. 5e and Supplementary Table 1) or spatial learning in the Morris water maze (Fig. 4e,f and Supplementary Table 1) in Nrep miR-29scr mice. Notably, the motor-learning deficits of Nrep miR- 29scr mice detected in the rotarod test (Fig. 4a) appear to be brain malfunctions rather than movement defects associated with muscle deficits, as Nrep miR-29scr mice were not impaired in their general activity before shock in the fear-conditioning test (Supplementary Fig. 5b and Supplementary Table 1). Additionally, the frequency of 
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Methods

Animal models. Generation of CRISPR-Cas9-mediated zebrafish mutants.

Two independent zebrafish mutants of libra (previously annotated as linc-epb4.1l4, ref. 23 ), libra del and libra inv , were generated using CRISPR-Cas9-mediated genome editing. Briefly, 9 ng of each sgRNA (Supplementary Fig. 2 and Supplementary Table 2) and 150 ng of Cas9 mRNA were coinjected into one-cell-stage AB zebrafish embryos 50 . sgRNAs and Cas9 mRNA were generated as described previously 51 , using the codon-optimized plasmid JDS246 for the Cas9 mRNA synthesis (Addgene #43861). All of the RNAs were purified with the RNeasy Mini Kit (Qiagen). Genomic DNA was extracted in 1× TE and 2 µ g/µ l proteinase K (Roche) at 55 °C for 3 h, then 94 °C for 10 min from either embryos or adult tissues and directly used for PCR genotyping, mapping and DNA sequencing using the primers listed in Supplementary Table 2. All zebrafish were bred and maintained at the Institut Curie, Paris in accordance with the current European Directive 2010/63. Experimental procedures were specifically approved by the ethics committee of the Institut Curie CEEA-IC #118 (project CEEA-IC 2017-017) in compliance with the international guidelines. Zebrafish were staged using standard procedures 52 . CRISPR-Cas9-mediated homologous recombination in mice. The C57BL/6 N mouse strain was used to generate the Nrep miR-29scr allele by CRISPR-Cas9 gene editing 53 . The scrambled miR-29-binding site was introduced into the 3′ UTR of Nrep by using two sgRNAs designed in the fifth exon (Supplementary Fig. 4a); guide 4 (Supplementary Table 2) was designed internal to the miRNA seed site; guide 5 (Supplementary Table 2) was designed 43 bp further downstream. A 200-nt single-stranded DNA oligo (ssDNA Nrep miR-29scr ; Supplementary Table 2) with 90-bp homology arms flanking both sides of the scrambled miRNA site was designed and manufactured by Ultramer (IDT). Two-pronuclei-stage mouse embryos were injected with 25 ng Cas9 mRNA, 12.5 ng of sgRNA and 12.5 ng of donor oligo. The presence of the scrambled sequence was scored by PCR using the genotyping primers listed in Supplementary Table 2, then the amplified DNA region was digested with BamH1. Nrep miR-29scr animals were backcrossed to WT C57BL/6 N for 8-12 generations.

All mice were bred and maintained in the EMBL Mouse Biology Unit, Monterotondo in accordance with current Italian legislation (D.Lgs 26/2014) under license from the Italian health ministry.

Sequence analyses and phylogenetic tree reconstruction. Predicted sequences with high similarity to the human NREP loci from representative vertebrate species of diverse classes were collected from the available genomes in UCSC (https:// genome.ucsc.edu/cgi-bin/hgGateway/, last accessed 19 July, 2016). Sequences were queried using the protein and DNA sequences from human via BLAST to identify NREP protein sequences (Supplementary Note 1) and libra and NREP DNA sequences. The most 3′ block of conserved DNA sequence was chosen for phylogenetic analysis because it was the block with the highest sequence variability among the three conserved sequence blocks (Fig. 1a and Supplementary Note 2). Protein and DNA sequences were aligned using Clustal Omega with default parameters 54-56 . Phylogenetic reconstruction was performed with MrBayes v3.2.6 using the DNA multiple alignment, an evolutionary model of equal rates of substitution (F81) and four simultaneous runs. After five million generations, tree and branch length information was summarized discarding the first 25% of sampled trees. The consensus tree was visualized using FigTree (http://tree.bio. ed.ac.uk/software/figtree/).

Sequences corresponding to the miR-29-binding site in the libra and NREP transcripts from 30 vertebrate species (Supplementary Note 3) were aligned using Clustal Omega with default parameters. This alignment was used to generate a sequence logo with WebLogo 3.5.0 (ref. 57 ).

mRNA and lncRNA gel blot analyses. Total RNA was isolated using Trizol (Invitrogen) according to the manufacturer's instructions, separated on 1% agarose gels containing 0.8% formaldehyde and transferred to nylon membrane (Nytran SPC, GE Healthcare) by capillary action. Blots were hybridized with [α -32 P]UTPlabeled RNA probes at 68 °C in ULTRAhyb buffer (Ambion) as recommended by the manufacturer. RNA probe templates were amplified from adult mouse and zebrafish brain cDNA by PCR using the primers listed in Supplementary Table 2 (the sequence of the T7 promoter is underlined) and transcribed in vitro (RNA MaxiScript, Ambion) in the presence of [α -32 P]UTP. Both mouse and zebrafish RNA gel blots and hybridizations in Fig. 1c were performed in technical duplicates. The gel blots and hybridizations in Fig. 5a and Supplementary Fig. 6a were performed in technical duplicate.

Small-RNA blot analyses. Total RNA was isolated using Trizol (Invitrogen), separated on a 15% denaturing polyacrylamide gel, electroblotted to nylon membrane (Hybond-NX, GE Healthcare), chemically cross-linked 58 and hybridized at 50 °C with [ 32 P]ATP end-labeled DNA oligonucleotide probes complementary to the corresponding miRNAs (Supplementary Table 2) in buffer containing 5× SSC, 20 mM Na 2 HPO 4 , pH 7, 7% SDS, 2× Denhardt's solution and 1 mg of sheared, denatured salmon sperm DNA (Sigma). The blots were stripped and reprobed with a [ 32 P]ATP end-labeled probe complementary to U6 (Supplementary Table 2) as a reference gene. Both mouse and zebrafish RNA gel blots for miR-29b in Fig. 1d were performed in technical duplicates. The miR-29a and miR-29c hybridizations in Fig. 1d were performed once. The gel blots and hybridizations in Fig. 5a and Supplementary Fig. 6a were performed in technical triplicates for miR-29b and in technical duplicates for miR-29a and miR-29c.

RT-qPCR.

To quantify miR-29a/b/c levels, 10 ng of total RNA underwent reverse transcription using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) followed by qPCR using TaqMan Universal Master MixII, no UNG (Applied Biosystems). U6 snRNA was used as a control. The following specific TaqMan miRNA assays (Applied Biosystems) were used: mmu-miR-29b (assay ID 000413), mmu-miR-29a (assay ID 002112), mmu-miR-29c (assay ID 000587) and U6 snRNA (assay ID 001973).

For the detection of Nrep and Gapdh transcript levels, cDNAs from NPCs and mouse brain were produced with the SuperScript IV Reverse Transcriptase kit using oligo-dT (Invitrogen) and amplified in TaqMan Universal PCR Master Mix, no AmpErase UNG (Applied Biosystems) using the following TaqMan Gene Expression probes: Nrep (assay ID Mm00474047_m1) and Gapdh (assay ID Mm99999915_g1).

For the detection of Nestin, Oct4, Gapdh, pri-miR-29a/b-1, pri-miR-29b-2/c and β-actin transcript levels, cDNAs were produced with the SuperScript IV Reverse Transcriptase kit using oligo-dT (Invitrogen) and amplified with Power SYBR Green PCR Master Mix (Applied Biosystems) using the primers listed in Supplementary Table 2. The precise P values for all qPCR analyses are listed in Supplementary Table 1.

Small RNA-seq, RNA-seq and computational analyses. Both RNA and small-RNA Illumina libraries were prepared from 1 µ g of total RNA isolated using Trizol (Invitrogen) from a pool of 100 72-h-post-fertilization zebrafish embryos or a population of mouse NPCs, respectively, and were sequenced on an Illumina HiSeq 2500 sequencer generating 50-bp single-end reads. Small-RNA sequencing libraries were constructed using the NEBNext Multiplex small RNA library kit (NEB), following manufacturer's instructions. PCR-amplified cDNA was size selected on a 6% nondenaturing polyacrylamide gel. RNA sequencing libraries were constructed using the TruSeq kit (Illumina) following manufacturer's instructions.

For the RNA-seq data analysis, FASTQ files were mapped to the zebrafish genome version danRer7 with TopHat version 2.0.6 (ref. 59 ) using the global alignment option and a seed size of 22 nt without allowing mismatches in this region. Only the unique best hits were kept. BAM files from technical duplicates were merged and used to generate pileup tracks with BEDTools 60 and UCSC tools 61 .

For the small RNA-seq data analysis, FASTQ files containing the small-RNA sequencing data were stripped of adaptor sequences using the Reaper 62 tool, and sequences between 16-24 nt were selected and mapped using a command-line variant of chimiRa 63 to known microRNA precursors from miRBase (v21) 64 . Each sequence was assigned to a mature miRNA according to which arm (5p or 3p) of the precursor was matched and to the known mature sequence. In cases in which a single sequence mapped to multiple possible loci, a random locus was assigned each time. These raw counts were assembled into a table across all microRNAs from all samples (R/BioConductor) and normalized using DESeq2 (ref. 65 ). Differential expression was performed using the negative binomial Wald test (DESeq2) for differences between mutants versus the wild type. All derived P values for differential expression were multiple testing corrected using the Benjamini-Hochberg method.

The trimming and tailing analyses were performed by examining the fraction of nucleotides from the annotated microRNA from miRBase that was covered by each mapped read from each sample. The mean of these values was used to compute differential trimming using a paired t test on the derived values between 18-23 nt (trimming) and 23-28 nt (tailing) between mutant and wild-type samples for miR-29b.

In situ hybridization on mouse and zebrafish brain sections. Brains from wildtype and Nrep miR-29scr three-month-old mice were harvested, embedded in OCT (Sakura), and frozen on dry ice (wild-type animals, n = 4; Nrep miR-29scr animals, n = 4). Zebrafish brains from six-to eight-month-old animals of mixed sex were initially fixed in 4% paraformaldehyde overnight, then for 2 h in Dietrich's fixative before standard paraffin embedding and sectioning.

miRNA in situ hybridization on 8-µ m sections was performed using 3′ -DIGlabeled LNA probes for miR-29a, miR-29b and miR-29c (Exiqon). Scrambled-LNA probes were used as negative hybridization controls. Briefly, sections were fixed in 4% paraformaldehyde, digested with proteinase K for 6 min, acetylated and hybridized with the corresponding probes in 50% formamide, 5× SSC, 5× Denhardt's solution, 500 µ g/ml salmon sperm DNA and 250 µ g/ml tRNA overnight at 48 °C. Post-hybridization washes were performed in 50% formamide and 2× SSC at 48 °C, then 2× SSC at ambient temperature, and then the sections were blocked in 10% sheep serum and incubated overnight with the anti-DIG-AP antibody (Roche 11093274910; at 1:1,000) at 4 °C. Signal detection was done using NBT/ BCIP substrate (Roche).

To generate probes for in situ hybridization, libra and Nrep fragments were amplified by PCR using Phusion DNA polymerase (Thermo Scientific) using the primers listed in Supplementary 
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ESC differentiation. Mouse ESC E14 cells were differentiated to NPCs as previously described 41,42 with minor modifications. Briefly, cells were cultured in serum-free N2B27 media (Neurobasal medium (Gibco)/DMEM/F-12 GlutaMAX (Gibco) 1:1, 1× N2 supplement (Gibco), 0.5× B27 supplement (Gibco), 2 mM l-glutamine (Gibco), 100 µ M 2-mercaptoethanol (Gibco), for 7 d, then neural spheres were formed in N2B27 supplemented with EGF and FGF (10 ng/mL, Peprotech). 4-d-old spheres were expanded to NPCs on gelatin-coated culture dishes in N2B27 media supplemented with EGF and FGF (10 ng/mL) for four passages to purify the NPC cultures, after which they were collected and immediately frozen for RNA extraction. miR-29scr ESC knock-in lines. To create the donor plasmid, a 912-bp Nrep fragment flanking the miR-29b-binding site was PCR amplified with primers EcoRV-Nrep and Nru1-Nrep (Supplementary Table 2) and cloned into the EcoRV-Nru1 linearized pBR322 plasmid using the NEBuilder HiFi DNA assembly cloning kit (NEB). The Nrep miR-29b site and the PAM sequence corresponding to the sgRNA guide 5 target site (Supplementary Fig. 4) were mutagenized simultaneously using the QuickChange Lightning site-directed-mutagenesis kit (Agilent) as recommended by the manufacturer with the primers Nrep-sdm-For and Nrepsdm-Rev (Supplementary Table 2). The mutagenized Nrep-pBR322 plasmid was verified by DNA sequencing.

Generation of Nrep

mESCs were transfected with Lipofectamine 2000 (Invitrogen) following the manufacturer's guidelines with 400 ng of the NrepmutpBR322 plasmid and 400 ng of the pSpCas9(BB)-2A-Puro (pX459) CRISPR-Cas9 vector 71 containing the sgRNA guide 5 sequence (Supplementary Table 2). Cells were selected for 48 h in 1.0 µ g/mL of puromycin (Sigma) and cultured for an additional 10 d on gelatincoated 10-cm plates (Falcon) in mESC medium (defined above) before individual clones were selected and submitted to PCR selection and DNA sequencing to verify the integrity of both the Nrep wild type and Nrep miR-29scr loci. The presence of the scrambled sequence was scored by PCR using the genotyping primers listed in Supplementary Table 2, then the amplified DNA region was digested with BamH1. Biological replicates indicate independently generated cell lines.

Life Sciences Reporting Summary. Further information on experimental design is available in the Life Sciences Reporting Summary.
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Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.) A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).

Antibodies were not used in this study 10. Eukaryotic cell lines a. State the source of each eukaryotic cell line used.

ES14 mESCs were a gift from the Edith Heard lab, Institut Curie (see Methods, section ESC growth).

b. Describe the method of cell line authentication used. The ES14 cell line has been published previously (Nora et al., 2013 Nature;Schulz et al., 2014 Cell Stem Cell) c. Report whether the cell lines were tested for mycoplasma contamination.

All cells tested negative for mycoplasma. Methods, "ESC growth" sub-section . The description is available in Methods: "CRISPR/Cas9-mediated homologous recombination in mice" sub-section; "Generation of CRISPR/Cas9-mediated zebrafish mutants" sub-section; "In situ hybridization on mouse and zebrafish brain sections" sub-section; "Mouse behavioral tests" sub-section; "Zebrafish behavioral tests" sub-section Policy information about studies involving human research participants